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Sara Mohommad Ibrahim 

MIR-21 EXACERBATES CYTOKINE INDUCED BETA CELL DYSFUNCTION VIA 

INHIBITION OF MRNAS REGULATING BETA CELL IDENTITY 

A hallmark of diabetes is the loss of physical or functional Beta (β) cell mass. 

Maladaptive intrinsic β cell responses to islet inflammatory stress may exacerbate 

diabetes development, suggesting that β cells themselves may not be innocent bystanders 

in diabetes development. MicroRNAs (miRNAs), small RNAs that repress mRNA 

translation, serve as important regulators of β cell development and function. β cell 

microRNA 21 (miR-21) is increased in models of diabetes and I have identified Hypoxia 

Inducible Factor 1 Subunit Alpha (Hif1a) as a regulator of β cell miR-21. However, β cell 

effects of miR-21, remain poorly defined. To define the effects of miR-21, an in silico 

analysis of predictive targets of miR-21 identified multiple targets associated with 

maintenance of β cell identity, including the SMAD Family Member 2 (Smad2) mRNAs 

in the Transforming Growth Factor Beta 2 (Tgfb2) pathway. Based on this, I 

hypothesized that β cell miR-21 induces dysfunction via loss of β cell identity. To test 

this, I developed a tetracycline-on system of miR-21 induction in clonal β cells and 

human islets, as well as novel transgenic zebrafish and mouse models of inducible β cell 

specific miR-21 overexpression. β cell miR-21 induction increased aldehyde 

dehydrogenase (aldh1a3), but reduced expression of transcription factors associated with 

β cell identity, and glucose stimulated insulin secretion (GSIS), consistent with β cell 

dedifferentiation and dysfunction. Predicted targets Tgfb2 and Smad2 were reduced by 

miR-21 overexpression and confirmed to directly bind miR-21 using streptavidin-biotin 

pulldown.  In vivo models of β cell miR-21 induction exhibited hyperglycemia, increased 
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glucagon expression, and decreased insulin expression. These findings implicate miR-21-

mediated reduction of mRNAs regulating β cell identity as a contributor to β cell 

dedifferentiation and dysfunction during islet inflammatory stress.  

Emily K. Sims, MD, Co-Chair 

Raghu Mirmira, MD PhD, Co-Chair 
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1 INTRODUCTION 

The pancreas is a pear-shaped organ located behind the stomach in the upper 

abdomen. Although it is a small organ, weighing approximately 90 grams, the pancreas 

plays a critical function in both digestion and regulation of blood sugar levels (1). 

Pancreatic cells can be divided into two categories: the exocrine pancreas, which is 

involved in food digestion, and the endocrine pancreas, which regulates blood glucose 

levels. Around 95% of the pancreas is composed of exocrine acinar cells that produce 

pancreatic enzymes needed for digestion such as trypsin, chymotrypsin, amylase, and 

lipase. These enzymes empty into the duodenum via the common bile duct (2). The 

endocrine component of the pancreas is comprised of the islets of Langerhans, which are 

scattered amongst the exocrine tissue and comprise only 1-2% of the pancreas (3). These 

islets act like micro organs and consist of 5 main cell types (4). The most abundant cell 

type is the insulin and amylin producing Beta (β) cell, comprising approximately 60% of 

the islet in humans. The second most abundant cell type in the islet is the alpha (α) cell, 

representing around 30% of islet cells. The remaining 10% of the islet is composed of 

somatostatin producing Delta (δ) cells, pancreatic polypeptide producing PP cells, and 

grehlin producing ε cells (5, 6).   

1.1 Role of islet endocrine cells in regulating blood glucose levels 

Insulin is produced in the β cell and is a crucial regulator of metabolism. Insulin 

biosynthesis is a multi-organelle process and is primarily controlled by glucose 

metabolism (7). The insulin gene encodes and produces a 110-amino acid precursor 

called preproinsulin (8). The preproinsulin protein is a secreted protein and contains a 

hydrophobic N-terminal signal peptide that interacts with ribonucleoprotein signal 
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recognition particles (SRP) (9). These SRPs are cytosolic and help with the translocation 

of preproinsulin across the rough endoplasmic reticulum (rER) membrane into the lumen 

of the rER (10). Once in the lumen, the N-terminal signal peptide of preproinsulin is 

cleaved by signal peptidases to form proinsulin (11). Chaperone proteins within the 

endoplasmic reticulum fold proinsulin, which is then transported to the Golgi apparatus 

(12). Once in the Golgi, proinsulin is packaged into immature secretory vesicles and is 

further cleaved into mature insulin and C-peptide. These secretory granules contain 

insulin, C-peptide and another β cell secretory product amylin (13, 14). Insulin is released 

in a biphasic way in response to a stimulus such as glucose. There is an initial rapid 

release of insulin in response to a stimulus followed by a sustained but less intense 

release of insulin. Overall, insulin maintains normal blood glucose levels by promoting 

cellular glucose uptake (15).    

The production of insulin in a cell is regulated at both the transcriptional and 

translational level. Insulin is stored in granules in the β cell but insulin content inside 

these granules is variant, increasing in response to the presence of nutrients such as 

glucose, and decreasing in response to a lack of nutrients (7, 16). β cells respond to 

cellular signals and stimuli of nutrition via transcriptional regulation. Sequence elements 

within the promoter region of the insulin gene serve as binding sites for β cell 

transcription factors, which regulate insulin gene expression and localization of insulin in 

the β cell (17). The sequence elements within the promoter region of the insulin gene are 

named A, C, E, Z, and CRE elements. Binding of transcription factors to these regions is 

crucial in determining whether or not a β cell will produce insulin (17). Transcription 

factors such as Pancreatic and Duodenal Homeobox 1 (Pdx1), MAF BZIP Transcription 
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Factor A (Mafa), Paired Box 6 (Pax6), Insulin 1 (Ins1), and Neuronal Differentiation 1 

(Neurod1) bind to the sequence elements and regulate not only insulin transcription but 

also β cell development, survival, and function (18-23). 

Insulin production by the β cell is also regulated at the translational level. In 

response to the presence of nutrients, β cells can enhance their speed of protein 

translation, which is controlled by dephosphorylation of eukaryotic initiation factor 2a 

(eIF2a), which is acted upon by protein phosphatase 1 (PP1) and pancreatic ER kinase 

(PERK) (24, 25). In response to high glucose, the ratio of dephosphorylated eIF2a to 

phosphorylated eIF2a increases (26). Polypyrimidine tract binding proteins (PTBPs) have 

also been shown to regulate insulin translation. PTBPs increase translation by two 

mechanisms: increasing proinsulin mRNA viability by binding the 3’UTR of proinsulin 

and by stimulating the initiation of translation of several insulin granule proteins (26, 27).  

Since insulin is crucial for normal metabolism, its release is regulated very 

precisely to meet metabolic demand. Glucose is the primary regulator of the transcription, 

translation, and stability of the preproinsulin mRNA. β cells are located within islets in 

the pancreas and are organized into clusters that are surrounded by dense vasculature, 

allowing β cells to precisely monitor the levels of glucose in circulation. Capillaries 

around the islet are fenestrated to allows for greater communication between the islet and 

the surrounding circulation (28). β cells constitutively express the glucose transporter 2 

(Glut2) on their membrane, which serves as a glucose sensor and is the only glucose 

transporter in the β cell (29). The mobilization of Glut2 to the plasma membrane of the β 

cell is insulin dependent and the transporter is a low-affinity glucose transporter, enabling 

a high rate of glucose influx into the β cell (30, 31). Once in the cell, glucose is 
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phosphorylated by glucokinase, which traps it in the cell. The phosphorylation of glucose 

by glucokinase is the rate limiting step of glucose processing in the β cell (28). The 

enzyme glucokinase is a subtype of hexokinase and it also functions as a glucose sensor 

in the cell. Glucokinase is not inhibited by the levels of phosphorylated glucose in the 

cell, allowing it to continue functioning regardless of glycolysis load (28). Once 

phosphorylated, the glucose that entered the β cell is converted to pyruvate via glycolysis. 

β cells lack the enzyme pyruvate dehydrogenase and thus do not convert pyruvate to 

lactate (32). All of the glucose that enters the β cell is used to produce ATP by being 

converted to pyruvate, which is then oxidized through the tricarboxylic acid (TCA) cycle 

(33). This production of ATP Increases the ATP/ADP ratio within the β cell, 

subsequently leading to a closure of ATP-sensitive potassium channels (KATP), 

depolarizing the plasma membrane. This subsequently leads to the opening of voltage 

dependent calcium channels, the influx of calcium, and the activation of the exocytosis of 

insulin containing granules (7). As stated before, the release of insulin is biphasic. The 

first phase of insulin release is dependent on closure of KATP channels, opening of 

Calcium channels, increases in calcium levels, and the discharge of insulin granules from 

a “readily releasable pool” (34). The release of long term steady insulin, or the second 

phase of insulin secretion, represents both stored and newly synthesized insulin granules, 

which is regulated at the transcription and translational levels of the insulin gene (15).  

Once insulin is released into the circulation, it induces glucose transport into other 

cells and regulates metabolic activity. Insulin-dependent glucose uptake is dependent 

primarily upon the glucose transporter 4 (Glut4), with the majority of insulin-dependent 

glucose uptake occurring in skeletal muscle cells (35). Glut4 is stored within vesicles in 
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the cell and is translocated to the plasma membrane in an insulin-dependent manner. 

Insulin signals through two main pathways in the cell to allow for Glut4 to be 

translocated to the membrane: the phosphatidylinositol 3 kinase (PI3K) pathway and the 

mitogen-activated protein kinase (MAPK) pathway (36). To activate these pathways, 

insulin must first bind to its heterotetrametric glycoprotein membrane receptor. The 

insulin receptor has two alpha and two beta subunits (37). Insulin binds to the alpha 

subunits that are located extracellularly, which induces a conformational change in the 

cytosolic beta subunits, activating the intrinsic tyrosine kinase activity of the beta 

subunits (37). The tyrosine residues on the beta subunits are auto phosphorylated and 

subsequently catalyze the phosphorylation of proteins known as insulin receptor 

substrates (IRS). The IRS protein then signals either through the PI3K or the MAPK 

pathway. The catalytic subunit of PI3K is activated by binding to phosphorylated IRS 

proteins which leads to the phosphorylation of phosphatidylinositol 4,5-bisphosphate 

(PIP2). Phosphatidylinositol-3,4,5-triphosphate (PIP3) is a lipid second messenger that is 

generated after the binding of phosphorylated IRS to PIP2 (38, 39). PIP3 then acts on 

downstream targets such as AKT and recruits them to the plasma membrane. AKT then 

subsequently activates many downstream targets and induces the actions of insulin, 

including translocating Glut4 to the plasma membrane to allow for glucose uptake into 

the cell (38, 40, 41). The actions of insulin are highly physiologically relevant since 

insulin is also a physiologic suppressor of glucagon secretion, thus strictly regulating 

blood glucose levels (42).    
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1.2 The consequence of β cell dysfunction, death, or failure 

Diabetes mellitus is a worldwide epidemic that affects the lives of millions of 

people. The disease encompasses a wide range of pathologies that are characterized by 

hyperglycemia (fasting blood glucose ≥ 126 mg/dl, random blood glucose ≥ 200mg/dl, 

and/or HbA1c ≥ 6.5%) and poor carbohydrate metabolism (43, 44). Classically, diabetes 

is divided into two groups: T1D, caused by autoimmune destruction of the insulin 

producing β cells in the islet and T2D caused by a combination of insulin resistance and β 

cell insulin secretion defects. However, both subtypes are defined by hyperglycemia and 

impairment of insulin secretion due to β cell failure. Clear definition and diagnosis of 

these two subtypes of diabetes has become increasingly more difficult as overlapping 

features of disease have been identified (44).  

The prevalence of diabetes has now become a global problem. The worldwide 

prevalence of diabetes in adults was 268 million people in 2010 (6.4%). This number is 

predicted to increase to 7.7%, 439 million adults by 2030, with a 20% increase in adults 

in developed countries and a 69% increase in adults with diabetes in developing countries 

(45). Dismally, it is estimated that by the year 2045, the prevalence of diabetes in adults 

ages 18-99 years of age will rise to 693 million people worldwide (46). This dramatic 

increase in the number of people who have diabetes has been attributed to changes in 

lifestyle such as over nutrition and an increase in sedentary lifestyles. Diabetes poses a 

substantial global economic burden. In 2017, the global healthcare expenditure on 

diabetes was estimated to be $850 billion, with that number expected to rise with 

increasing prevalence of diabetes (46). Diabetes also confers a high risk of serious 
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chronic microvascular, macrovascular, and metabolic complications such as heart 

disease, nephropathy, neuropathies, retinopathy and various vasculitides (47-50). 

Approximately 5 million deaths occurred due to diabetes or its complications in 2017 

alone. These deaths account for approximately 10% of global mortality (46). 

1.3 The importance of pro-inflammatory cytokines in diabetes and modeling islet 

inflammation 

One commonality between both T1D and T2D is the role of inflammatory 

cytokines. Pro-inflammatory cytokines are signaling molecules that are primarily 

produced by immune cells, including activated macrophages and T cells, that coordinate 

and amplify certain immune responses. Dysregulated Pro-inflammatory cytokine activity 

is also involved in several disease processes such as cell injury, infection, invasion, and 

inflammation (51). As such, pro-inflammatory cytokines play a critical role in diseases 

with an underlying maladaptive inflammatory pathology (52). For example, cytokines 

such as IFNɣ, IL1β, TNFα can drive β cell dysfunction, damage, and death in diabetes 

mellitus (53, 54). This can potentially occur via pro-inflammatory cytokine-induced 

activation of intrinsic cellular signaling pathways, such as the generation of reactive 

oxygen species (ROS), leading to oxidative stress, or the accumulation of misfolded 

proteins, leading to endoplasmic reticulum (ER) stress signaling (55-59). Furthermore, 

feedback amplification loops of cytokine signaling have been shown to further attract 

more innate immune cells and augment the innate immune response(60, 61).  These 

pathways are important mediators of disease not only in islet injury observed in diabetes 

but also in tissue injury caused by inflammation, rendering pro-inflammatory cytokines 

crucial mediators and aggravators of many disease states. 
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Because pro-inflammatory cytokines play an essential role in progression of 

diabetes, cytokines are often used by supplementing cell culture media with a cytokine 

cocktail consisting of one or more cytokines to mimic a natural inflammatory 

environment in vitro (62, 63). In vivo studies of cytokine expression either inject 

cytokines into the tail vein or intraperitoneally to induce a whole body overexpression 

(64) or inject cytokines into tissues of interest such as the pancreatic duct (65).  However, 

approaches utilizing cytokine cocktails in vivo have several limitations, including the 

inability for tissue specific cytokine expression and the inability to precisely titrate the 

level of induction of the cytokines. These limitations have been partially addressed by 

transgenic animal models. For instance, a transgenic mouse model of endotoxin-

responsive TNFα expression in vivo exists (66), although it does not offer tissue 

specificity. Another transgenic mouse misexpressing IFN-ɣ has been developed, but it 

does not allow for conditional regulated expression (67). Similarly, a zebrafish model of 

in vivo IL1β over-expression was recently established (68). However, each of these 

models constitutively overexpresses the respective cytokine only in β cells and does not 

offer the versatility to induce expression in other tissues or the ability to titrate expression 

levels. In order to optimally study the in vivo impacts of β cell inflammatory stress, better 

model systems to induce cytokines specifically in tissues of interest need to be developed.  

1.4 Type 1 diabetes  

Type 1 diabetes is thought to be an immune associated disease, characterized by 

an autoimmune destruction of β cells leading to insulin deficiency. T1D was historically 

thought to be a disease diagnosed in children and adolescents, but it is now recognized to 

present at any age (69). Diagnostic hallmarks for T1D include polydipsia, polyphagia, 
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polyuria, and overt hyperglycemia. Patients diagnosed with T1D are treated with 

exogenous insulin throughout their lifetime (70). Throughout the past decades, the 

incidence of T1D has been increasing worldwide, with the incidence of T1D increasing 

2-5% annually (71, 72). As of 2010, the cost of T1D has been estimated to be 

approximately $14.5 billion in the US alone, with costs rising with the increase in 

prevalence of T1D (73, 74). Achieving normoglycemia is an important goal for patients 

with T1D.  

The development of T1D is thought to occur due to a combination of different 

factors. Genetic susceptibility/predisposition to autoimmunity along with environmental 

influences such as hygiene, diet, and viral infections have now been identified as 

contributing factors for T1D development (70). T1D is a polygenic disorder and around 

40 loci are known thus far to affect disease susceptibility (75). Nearly half of the genes 

that cause susceptibility to T1D are located in the human leukocyte antigen (HLA) region 

of chromosome 6 (76). HLA class II show the strongest association with T1D and 

haplotypes HLA- DRB1*0401-DQB1*0302 and HLA-DRB1*0301-DQB1*0201 confer 

the greatest susceptibility (77). Over 90% of patients with T1D carry HLA-DR3-DQ2 or 

HLA-DR4-DQ8 haplotypes (78). Polymorphisms in HLA-DRB1*1501 and HLA-

DQA1*0102-DQB1*0602 interestingly provide disease resistance (77). HLA genes 

encode for major histocompatibility class 2 (MHC class II) molecules, which are found 

on the cell surface of antigen presenting cells. MHC class II binds peptide fragments 

from pathogens and displays it on the cell surface for recognition by T cells. MHC class 

II is composed of an α-chain and a β-chain that form a binding groove for antigen to 

antigen presenting cells (79). Mutations in the amino acid composition of the α  and a β 
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chains have been shown to change the ability of MHC molecules to present the correct 

antigens, which can lead to autoimmunity (80). For example, some mouse studies have 

identified that cytotoxic and helper T cells can recognize epitopes of insulin as antigens 

presented on MHC molecules  (81, 82). Autoantibodies to islet cells can are present in 

more than 90% of newly diagnosed T1D patients, consistent with the autoimmune nature 

of T1D (83). One notable autoantibody that appears in T1D patients is the anti-insulin 

antibody (84). Other autoantibodies against the β cell include glutamic acid 

decarboxylase (GAD), insulinoma-associated autoantigen 2 (IA2A), and zinc transporter 

8 (ZnT8A) (84).  

Environmental and lifestyle factors have also been heavily studied and have been 

shown to be important regulators in T1D development. It has surprisingly been shown 

that migrants to a new area acquire the same risk of T1D development as the population 

residing in that area (85, 86). Two factors that could contribute to this effect are diet and 

sanitation (87). The hygiene hypothesis, which states that the incidence of autoimmune 

diseases may be rising due to a decrease in frequency of childhood infections due to 

improved hygiene, has been suggested as a potential explanation for increasing incidence 

of T1D development (88, 89). A lack of symbiotic microbes impair the proper 

development of the immune system (87). A lack in diversity in the intestinal microbiota 

of children with islet autoimmunity has been observed as compared to healthy controls 

(90, 91). Dietary factors such as the continuation of breastfeeding until the time of 

introduction of cereals into the child’s diet has been shown to play a protective role 

against islet autoimmunity and T1D (92, 93). The western diet is remarkably low in long 

chain polyunsaturated fatty acids like omega-3 fatty acids, which have been shown to 
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affect inflammatory responses. In a study performed in the US, higher omega-3 fatty acid 

consumption in childhood predicted a lower risk for islet autoimmunity (94). Other 

dietary factors such as proteins found in cow’s milk and vitamin D deficiency have both 

been suspected to contribute to the development of T1D, although data are conflicting. 

(95, 96).  

Several studies have been performed to elucidate the potential link between 

enteroviral infections and the development of T1D. Enteroviruses are small, non-

enveloped, single-strand RNA viruses that commonly infect children and usually produce 

mild symptoms such as muscle pain, sore throat, headache and abdominal discomfort. 

However, the virus can affect various organs and cause hand, foot, and mouth disease, 

aseptic meningitis, and myocarditis (97). In an enteroviral infection, the virus continues 

to replicate in the lymphatic tissues and systemic enterovirus infection can cause viral 

dissemination to organs such as the pancreas. Enteroviral RNA has been detected in 

pancreatic tissue in people with T1D via reverse transcription-polymerase chain reaction 

(RT-PCR) (98-100). The mechanism by which enteroviruses cause β cell destruction may 

be due to molecular mimicry, triggering an autoimmune response against β cell markers 

such as GAD (101, 102).  

1.5 Type 2 diabetes  

T2D, the most common form of diabetes mellitus, is characterized by 

hyperglycemia, insulin resistance, and insulin deficiency (103). Like T1D, T2D also 

results from a combination of genetic and environmental factors. In addition, insulin 

resistance related to obesity is thought to play a crucial role in T2D development. T2D 

has become a worldwide epidemic with an estimated 439 million people projected to be 
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living with T2D by the year 2030 (104). Although the global prevalence of T2D is very 

high, the incidence of T2D varies greatly between geographical regions, with 80% of 

people with T2D living in low and middle income countries (103). This suggests that 

environmental and lifestyle risk factors play an important role in the pathogenesis of 

T2D. Lifestyle factors have been extensively studied in T2D. Factors such as physical 

inactivity, a sedentary lifestyle, excessive alcohol consumption, cigarette smoking, and 

over nutrition have all been found to contribute to the development of T2D (105). Overt 

weight gain and obesity is a hallmark of patients diagnosed with T2D. Obesity 

contributes to approximately 55% of T2D cases worldwide and childhood obesity is 

believed to have led to the increase in T2D observed in children (106, 107). An increase 

in adipocytes in the body will result in an increase in secretory factors such as TNFα and 

resistin that will inhibit insulin signaling. Simultaneously, an increase in adipocytes will 

decrease levels of adiponectin, which is necessary for insulin sensitization (108, 109).  

T2D development is also strongly linked to genetic risk. Having relatives with 

T2D increases the risk of developing T2D. In monozygotic twins, there is nearly a 100% 

chance that an unaffected twin will develop T2D if the other twin has the disease (110). 

Additionally, obesity, an independent risk factor for T2D, is considered an inherited 

disorder (111). Large scale genome wide association studies and surveys of association 

between DNA sequence variants and disease have identified many loci that confer 

susceptibility to T2D. Some identified genes include Hematopoietically Expressed 

Homeobox (Hhex), which is a homeobox protein implicated in β cell development, and 

HNF1 Homeobox A (Hnf1a), which confers susceptibility to monogenic forms of 

diabetes (112). Although over 100 different loci have been identified as contributors for 
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T2D development, each locus has only been shown to cause very minor increases in 

susceptibility to diabetes. Overall, T2D has been identified as a multifactorial disease that 

poses a tremendous burden on the healthcare system and on society. 

1.6 Defining and distinguishing between β cell death and dedifferentiation 

Both T1D and T2D are defined by progressive β cell failure. This is due in part to 

β cell death occurring in both diseases. In T1D, β cell mass is thought to be reduced by 

70-80% (113). β cell mass has also been shown to be reduced by 25-50% in autopsy 

specimens from individuals with T2D (113, 114). This progressive loss in β cell mass in 

both types of diabetes has been attributed to β cell apoptosis (115). Apoptosis is a 

genetically regulated form of programmed cell death and plays a significant role in 

normal biological processes and in many diseases (116). In apoptosis, there is a 

programmed collapse of a cell characterized by membrane blebbing, cell shrinkage, 

condensation of chromatin, and fragmentation of DNA followed by engulfment of the 

cell by neighboring cells (116). Several studies have elucidated that both T1D and T2D 

are characterized by expression of inflammatory mediators within the islet, which, if 

unchecked, can ultimately lead to the activation of a final common pathway of β cell 

apoptosis, β cell loss, and finally diabetes (117).  

In T1D, there is characteristic insulitis in which invading immune cells such as T 

cells and macrophages invade the islet and produce cytokines such as interferon gamma 

(IFNɣ), interleukin 1 beta (IL1β), and tumor necrosis factor alpha (TNFα) (53, 54). One 

theory for β cell death is that the soluble mediators released by these T cells and 

macrophages such as cytokines, nitric oxide (NO) and oxygen free radicals can directly 

cause β cell death (118). The released cytokines then induce apoptosis by activating gene 
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networks under the control of the transcription factors Nuclear Factor Kappa B Subunit 1 

(NF-κB) and Signal Transducer and Activator of Transcription 1 (Stat1) (118). The 

activation of the transcription factor NF-κB subsequently leads to the production of nitric 

oxide (NO) and chemokines, and ultimately to the depletion of endoplasmic reticulum 

(ER) calcium (117, 119). It is also thought that β cell death occurs due to the activation of 

mitogen-activated protein kinases such as c-Jun NH2-terminal kinase (JNK), p38 

mitogen-activated protein kinase (MAPK), and extracellular signal-regulated kinase 

(ERK) (120-122). These mitogen-activated protein kinases subsequently lead to the 

release of mitochondrial death signals such as Tumor protein p53 (p53) (123). BCL2 

apoptosis regulator (Bcl2) regulates the mitochondrial response to pro-apoptotic signals, 

inhibiting the activation of caspase 3 and 9, which execute cell death (124, 125). 

Overexpression of Bcl2 has been shown to protect mouse islets and human islets from 

cytokine-induced death (126). Inhibition of Bcl2 has also been shown to lead to β cell 

apoptosis (127). 

β cells have a high rate of protein synthesis and are thus particularly susceptible to 

accumulation of misfolded or unfolded proteins.  If unchecked, this process induces a 

signaling cascade referred to as ER stress, which leads to DNA damage inducible 

transcript 3 (CHOP) expression and apoptosis (128). The ER stress response can be 

induced in β cells when there are changes in ER calcium concentrations, leading to the 

accumulation of unfolded proteins due to persistent ER stress (129). It has been shown 

that NO can also trigger an ER stress response in β cells leading to CHOP expression and 

apoptosis (130).  
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In type 2 diabetes, there is a chronic exposure to systemic insulin resistance and 

inflammation, and elevated glucose and free fatty acids (FFA), which causes β cell 

dysfunction and may induce β cell apoptosis. Rodent β cells chronically exposed to high 

glucose display altered cell survival, cell growth, and gene expression (131). 

Hyperglycemia has also been shown to increase β cell production of IL1β. Furthermore, 

there are similarities in the changes in gene expression profiles induced independently by 

hyperglycemia and by cytokine induction (132). For example, genes such as MYC proto-

oncogene (c-Myc), TNF alpha induced protein 3 (A20), and heme oxygenase 1 (Hmox1) 

are all induced by both hyperglycemia and cytokine stress (117). This suggests that 

hyperglycemia and cytokine induction share some common mechanisms to alter β cell 

phenotype. It has also been observed that β cells cultured in high glucose media (30 

mmol/l glucose) display glucose hypersensitization and an increase in β cell apoptosis as 

compared to β cells cultured in lower glucose media (10 mmol/l glucose) (133).  

Chronic elevations in FFAs, due to obesity and/or diets rich in saturated fats, have 

also been shown to be a contributing factor to the development of type 2 diabetes. 

Adipose tissue derived products such as FFAs and adipokines have been shown to 

directly induce β cell dysfunction and apoptosis (117). High circulating FFA levels and 

triglyceride levels can cause an accumulation of triglycerides in the pancreatic islets 

(134). A rise in the levels of cytoplasmic FFAs leads to ceramide formation and induction 

of Nitric oxide synthase 2 (iNOS), which in excess amounts causes NO mediated β cell 

apoptosis (135). FFA esterification occurs in the ER and accumulation of FFAs in the β 

cell has been shown to induce ER stress by inducing ER stress markers such as CHOP 

and Heat Shock Protein Family A (Hsp70) Member 5 (BIP) (136). 
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Although β cell apoptosis has been classically believed to be the main cause for 

the loss of β cell mass in diabetes, recent work has suggested that β cell plasticity and the 

failure to maintain a fully differentiated state lead to a loss of functional β cell mass in 

diabetes. Studies have suggested that the decrease in functional β cell mass in diabetes is 

greater than the rate of apoptosis observed in diabetes, suggesting that other mechanisms 

account for the loss of β cell mass seen in the disease (115, 137). Interestingly, although 

there is a decrease in β-cell insulin immunostaining in human islets from type 2 cadaveric 

donors, only a small number of apoptotic cells are seen (138-140). It has been suggested 

that β cell mass can change in response to metabolic demand of insulin in conditions such 

as obesity and pregnancy, indicating the plasticity of the cells (141). Additionally, genetic 

and epigenetic analyses of endocrine and exocrine cells in the pancreas have revealed a 

degree of cellular plasticity under pathological conditions (142).  

Recent data have identified β cell dedifferentiation, or reversion to a progenitor-

like state, as a compensatory response to islet inflammatory stress, with evidence of β cell 

dedifferentiation contributing to β cell failure in models of both T1D and T2D (143). This 

work has defined β cell dedifferentiation as: 1) downregulation of key transcription 

factors crucial for β cell development, maintenance of identity, and function; 2) 

exhibition of features of other islet endocrine cells; and 3) inability to maintain a glucose 

responsive state (143-145). Several rodent studies have demonstrated that islet insults 

such as hyperglycemia and metabolic stress lead to a loss of mature β cell identity 

markers, as well as co-secretion of other endocrine cell hormones (146-149) (Figure 1).  

In order to maintain β cell identity, active regulation of gene expression, 

particularly the expression of transcription factors responsible for β cell function, is 
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critical. Pdx1 is one such critical transcription factor necessary for both β cell 

development and maintenance of β cell identity. The deletion of Pdx1 from post-natal 

islets results in the loss of phenotype in β cells. On the other hand, the expression of Pdx1 

in endocrine progenitor cells promotes the cells to adopt a β cell-like phenotype (145). 

The transcription factor Neuronal Differentiation 1 (Neurod1) is also required for the 

development of the endocrine pancreas and is necessary for the differentiation of mature 

β cells (150). Mafa and Nkx6.1 are two additional transcription factors expressed by 

mature β cells and the loss of expression of these transcription factors can also lead to a 

loss of β cell identity (147-149). Another transcription factor essential for β cell identity 

is Forkhead box O1 (Foxo1). A knockout study of Foxo1 in mouse β cells resulted in a 

decrease in protein levels of other transcription factors Pdx1, Mafa, and Nkx6.1 (149). 

Human T2D cadaveric islet donor samples show reduced expression of Mafa, Nkx6.1, 

Pdx1 and a concurrent decrease in insulin immunostaining (137, 138).  

A decrease in expression of genes that are normally highly expressed in β cells 

has also been observed in dedifferentiation in rat models of partial pancreatectomy. A 

decrease in the expression of Insulin 1 and 2, Solute Carrier Family 2 Member 2 (Glut2), 

Glucokinase (Gck), and pyruvate carboxylase (Pc) were all observed in dedifferentiated 

rat β cells (146, 151). It has also been shown that overtly dedifferentiated β cells revert to 

a progenitor-like state and express Neurogenin 3 (Ngn3), POU Class 5 Homeobox 1 

(Oct4), Nanog Homeobox (Nanog), and MYCL Proto-Oncogene, BHLH Transcription 

Facto (L-Myc) (144, 149). Interestingly, knockout of Foxo1 in mouse β cells also resulted 

in an increase in Ngn3, Oct4, Nanog, and L-Myc (149). Aldehyde dehydrogenase 1a3 

(Aldh1a3) has recently been identified as a marker of β cell dedifferentiation. Acilli et al. 
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functionally characterized failing β cells from several different experimental models of 

diabetes and observed an enrichment of Aldh1a3 in β cells that were failing in the context 

of β cell dedifferentiation. These islet Aldhla3 positive cells showed an impairment in 

GSIS, a depletion of Foxo1 and Mafa, and positivity for Ngn3 (152).  

The role of the Transforming Growth Factor β superfamily of proteins in β cell 

function and identity, particularly the role of Transforming Growth Factor Beta 2 (Tgfb2) 

has recently become more recognized. Tgfb2 is involved in diverse roles across different 

cell types via signaling through a group of transcription factors called SMADs (153). 

This signaling pathway has been implicated in the development of the endocrine pancreas 

(153), β cell development, and postnatal β cell identity and function (154). Transgenic 

induction of SMAD family member 7 (Smad7), an inhibitor of TGF-β signaling, is 

associated with reduced SMAD family member2 (Smad2) activation, reduced β cell 

expression of MafA, impaired insulin secretion, and overt diabetes, suggesting that islet 

TGF-β signaling is crucial for establishing and maintaining a mature, functional 

pancreatic β cell (155). Interestingly, after partial pancreatectomy, Smad7-mediated 

inhibition of Tgfb2 and Smad2 enhanced islet proliferation in association with a 

dedifferentiated β cell phenotype (156).  These data suggest that altered β cell identity 

may be a compensatory mechanism allowing for increases in proliferation (156).  
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Figure 1: Defining a functional, dysfunctional, and dedifferentiated β cell. (A) a 

functional β cell will secrete insulin in response to glucose levels sensed by the cell and 

will express characteristic transcription factors that are essential for β cell identity. (B) a 

dysfunctional β cell will preserve expression of these characteristic transcription factors, 

but has a decreased ability to secrete insulin in response to glucose levels. If β cell 

dysfunction is left unchecked, it can lead to β cell death via signaling pathways such as 

the ER stress pathway. (C) a dedifferentiated β cell can potentially lose expression of 

transcription factors that are essential for β cell identity and exhibit a decreased ability to 

secrete insulin in response to glucose levels. Dedifferentiated β cell commonly display 

co-secretion of other endocrine cell hormones such as glucagon and somatostatin.   
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Studies have also shown that dedifferentiated β cells may exhibit features of other 

islet endocrine cells such as glucagon secreting α cells. Two studies have demonstrated 

that under hyperglycemic conditions, some former β cells can adopt the identity of 

mature glucagon producing α cells (148, 149). Furthermore, these β cells with α-like 

features can maintain their phenotype after transplantation in vivo (157). In response to β 

cell loss, α cells have been shown to adopt a β cell like phenotype, a process called 

transdifferentiation (158). β cells from type 2 diabetic human islets stained double 

positive for both insulin and glucagon. Surprisingly, these co-staining cells were positive 

for the transcription factors Nkx6.1 and Pdx1, both of which are essential for β cell 

identity. These cells could potentially be transdifferentiated α cells. Within these type 2 

diabetic human islets, there were also a subset of cells that stained positive for glucagon 

and Nkx6.1, and negative for insulin (159).  

Another method used to assess β cell dedifferentiation is quantification of insulin 

negative endocrine cells. Islets from type 2 diabetic pancreas sections are reported to 

have a three-fold increase in endocrine cells that stain negatively for insulin as compared 

to non-diabetic controls. This study also found an increase in glucagon positive and 

somatostatin positive islet cells that also expressed the transcription factors Foxo1 and 

Nkx6.1 (138). 

A key hallmark of dedifferentiating β cells is the inability to maintain a glucose 

responsive state, or glucose stimulated insulin secretion (GSIS), a defining feature of a β 

cell. A decrease in GSIS in β cells is indicative of a loss of β cell function (144). A 

marked decrease in GSIS has been observed in different models of diabetes such as 

pancreatectomy, high glucose infusion states, and in response to the chemo toxic agent 
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streptozotocin (160-162). Degranulation of β cells, defined by the absence of insulin in β 

cell granules, has also recently been linked to dedifferentiation. In some islets from 

human T2D pancreatic organ donors, de-granulated β cells were observed. More 

importantly, these de-granulated β cells also displayed other evidence of 

dedifferentiation, including a decrease in transcription factors essential for β cell identity 

(138).    

In aggregate, this body of work suggests that fully differentiated β cells have more 

flexibility in cellular fate than was previously recognized. From studies done on β cell 

dedifferentiation under different stress conditions, it seems that β cells can fall on a 

spectrum of dysfunction, dedifferentiation, and death, transitioning into different stages 

in response to different stimuli and stressors. For example, under milder stressors or 

short-term exposures, β cells can show initial signs of dysfunction such as impaired GSIS 

and exhibit a loss of β cell characteristics such as subtle decreases in expression of Glut2, 

Insulin, and Gck. With long standing insults or with more severe insults, β cells can 

transition into an even more dysfunctional and dedifferentiated state, losing expression of 

critical β cell transcription factors such as Pdx1, Mafa, and Nkx6.1. Transdifferentiation 

of endocrine cells is also a possibility in the spectrum of β cell dedifferentiation. Finally, 

in an overt dedifferentiated state, it is possible for β cells to express markers such as L-

Myc, Nanog, and Ngn3. Some researchers have postulated that β cells exhibit this 

dedifferentiated phenotype to circumvent apoptosis caused by metabolic stress in 

diabetes. Thus, β cell dedifferentiation may be a method to enhance β cell survival.  

Although several studies have now been performed to identify and characterize β 

cell dedifferentiation several key questions remain to be answered. Firstly, a strict 
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definition for dedifferentiating or dedifferentiated β cells has yet to be established. For 

example, is a β cell considered dedifferentiated if it loses expression of one of the critical 

transcription factors necessary for β cell identity or do all transcription factors need to be 

lost for that β cell to be categorized as a dedifferentiated cell? Furthermore, although 

multiple extrinsic stressors, including islet inflammation, glucotoxicity, lipotoxicity and 

partial pancreatectomy have been associated with dedifferentiation, molecular signaling 

mechanisms responsible for these effects are not as well delineated. An improved 

understanding of the plasticity of β cell identity is important, as this may ultimately pave 

the way for novel therapies targeting β cell dysfunction before or after diabetes 

development. 

1.7 The role of microRNAs in diabetes 

MicroRNAs (miRNAs) are short non-coding RNAs, approximately 22 

nucleotides in length. More than 2000 miRNAs have been identified in the human 

genome and they mediate several biological processes (163).  Mechanisms of miRNA 

processing and tools used for analysis of miRNA signaling are important to understand to 

gain a better understanding of the role of miRNAs in diabetes and other pathologies. 

Figure 2 provides an overview of miRNA processing. The transcription of miRNAs is 

mainly performed by RNA polymerase II (PolII), which usually yields a product that is 

several kilobases long and is called the primary miRNA (pri-miRNA) (164). Once the 

pri-miRNA is formed it is processed by the Drosha complex in the nucleus. This complex 

is composed of Drosha (an RNase III protein) and the DiGeorge Syndrome Critical 

Region Gene 8 (Dgcr8) gene (165). The pri-miRNA is cleaved at the stem of the hairpin 

structure, releasing a 60-70 nucleotide hairpin structure called the precursor miRNA (pre-
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miRNA) (166). The conversion of pri-miRNA to pre-miRNA is known as primary 

processing (167).  

The pre-miRNA must be transported from the nucleus to the cytoplasm to be 

further processed. Pre-miRNAs are transported through large proteinaceous channels in 

the nuclear membrane known as nuclear pore complexes (168). Exportin-5 (EXP5) is a 

RanGTP-dependent nuclear transport receptor and is responsible for transporting the pre-

miRNA from the nucleus to the cytoplasm (169, 170). Hydrolysis of the GTP results in 

release of the pre-miRNA from EXP5 (171). The released pre-miRNA is then processed 

by Dicer (an endonuclease cytoplasmic RNAse III enzyme) to create an approximately 22 

nucleotide miRNA duplex (172, 173). In humans, Dicer is associated with two proteins 

trans-activation response RNA-binding protein (TRBP) and Interferon-Inducible Double-

Stranded RNA-Dependent Protein Kinase Activator A (PRKRA). These two proteins are 

not required for the processing of the pre-miRNA itself but are necessary for the 

formation of the RNA-induced silencing complex (RISC) (174, 175). Once the miRNA 

duplex is formed, it is incorporated into an Argonaute (Ago) family protein complex in 

the RISC complex (167). The RISC loading complex (RLC) is composed of Dicer, the 

proteins TRBP and PRKRA, and Ago family proteins. It has classically been thought that 

the passenger strand of the miRNA duplex, or miRNA*, is degraded and the guide strand, 

or miRNA, remains bound to Ago as the mature miRNA (167). However, studies have 

shown that the thermodynamic stability of the two ends of the duplex determine which 

strand is degraded and which strand is processed to become a mature miRNA (167, 176).  

MiRNAs classically repress translation through either direct inhibition or mRNA 

destabilization (177). They do this by mRNA deadenylation and decapping (178, 179).  
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Figure 2: Processing of miRNAs. The gene encoding the miRNA is transcribed by RNA 

pol II and yields a pri-miRNA, which is then processed by the Drosha element to yield a 

pre-miRNA. The pre-miRNA is then exported from the nucleus to the cytoplasm by 

Exportin 5 and then becomes a miRNA duplex by Dicer processing. Once the miRNA 

duplex is formed, one or both of the miRNA strands are incorporated into the RISC 

complex. 
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The paradigm by which miRNAs exert their effect is that miRNAs bind complementarily 

to the 3’UTR of target mRNAs via the seed sequence at the 5’end of the miRNA (180). 

However, interactions of miRNAs with other regions such as the coding sequence, 

5’UTR, and gene promoters have also been reported (181-184). Most miRNA target 

prediction databases primarily consider the 3’UTR regions of targets and predict targets 

based on complementarity of the seed sequence to the 3’UTR region (185). Given this 

information, it is critical to experimentally validate targets and to consider other regions 

of the mRNA to gain a comprehensive view of miRNA targets.  

miRNAs act as critical regulators of β cell differentiation, development, death and 

function, and have been identified as mediators of the complex β cell response to 

inflammatory stress (186, 187). In addition, miRNAs have been shown to regulate 

complex processes in diabetes such as insulin resistance and diabetes associated 

complications such as vasculopathies (163). Furthermore, miRNA expression profiles 

have been established for hyperglycemic and diabetes models from various tissues such 

as the pancreas and liver.  

miRNAs have been shown to regulate β cell survival and apoptosis by targeting 

pro-apoptotic genes such as BCL2 Associated X Apoptosis Regulator (Bax) and anti-

apoptotic genes such as Bcl2. For example, overexpression of miR-200 induces β cell 

apoptosis and subsequently T2D by activating Bax (188). β cell proliferation is also 

critically regulated by miRNAs, particularly miR-375, which is highly expressed in 

human β cells. Knock out of miR-375 in a murine model has been shown to decrease in 

pancreatic β cell mass (189). MiRNAs have also been shown to mediate insulin 

resistance. MiR-195 and miR-15b directly bind to the 3’UTR of the insulin receptor and 
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result in impaired insulin signaling in the cell (190, 191). Many studies have been 

performed to elucidate the role of miRNAs in diabetes pathogenesis.  

MiRNAs have also been shown to play roles in β cell development and 

differentiation. MiRNAs induce human pluripotent stem cells (hPSCs) into islet-like cell 

clusters, hence implicating their role in β cell differentiation. Upregulation of miR-375 

also promoted the differentiation of β cells by promoting a mesenchymal to epithelial 

transition and overexpression of miR-7 has been shown to promote the expression of 

pancreas-specific transcription factors and to promote production of islet-like cell clusters 

(192, 193). This is only a brief report of the involvement of miRNAs in diabetes 

development. From this data, however, it can be concluded that miRNAs play a critical 

role in the pathogenesis of diabetes. As such, optimal systems are needed to study their 

effects.  

The current system by which a vast majority of miRNA overexpression studies 

are performed is by using miRNA mimics, chemically synthesized duplexes designed to 

simulate increased concentrations of only one miRNA strand (177). The use of miRNA 

mimics has several limitations, including the potential of generating false positive results 

by causing a supra-physiological increase in miRNA levels (177, 194). Endogenous 

miRNAs have been shown to be increased by 20-30% to modulate gene expression (195). 

This is a stark contrast to the 100-1000 fold increase in miRNA levels caused my miRNA 

mimics. Exaggerated miRNA overexpression can saturate RISC complexes, displace 

other endogenous miRNAs, and generate false positive interactions with target genes 

(196). Furthermore, the use of mimics also bypasses natural miRNA processing by which 

a miRNA:miRNA* duplex is processed by the Dicer and Drosha elements. Finally, the 
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use of mimics is limited in in vivo systems (177). Given these limitations in miRNA 

mimics, it is crucial to develop optimal systems to study miRNAs.  

1.8 The role of miR-21 in diabetes 

MiR-21 is considered to be an important miRNA because it is frequently 

upregulated in many diseases and has been shown to play a role in cell proliferation and 

apoptosis (180). Interestingly, miR-21, particularly the seed sequence, is highly preserved 

between species (Figure 3), implicating that this miRNA is evolutionarily important. The 

gene for the human miR-21 (hsa-miR-21) is located on chromosome 17q23.2 (197). The 

levels of miR-21 are shown to be up-regulated in response to pro-inflammatory stress in 

multiple tissues, including the β cell (127, 187). Circulating levels of miR-21 have been 

shown to be significantly upregulated in the plasma and urine of T1D patients (198). 

MiR-21-3p levels in circulating extracellular vesicles have been implicated as prognostic 

biomarkers for diabetic retinopathy (199).  Furthermore, miR-21-5p has been shown to be 

increased in the extracellular vesicles of β cells in response to inflammatory stress 

induced by cytokines (200). miR-21 has also been identified as a diagnostic marker and 

therapeutic modulator for T2D and pancreatic cancer (201). One study found that 

overexpression of miR-21 in renal cells mimics the action of high glucose by reducing 

PTEN expression and thus increasing Akt phosphorylation. Conversely, inhibition of 

miR-21 prevented the inhibition of PTEN levels and the phospholylation of Akt (202). 

The role of miR-21 on β cell apoptosis has been studied by a few groups, with 

contradictory results. Inflammation and the transcription factor NF-κB have been shown 

to increase the levels of miR-21, which has then subsequently been shown to suppress β 

cell death by reducing the expression of programmed cell death protein 4 (Pdcd4) (203, 
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204). The Sims lab has previously shown that miR-21 causes β cell apoptosis by 

inhibiting levels of the pro-survival target Bcl2 (127). 

Studies have demonstrated that β cell miR-21 is highly expressed in models of 

inflammation and diabetes in both human and rodent models and have linked miR-21 to β 

cell dysfunction (127, 204-207). Others have also demonstrated that an increase in miR-

21 in β cells leads to a decrease in β cell number, an increase in β cell proliferation, and a 

decrease in insulin secretion (187, 204, 208). Additionally, inhibition of miR-21 leads to 

an improvement in insulin secretion in cytokine treated cells (204). 

The effects of miR-21 on non-pancreatic tissues has also been studied. MiR-21 

regulates adipogenic differentiation by down-regulating Tgfb2 (209). Differentiation and 

accumulation of adipocytes is a major risk factor for T2D. MiR-21 is significantly 

increased in kidneys of diabetic mice and in a mesangial cell line grown under high 

glucose conditions (210). Overexpression of miR-21 in kidney cells caused an increase in 

high glucose-induced production of inflammatory and fibrotic markers. Conversely, the 

knockdown of miR-21 protected against the production of inflammatory and fibrotic 

markers (211). MiR-21 has also been shown to promote renal fibrosis in diabetic 

nephropathy by targeting PTEN and Smad7 (212).  

Although prior studies have identified increases in β cell miR-21 expression in 

models of inflammation and diabetes and have linked miR-21 to β cell dysfunction and 

death (127, 205, 206), the mechanism of miR-21’s effects on β cell function and the in 

vivo roles of β cell miR-21 have not been determined. Therefore, to thoroughly elucidate 

the role of miR-21 in diabetes development, comprehensive studies of the effects of miR-

21 on β cells using optimal tools to study miR-21 need to be performed. Furthermore, 
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upstream signaling events leading to induction of β cell miR-21 under conditions of 

diabetic stress remain to be elucidated.  
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Figure 3: The miR-21 sequence is highly conserved across multiple vertebrate species. 

The mature miR-21 sequence is in bold font and the seed sequence of miR-21 is 

highlighted in green. The seed sequence of miR-21 is completely preserved between 

humans, mice, rats, and zebrafish.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

…UGUCGGGUAGCUUAUCAGACUGAUGUUGACUGUUGAAUCUCAUGGCAACACCAGUCGAUGGG …

…UGUCGGAUAGCUUAUCAGACUGAUGUUGACUGUUGAAUCUCAUGGCAACAGCAGUCGAUGGG …

…UGUCGGGUAGCUUAUCAGACUGAUGUUGACUGUUGAAUCUCAUGGCAACAGCAGUCGAUGGG …

…UGUCAGAUAGCUUAUCAGACUGGUGUUGGCUGUUACAUUCGCCCGGCGACAACAGUCUGUAG …
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1.9 The role of Hif1a in diabetes 

Hypoxia-inducible factor-1 (HIF-1) is a transcription factor that regulates 

responses to hypoxia. Hif-1 is composed of two subunits, Hif1a and Hif1b. However, 

only HIF1a senses oxygen levels and coordinates the cellular responses to hypoxia (213). 

Under normoxic and non-stress conditions, Hif1a is thought to be degraded after being 

hydroxylated. Hydroxylated Hif1a is degraded by the Von Hippel Lindau (VHL) protein, 

which serves as an E3 ubiquitin ligase. Under hypoxic conditions, Hif1a is not 

hydroxylated and is instead translocated to the nucleus along with Hif1b to form a 

heterodimer. This heterodimer then binds to the hypoxia responsive elements (HREs) on 

DNA to activate transcription of target genes (214). Hif1a signaling is known to target 

several hundred genes and is responsible for adaptive processes such as angiogenesis, 

erythropoiesis, and cell survival (215). Interestingly, in addition to hypoxia, 

inflammation, cytokines, ROS, and low iron levels have all been shown to increase Hif1a 

levels (216-218). However, increases in effects of these stimuli on β cell Hif1a are 

unknown.  

Studies elucidating the effect of Hif1a on diabetes development, especially the 

effects of Hif1a on β cells, are limited. One study showed that Hif1a is present at low 

levels in mouse and human islets under normoxic conditions. This study also showed that 

mice that had a β cell specific Hif1a knock out mutation had β cell dysfunction and 

glucose intolerance. These effects were worsened when these mice were fed a high fat 

diet. Interestingly, although increasing Hif1a levels improved insulin secretion and 

glucose tolerance in control mice on high-fat diet, this effect was not observed in the β 

cell specific Hif1a knock out mice. This study also showed that increasing Hif1a in 
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human islets improved their function (219). On the other hand, another study has found 

that moderate hypoxia induces apoptosis in mouse β cells (220). Furthermore, some 

studies have shown that by inactivating VHL and thus activating Hif1a in β cells, there is 

an impairment in insulin secretion and glucose homeostasis in mice. It was also shown 

that inhibition of Hif1a in these β cells lacking VHL improved GSIS (221-223). These 

findings suggest that Hif1a plays an important, if not clearly elucidated role in β cell 

function.  

The effects of hyperglycemia on Hif1a signaling in non-islet tissues have also 

been described. Hyperglycemia has been shown to increase cellular oxygen consumption 

and ROS production, both of which can lead to an increase in Hif1a expression and 

activity (224). Hyperglycemia is also associated with a phenomenon called 

pseudohypoxia, characterized by NADH/NAD+ ratio (225, 226) and, in diabetes, the 

expression of Hif1a is increased in some tissues such as the heart (227). Conversely, in 

vitro experiments in dermal fibroblasts and in endothelial cells have demonstrated 

increased Hif1a protein degradation in response to both hyperglycemia and hypoxia 

(228). Long chain fatty acids have been shown to prevent Hif1a activation in dermal 

fibroblasts and in endothelial cells in response to hypoxia in T2D. Succinate promotes 

Hif1a activation in cardiac tissue by inhibiting HIF hydroxylases and fatty acids inhibit 

succinate concentrations in T2D (229).  

The role of Hif1a on miR-21 expression has also been studied in numerous 

tissues. Furthermore, miR-21 levels have also been shown to increase in response to 

hypoxia (230). An analysis of cardiomyocytes found that hypoxia induced both Hif1a and 

miR-21 levels and that Hif1a binds to the promoter of miR-21 and enhances its 
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transcriptional activity (231). Work in endothelial cells showed that hypoxia induces both 

Hif1a and miR-21, leading to increased angiogenesis (232).  

1.10 Summary 

The hallmark of diabetes mellitus is hyperglycemia due to the loss of physical or 

functional β cell mass. Furthermore, the β cell’s intrinsic response to pro-diabetic 

stressors may exacerbate diabetes development, indicating that β cells themselves are not 

mere bystanders in diabetes development. The processes of β cell dysfunction, death, and 

dedifferentiation have been seen in both T1D and T2D. Recent data have identified the 

importance of β cell dysfunction due to dedifferentiation, which appears to exist on a 

continuum rather than in absolute categories, as an important mechanism for diabetes 

development. Identifying modulators of β cell dedifferentiation would be beneficial for 

understanding the pathophysiology of both T1D and T2D. MiRNAs, small RNAs that 

repress mRNA translation, serve as important regulators of β cell development and 

function. Multiple groups have previously shown that β cell miR-21 is increased in 

models of diabetes and plays a role in diabetes pathogenesis. However, a comprehensive 

analysis of the effects of miR-21 on the β cell, particularly in vivo effects, has yet to be 

performed. Additionally, molecular regulators of miR-21 in the β cell are unknown. 

Furthermore, optimal tools to study miR-21 in the β cell at baseline and in response to 

diabetic stressors need to still be developed.  

In this thesis, I hypothesize that that cytokine-induced increases in β cell miR-21 

play a critical role in inhibiting β cell function and inducing loss of β cell identity during 

diabetes development and that Hif1a is an upstream regulator of miR-21, increasing its 

transcription in response to diabetic stressors. Therefore, the objectives of this thesis are 
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to develop optimal tools for studying the effects of miR-21 on the β cell and to determine 

the regulator of miR-21 in diabetic pathogenesis. The results of this study will determine 

the role of β cell miR-21 in diabetes development and elucidate the mechanisms by which 

miR-21 exerts its effects on the β cell, using both in vitro and in vivo model systems. By 

elucidating these pathways, this study will identify novel potential therapeutic targets for 

diabetes.  
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2 METHODS 
 

2.1 Islet miR-21 predicted target analysis 

A comprehensive search of miRNA target prediction databases yielded 4,308 

unique predicted miR-21 mRNA targets (233-237). These predicted targets were cross-

referenced with three publicly available datasets of mRNA sequences enriched in human 

islets or in diabetes (238-240). This analysis resulted in 365 potential miR-21 target genes 

that are also β cell and diabetes enriched. Ontology and pathway analysis was performed 

using functionality databases (241, 242). 

2.2 Cell lines 

Rat Insulinoma cells (INS1 828/33) were cultured in RPMI media containing 

10mM HEPES, 2mM glutamine, 1mM sodium pyruvate, 10% fetal bovine serum (FBS), 

and 1% Pen/Strep. Cell media was changed every 2-3 days and cells were split at 

confluency. The human β cell line EndoC-βH1 cells were also cultured in RPMI media 

containing 10mM HEPES, 2mM glutamine, 1mM sodium pyruvate, 10% fetal bovine 

serum (FBS), and 1% Pen/Strep. Cell media was changed every 5 days and cells were 

split at 60% confluency.  

2.3 Lentiviral miR-21 induction in INS1 cells 

A lentiviral tetracycline-on system of miR-21 induction in INS1 cells (INS1-miR-

21) and a scrambled control (INS1-scramble) was developed by amplification of the rat 

pre-miR-21 and a scrambled miR-21 sequence, respectively, using high-fidelity PCR, 

followed by amplicon cloning into the multiple cloning site of the pInducer lentiviral 

vector (Addgene plasmid #44012), using Gibson cloning. This vector was used to 
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generate concentrated viral particles that were used to transduce INS1 cells as described 

(243). Treatment with 5ug/ml Doxycycline for 48 hours was used for miR-21 induction. 

2.4 RNA sequencing analysis 

RNA from Lentiviral INS1-miR-21 and INS1-scramble cells (5 biologic 

replicates per condition) was isolated using the miRNeasy kit according to the 

manufacturer’s instructions (Qiagen) and used to prepare dual-indexed nonstranded 

cDNA libraries using SMART- Seq v4 Ultra Low Input RNA Kit (Clontech) as described 

(244). All sequenced libraries were aligned to the rat genome. 

2.5 Relative quantitative real-time PCR analysis 

RNA isolation and reverse transcription was performed using miRNeasy and 

miScript II RT kits according to the manufacturer’s instructions (Qiagen). Quantitative 

real-time PCR (qRT-PCR) was performed using the miScript SYBR Green PCR Kit 

(Qiagen) and a Mastercycler ep realplex instrument (Eppendorf). miRNA levels were 

established relative to U6 and mRNA levels were established relative to β-actin, using the 

comparative Ct method (245). Primer sequences are listed in Table 1.  

2.6 Pulldown analysis 

Pulldown of mRNA bound to 50 nM biotinylated miR-21-5p or control C.elegans 

miR-67 was performed as described (246). Briefly, either the biotinylated miR-21-5p or 

the biotinylated control C.elegans miR-67 (both have a biotin tag at 3’ end) were 

transfected into INS1 cells at a concentration of 50nM using Lipofectamine 2000. Cell 

lysates were collected 48 hours post transfection and then incubated with Streptavidin 

Dyna beads overnight. The miRNA binds mRNA in the cell and the biotin on the miRNA 

binds the avidin on the Streptavidin Dyna beads, which is then magnetically isolated 
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using a magnetic stand. Reverse transcription and qPCR was performed as above. Pulled-

down samples were normalized to input control cell lysate to determine enrichment of 

mRNA.  

2.7 Luciferase assay 

A luciferase assay was performed as described (127) to determine whether miR-

21 binds to the 3’UTR of Tgfb2 and Smad2. Briefly, the Gaussia luciferase/secreted 

alkaline phosphatase dual reporter system was used from GeneCopoeia. The wild-type rat 

Tgfb2 3’UTR or the wild type Smad2 3’UTR were cloned into the multiple cloning site of 

the empty Gaussia luciferase/secreted alkaline phosphatase dual reporter plasmid using 

Gibson cloning. A mutated 3’UTR for Tgfb2 (positions 1281-1287) and a mutated 3’UTR 

for Smad2 (positions 8900-8908) were also cloned into the multiple cloning site of the 

empty Gaussia luciferase/secreted alkaline phosphatase dual reporter plasmid using 

Gibson cloning. The wildtype 3’UTR vector and the mutated 3’UTR vectors were 

individually transfected into INS1-miR-21 and INS1-scramble cells using Lipofectamine 

2000. Cells were treated with 5ug/ml Doxycycline for 48 hours and then a dual reporter 

luciferase assay kit (GeneCopoeia) was used according to the manufacturer’s instructions 

to quantify luciferase activity in 10ul of media. Results were normalized to secreted 

alkaline phosphatase activity, according to the manufacturer’s instructions.  

2.8 Western blot analysis 

Immunoblot analysis was performed as described (127). Cell pellets were re-

suspended in TBS+0.1% SDS and proteins were subsequently resolved using 10% SDS-

PAGE gels (Bio-Rad). Proteins were then transferred to polyvinylidene difluoride 

membranes and then blocked with LI-COR blocking buffer and then probed overnight 
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with primary antibody. Membranes were then probed with LI-COR IRdye conjugated 

secondary antibodies. Immunoreactivity was visualized using fluorometric scanning on 

an Odyssey imaging system and quantified by LI-COR software (LI-COR Biotech). 

2.9 Inhibitor transfection 

INS-1 828/33 cells were seeded into a 12-well plate at a density of 4X105 

cells/well and treated for 48 h with 100 pmol of a miR-21 locked nucleic acid (LNA) 

inhibitor (Exiqon), or negative controls (Qiagen) that had been complexed with 3 μl 

Lipofectamine 3000 and 100 μl Opti-MEM (Thermo Fisher). Transfected cells were 

treated with 5 ng/ml IL-1β for 24 hours.    

2.10 Functional GSIS assay 

GSIS was performed as described (247). Briefly, INS1-miR-21 and INS1-

scramble cells were exposed to low glucose (2.5mM) and high glucose (25mM) 

conditions. Supernatants were subsequently collected and assayed for insulin using an 

ELISA (Cisbio). Values were normalized to the total DNA content of the islet fraction 

via a PICO Green Assay (Invitrogen). 

2.11 Zebrafish husbandry and strains  

All animal work was approved by the Indiana University School of Medicine 

Institutional Animal Care and Use Committee (IACUC) and carried out in accordance 

with IACUC standards. Zebrafish (Danio rerio) embryos were spawned and raised under 

standard laboratory conditions at 28.5°C. 

2.12 Generation of a zebrafish inflammatory cytokine line  

A Cre-Enabled and Tetracycline-Inducible transgenic system for conditional, 

tissue-specific expression of Pro-Inflammatory Cytokines (CETI-PIC3) line was 
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generated to induce pro-inflammatory cytokines specifically in the β cell of the zebrafish. 

To generate the CETI-PIC3 line, a Gibson assembly approach was followed using 

multiple vector components. A PIC3 (pro-inflammatory cytokines:3) expression cassette 

comprised of zebrafish mRNA sequences for the cytokines IFNɣ (NCBI: NM_212864.1), 

TFNα (NCBI: NM_212859.2), and IL1β (NCBI: NM_212844.2) that were connected 

with intervening E2A sequences was ordered as a single cDNA g-block from IDT 

(sequence provided in supplement). High fidelity DNA polymerase was used to PCR 

amplify the PIC3 cassette with flanking arms that were homologous to the pInducer 

lentiviral vector (Addgene plasmid #44012). Additionally, the sequence for H2B-GFP 

was similarly PCR-amplified from the plasmid ‘hsp70l-loxP-mCherry-STOP-loxP-H2B-

GFP_cryaa-cerulean’ (248) (Addgene plasmid #24334) using primers with flanking 

homology arms. These amplicons for PIC3 and for H2B-GFP were ligated into the 

multiple cloning site (MCS) of the pInducer lentiviral vector using Gibson assembly 

master mix (NEB E2611) with the H2B-GFP lying downstream of the PIC3 cassette. The 

ubiquitin promoter sequence (249) and the sequence for the loxP-mCherry-stop-loxP 

cassette (Addgene plasmid #24334) were similarly PCR-amplified and cloned into the 

pInducer lentiviral vector construct between the MCS and the reverse Tetracycline trans-

activator (rtta) site. The sequence for the final construct (tre:PIC3-H2BGFP; ubi:loxP-

mCherry-STOP-loxP-rtta) was confirmed by sequencing of the entire plasmid.  

The assembled construct: tre:PIC3-H2BGFP-ubi:loxP-mCherry-STOP-loxP was 

co-injected with Tol2 transposase mRNA (250, 251) into zebrafish zygotes to generate 

multiple independent founders which were first screened for ubiquitous mCherry 

expression and then confirmed for H2B-GFP expression upon Cre-mediated 
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recombination. Founders with successful expression of both mCherry and H2B-GFP 

were propagated further. Transgenic zebrafish larvae were genotyped by epifluorescence 

at 96 hpf using a Leica M205FA dissecting microscope. Five independent founders were 

identified, with one founder (F0) having better Cre recombination and the most intense 

RFP expression. This founder was further propagated and all experiments were 

performed on the progeny of this founder. In addition, the Tg(Ins:cre)s924 established 

transgenic line was used (248). The Tg(Ins:cre)s924 line has a Crystallin alpha A eye 

promoter that drives a Venus cassette, which enables me to sort for yellow eyes for 

positive transgenic embryos. All embryos were collected at spawning and maintained in a 

28.5°C incubator in egg water-filled petri dishes. 

2.13 MiR-21 induction in the zebrafish 

The H2B-GFP coding sequence contained in the transgenesis vector that was used 

to make the Tg(hs:CSH) (252) transgenic line was replaced with a zebrafish pre-miR-21 

amplicon. This was generated via high-fidelity PCR followed by subcloning into a site 

downstream of the lox-mCherry-STOP-lox cassette to generate Tg(hs:CS-βmiR-21) 

zebrafish. Tg(hs:CS-βmiR-21) fish were intercrossed with Tg(ins:Cre)s924 fish (252) to 

generate fish exhibiting heat-shock inducible miR-21 overexpression specifically within 

β cells. To induce transgene expression, embryos were heat-shocked for 10 minutes at 

39°C. 

2.14 Chemical treatments in zebrafish 

1-Phenyl-2-thiourea (PTU; Acros #207250250) supplementation at 0.003% was 

used to prevent pigmentation in all embryos after gastrulation stages. To determine ideal 

and reproducible conditions, doxycycline (Sigma # 24390-14-5) solutions of 0.5ug/ml, 1 
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ug/ml, 2.5 ug/ml, 5 ug/ml, 10ug/ml and 20 ug/ml were prepared in egg water (0.1% 

instant ocean salt, 0.0075% calcium sulfate) that was supplemented with PTU. Some 

transgene induction was observed at all concentrations ranging from 0.5ug/ml to 

20ug/ml. Embryos treated with 5ug/ml of doxycycline displayed induction of the pro-

inflammatory cytokines without causing islet disaggregation. All embryos from F0 were 

treated with 5ug/ml of doxycycline for these experiments.  

2.15 Free glucose assessment in zebrafish 

Glucose colorimetric assays (Bio Vision #K686) and glucose oxidase colorimetric 

assays (Bio Vision #K86) were performed by pulverizing 20 embryos in each group 

within 500ul of assay buffer as described in (253) and by following manufacturer’s 

instructions. Results were measured using a SpectraMax M5 multiwell plate reader 

(Molecular Devices).  

2.16 Immunofluorescence staining and image collection in zebrafish 

Larvae were washed in egg water then fixed with 3% formaldehyde in a PEM 

buffer (0.21 M PIPES, 1 mM MgSO4, 2 mM EGTA, and pH 7) at 4°C overnight. Fixed 

larvae were washed with PBS and de-yolked, then antibody staining was performed as 

described (252). Primary antibodies used and concentrations are provided in Table 2. 

Primary antibodies were detected with 1:500 dilutions of complementary Alexa-

conjugated secondary antibodies (Jackson ImmunoResearch). After staining, larvae were 

mounted on slides in VECTASHIELD (Vector Labs H-1000), and confocal imaging was 

performed with a Zeiss LSM700 microscope. The confocal stacks of pancreatic islets 

were analyzed with NIH Fiji software. 
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2.17 MiR-21 induction in mice 

All mouse experiments were performed with approval from the Indiana 

University Institutional Animal Care and Use Committee (IACUC). Mice were 

maintained under a standard 12-hour light-dark cycle and were maintained in pathogen 

free conditions. Mice were fed a standard rodent chow diet and given unlimited access to 

water. Inducible β cell specific overexpression Tg(βmiR-21) mice were generated by 

crossing Tg(CAG-Z-miR-21-EGFP) (254) mice with Ins1tm1(CreERT2)Thor mice. 

Eight-week Tg(βmiR-21) mice and littermate controls were treated with 1 mg/day x 6 

days intraperitoneal (IP) tamoxifen. 

2.18 Functional testing in mice 

In vivo intraperitoneal glucose tolerance tests (IPGTTs) were performed at 21 

days after initial Tamoxifen injection as described (247). Mice were fasted overnight and 

then were given IP injections of 2g/kg glucose in saline based on total body mass. Tail 

vein glucose concentrations were determined using an AlphaTRAK glucometer (Abbott 

Laboratories) at 0min, 10 min, 20 min, 30 min, 60 min, 90 min, and 120 min post glucose 

injection. In vivo IP insulin tolerance tests (IPITTs) were performed on mice that were 

fasted for 2 hours (from noon-2pm). Mice were given IP injections of 0.75 U/kg of 

regular Humulin-R insulin (Eli Lilly) in sterile saline based on total body mass. Tail vein 

glucose concentrations were determined using an AlphaTRAK glucometer (Abbott 

Laboratories) at 0min, 10 min, 20 min, 30 min, and 60 min post insulin injection. GSIS 

was performed in ex vivo islets as described (247). Briefly, mouse islets were exposed to 

low glucose (2.5mM) and high glucose (25mM) conditions. Supernatants were 

subsequently collected and assayed for insulin using an ELISA (Cisbio). Values were 
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normalized to the total DNA content of the islet fraction via a PICO Green Assay 

(Invitrogen). 

2.19 Immunofluorescence staining and image collection in mice 

Mouse pancreata were fixed and immunostained as previously described (255). 

Primary antibodies used and concentrations are provided in Table 2. Primary antibodies 

were detected with 1:500 dilutions of complementary Alexa-conjugated secondary 

antibodies (Jackson ImmunoResearch). Immunostainings were quantified by measuring 

pixel density per insulin-positive cell. Confocal imaging was performed using a Zeiss 

LSM700 microscope and analyzed with NIH Fiji software. 

2.20 Islet isolation and culture 

Islets were isolated 28 days after initial Tamoxifen injection, using collagenase as 

described (256). Briefly, pancreata were inflated with collagenase after mice were 

sacrificed by cervical dislocation. Pancreata were then dissociated in Hank’s Balanced 

Salt Solution and Bovine Serum Albumin solutions. Individual islets were picked by 

hand under a light microscope and allowed to recover overnight in RPMI media.  

Human islets for all experiments were obtained from the integrated islet distribution 

program (IIDP). Islets were handpicked and allowed to recover in human islet media 

overnight before any experimentation.  

2.21 Human islet transduction 

Human islets were dispersed as described (127). Islets were suspended in 4ml of 

Accutase solution (Millipore) with DNAse I (Millipore) in a thermal mixer at 1000 

rev/min for 10min. Dispersed cells from 300 islets were transduced with 50ul of 
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concentrated lentivirus as above and then treated with 10 ug/ml of doxycycline for 48 

hours followed by a 24-hour recovery period. 

2.22 Mouse islet flow sorting 

Mouse islets were isolated, treated with a cytokine cocktail for 24 hours, and then 

dispersed as described above. Cells were dispersed until single cells were observed. A 

sample of approximately 1000 cells was aliquoted as unstained controls. Cells were then 

stained with 25uM Newport Green by directly adding the Newport Green stain to cell 

culture medium and incubating for 90 minutes. Following incubation, cells were re-

suspended in PBS and filtered through a 70uM mesh into flow cytometer tubes. 

Unstained, negative control cells were used to gate.  

2.23 Overexpressing and inhibiting hif1a levels in INS1 cells  

INS1 cells were seeded into a 6-well plate at a density of 1x106 cells/well and 

treated for 72 hours with a Hif1a overexpression vector (Addgene plasmid #18949) or an 

empty control vector after digesting the Addgene vector with the restriction enzyme 

Bamh1 and then re-ligating the empty vector in DH5-alpha cells. Lipofectamine 3000 

(7ul) complexed with 250ul of Opti-MEM was used to transfect 5ug of DNA into cells 

following manufacturer’s instructions. The same protocol was used to transfect the Hif1a 

inhibitor vector. The piLenti-siRNA-GFP lentivector for Hif1a (piLenti-Hif1a-siRNA-

GFP) was purchased from ABM. The vector was digested with the restriction enzyme 

Bbs1 to yield an empty control vector (piLenti-empty-siRNA-GFP). 5ug of both vectors 

were transfected as stated above.  
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2.24 CHIP assay in EndoC cells 

The CHIP assay was performed as described in (231) and following 

manufacturer’s instructions using the Thermo Pierce Agarose CHIP kit. Briefly, EndoC 

cells, clonal human beta cells, were treated with IL1β or vehicle control for 24 hours. 

IL1β treated cells and untreated controls were crosslinked using 1% formaldehyde. The 

reactions were subsequently quenched with glycine, rinsed with PBS, and cells were 

scraped and pelleted. Cell pellets were lysed and chromatin was digested using an MNase 

Digestion buffer. Digested chromatin was incubated overnight with a CHIP grade Hif1a 

antibody and then followed with incubation with Protein A+G agarose for one hour. 

Immunoprecipitated DNA was eluted by using the IP elution buffer. Final DNA was 

recovered after using DNA clean-up columns and after performing multiple washes. To 

determine Hif1a binding to the promoter of miR-21, qRT-PCR was performed as 

described above using primers that span the region where Hif1a is predicted to bind the 

miR-21 promoter. Results were normalized to input controls as described (257).  

2.25 Statistical analysis 

Statistical analyses were performed using GraphPad Prism Version 7.1 (GraphPad 

Software). The data are presented as the means ± standard error of the mean (SEM). 

Student’s t tests or Kolmogorov-SmiRnov tests were used for comparison between the 

experimental and control groups as indicated. One-way ANOVA with Tukey’s post-test 

for multiple comparisons was used when comparing more than two groups. For all 

analyses, a p value of ≤0.05 was considered significant. 
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Table 1: Primers used for analysis.  
 

Rat Primers Used: 

Primer name Primer sequence 

NKX6.1_FWD ACTTGGCAGGACCAGAGAGA 
NKX6.1_REV GGGCTTGTTGTAATCGTCGT 
Aldh1a3_FWD GGGTCACACTGGAGCTAGGA 
Aldh1a3_REV CTGGCCTCTTCTTGGCGAA 

Tgfb2_FWD GATCTAACCTGTTGCCTGTGT 
Tgfb2_REV CCATGTATCTCGCTGTTCCC 
Smad2_FWD ACCATAAGAATGAGCTTCGTG 
Smad2_REV GTTAATACTTTGTCCAACCACTGC 
MafA_FWD CTTCAGCAAGGAGGAGGTCATC 
MafA_REV GCGAGCCGCGGTTCTT 
Pdx1_FWD GATGAAATCCACCAAAGCTCAC 
PdX1_REV GTACGGGTCCTCTTATTCTCCT 
NeuroD1_FWD AGCTCCCACGTCTTCCACGTC 
NeuroD1_REV GGCTTTCAAAGAAGGGCTCCAG 
Nanog_FWD AGCCTCCAGCAGATGCAAGAA 
Nanog_REV TTGCACTTCATCCTTTGGTTTTGA 
Glut2_FWD CTGGGTCTGCAATTTCATCA 
Glut2_REV CGTAAGGCCCGAGGAAGT 
Ins2_FWD CTACAATCATAGACCATCAGCA 
Ins2_REV CAGTTGGTAGAGGGAGCAGAT 
Pcsk2_FWD ACACAGCTCCGCACATTCGCA 
Pcsk2_REV TGAGATCCACAACCGCCCTCCA 
Gck_FWD CAACTGGACCAAGGGCTTCAA 
Gck_REV TGTGGCCACCGTGTCATTC 
Ngn3_FWD CTGCGCATAGCGGACCACAGCTTC 
Ngn3_REV CTTCACAAGAAGTCTGAGAACACCAG 
Ins1_FWD TAGTGACCAGCTATAATCAGAG 
Ins1_REV ACGCCAAGGTCTGAAGGTCC 
L-Myc_FWD CCATCAGCAACAGCACAACTA 
L-Myc REV CACTTTCTACAGGTGGGGGA 
Zebrafish Primers Used: 

Tgfb2_FWD GCGCTTTGCAGGTATAGACG 
Tgfb2_REV TGGCTCTTATGCTGCGACTC 
Pdx1_FWD CACGGTTTCCCCGGTCTATG 
Pdx1_REV GACACGGTGGAGGGTTTTGG 
Smad2_FWD TTCACAGACCCCTCCAATTC 
Smad2_REV GATGGCGCTATCGCTAAGAC 
MafA_FWD ATCACCAGCACAGCCACCTG 
MafA_REV TTGAGCCGGATCACCTCCTC 
miR-21_FWD GGTTATGTGTCTTTATTGGCGT 
Universal REV GTGCAGGGTCCGAGGT 



 47

Mouse Primers Used: 

Aldh1a3_FWD GGGTCACACTGGAGCTAGGA 
Aldh1a3_REV CTGGCCTCTTCTTGGCGAA 
Human Primers Used: 

Tgfb2_FWD TGCTTTGGCTTTCTGGTTCT 
Tgfb2_REV TTTGTTTGTGGTGCAGTGGT 
Smad2_FWD ACTAACTTCCCAGCAGGAAT 
Smad2_REV GTTGGTCACTTGTTTCTCCA 
MafA_FWD ATTCTGGAGAGCGAGAAGTGCCAA 
MafA_REV CGCCAGCTTCTCGTATTTCTCCTT 
Pdx1_FWD TACTGGATTGGCGTTGTTTGTGGC 
Pdx1_REV AGGGAGCCTTCCAATGTGTATGGT 
Aldh1a3_FWD TCACAGACAACATGCGGATT 
Aldh1a3_REV TCGGTGCTATTCGCTCTTTT 

Primers used for detecting miR-21 levels in mouse, human and rat samples were from 
Qiagen (miScript Primer assays for pre-miR-21). 
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Table 2: Antibodies used for analysis 

Antibody name and company: Host species: Antibody dilution 

Antibodies for Western Blot 

Analysis: 
  

Smad2: Cell Signaling Rabbit 1:500 
PDX1: DSHB Mouse 1:250 
MafA: Bethyl Rabbit 1:500 
Tgfb2: R&D Mouse 1:250 
Antibodies for staining:   

Aldh1a3: Novus Rabbit 1:200 for zebrafish and 
1:500 for mouse samples 

Insulin: Invitrogen Guinea Pig 1:200 for zebrafish and 
1:500 for mouse samples 

Glucagon: Sigma Mouse 1:200 for zebrafish and 
1:500 for mouse samples 

Tgfb2: R&D Mouse 1:50 for zebrafish and 
mouse 

Smad2: CST Rabbit 1:50 for mouse 
Nkx6.1: DSHB Mouse 1:50 for zebrafish 

Neurod1: abcam Rabbit 1:50 for mouse 
Pcsk2: Novus Mouse 1:50 for mouse 
Gck: R&D Mouse 1:50 for mouse 
Glut2: Novus Rabbit 1:50 for mouse 
Ngn3: LS Bio Rabbit 1:50 for mouse 
Nanog: BioLegend Mouse 1:50 for mouse 
Ki-67: Novus Rabbit 1:50 for mouse 
L-Myc: Abcam Rabbit 1:50 for mouse 
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3 MIR-21 IS INCREASED WITHIN β CELLS IN RESPONSE TO DIABETIC 

STRESS AND CAUSES A DYSFUNCTIONAL PHENOTYPE IN β CELLS 

FROM MULTIPLE SPECIES  

3.1 Introduction 

As described in the introduction, recent data have identified β cell 

dedifferentiation as a compensatory response to islet stress, with evidence of β cell 

dedifferentiation in models of T1D and T2D. Dedifferentiated cells, which have reverted 

to a progenitor like state, typically display several characteristics of β cell dysfunction. 

Although studies have identified extrinsic insults resulting in dedifferentiation such as 

inflammation, glucotoxicity, lipotoxicity and pancreatectomy, molecular mechanisms 

responsible for these effects are poorly defined. As described in section 1.8, miRNAs act 

as critical regulators of β cell differentiation, development, death and function, and have 

been identified as mediators of the complex β cell response to inflammatory stress. 

Abnormal β cell miRNA expression occurs in diabetes, and provides a large pool of 

potential targets for treatment. The Sims lab and others have demonstrated increased islet 

miR-21 expression in models of inflammation and diabetes. The Sims lab previously 

showed that overexpression of miR-21 induced β cell death by targeting the antiapoptotic 

mRNA B Cell lymphoma 2 (Bcl2). However, miRNAs exert their effects by targeting 

multiple mRNAs. Therefore, in this project, I sought to perform a comprehensive 

analysis of the effects of miR-21 on the β cell in multiple species and in both in vitro and 

in vivo systems.  

When starting this project, it came to my attention that the commercially available 

tools to study miR-21 had important limitations. After observing that miRNA mimics 
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caused a supra-physiologic increase in miR-21, I decided to develop a titratable lentiviral 

system of miR-21 induction in INS1 cells. To validate the effects of miR-21 on β cell 

identity in a vertebrate system, I generated a zebrafish model of β cell specific miR-21 

overexpression that allows for lineage tracing. Additionally, I generated a titratable β cell 

specific model of cytokine induction in zebrafish to ensure that miR-21 is indeed 

increased in the zebrafish β cell after cytokine stress. To define effects on glucose 

homeostasis in a mammalian system, I developed a mouse model of inducible β cell 

specific miR-21 overexpression.  

To perform a comprehensive analysis of the effects of miR-21 on β cell identity, I 

reviewed methods in which others have identified β cell dedifferentiation and applied 

these analyses to models of miR-21 induction. Three main criteria are used in this work 

to assess β cell dedifferentiation. First, transcription factors essential for β cell identity 

were measured and impacts of miR-21 induction on expression were quantified. 

Additionally, impacts of miR-21 induction on expression of genes that are typically 

highly expressed in β cells and regulate critical β cell functions (like Ins1, Ins2, and 

Glut2) were quantified relative to controls. Second, β cells were assessed for features of 

other endocrine cells after miR-21 induction. Third, the role of miR-21 in the β cell’s 

ability to maintain a glucose responsive state, including assessment of insulin secretion 

and insulin granule formation, was determined.  
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3.2 Results 

3.2.1 β cell miR-21 is increased in multiple species in response to models of diabetic 

stress.  

I sought to first develop a model system to titrate cytokine levels in the β cells of 

zebrafish. MiR-21 induction in zebrafish in response to islet inflammatory stress has 

never been shown before. Therefore, I devised a novel genetic system to induce the 

expression of pro-inflammatory cytokines in a dose dependent and tissue restricted 

manner (Figure 4). IFNɣ, TNFα, IL1β are three pro-inflammatory cytokines that are 

mediators of cellular damage in multiple diseases, including diabetes. The encoding 

sequences of the zebrafish orthologues of each of these cytokines and a nuclear green 

fluorescent protein H2BGFP were linked together with viral 2A elements to form the 

PIC3 (proinflammatory cytokines 3) cassette that was then cloned downstream of a 

Tetracycline-dependent promoter (TRE2) to create the CETI-PIC3 line (Figure 4A). In 

this multi-gene expression system (MGES) the three cytokines and a fluorescent cellular 

indicator are designed to be expressed at similar levels (258, 259). In addition, a 

mechanism for restricting expression to particular cell types was incorporated into the 

expression system via Cre-loxP elements (Figure 4B). Specifically, a ubiquitin promotor 

(249) drives the expression of a red fluorescent protein (RFP, mCherry) that is flanked by 

loxP sequences, generating a ubiquitous red ‘baseline’ fluorescence throughout the 

transgenic animal. When CETI-PIC3 fish are crossed to a tissue specific Cre, the 

recombinase activity excises the RFP and STOP sequences, permitting expression of 

reverse Tetracycline trans activator (rtTA), and thereby enabling the inducibility 

component in a tissue specific pattern (Figure 4C). Upon subsequent exposure of the 
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transgenic zebrafish to doxycycline, the drug binds and activates rtTA, which 

consequently drives expression at the Tetracycline-dependent promoter (260). The 

combination of elements from both the Tet-on and Cre-lox systems with viral 2A 

sequences permits multigene expression of these three pro-inflammatory cytokines in an 

inducible and tissue specific manner (Figure 4D). To determine the maximal dosing of 

doxycycline for transgene induction without toxicity, transgenic CETI-PIC3 animals and 

control wild type (WT) embryos were incubated with a range of doxycycline doses 

(0ug/ml-50ug/ml) for varying durations (0hrs-72hrs), and survival curves were plotted 

(Figure 4E and 4F). There were no differences between survival in the CETI-PIC3 

embryos as compared to the WT embryos across all treatment regimens tested, indicating 

that any lethality in this system is due to the toxicity of high doxycycline dosing used, not 

leaky Cre-independent expression of rtTA and/or non-specific PIC3 cassette expression.  

To confirm that the CETI-PIC3 system is competent to drive the induction of the 

PIC3 pro-inflammatory cytokine expression cassette, levels of IFNɣ, TNFα, IL1β and 

H2B-GFP mRNA were measured in whole zebrafish larvae using quantitative qRT-PCR 

following treatment with various doses of doxycycline and with 5 ug/ml of doxycycline 

for various time points. A schematic for the experiment is provided in Figure 5A. The 

Tg(CETI-PIC3)iu15 fish were crossed to Tg(ins:cre) s924 fish to generate doubly 

heterozygous embryos (ins-CETI-PIC3) for this experiment. As a control, single 

heterozygous Tg(ins:cre) embryos and single heterozygous CETI-PIC3 embryos were 

treated identically with doxycycline for 48 hours. Figure 5B shows changes in levels of 

IFNɣ, TNFα, IL1β, and H2BGFP in response to different doses of doxycycline (0, 0.5, 1, 

2.5, and 5ug/ml). In addition, Figure 5C shows changes in levels of IFNɣ, TNFα, IL1β, 
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and H2BGFP in response to 5ug/ml doxycycline in a time dependent manner. I chose a 

dose of 5ug/ml of doxycycline as a representative dose because it enabled a relatively 

high induction of cytokines but still allowed for embryo survival at 48 hours. The levels 

of all cytokines and H2BGFP were increased by 5-40 fold in the doxycycline-treated ins-

CETI-PIC3 embryos as compared to Tg(ins:cre) and CETI-PIC3 controls after treatment 

with 5ug/ml of doxycycline for 48 hours (Figure 5D). 

I next checked to ensure that cytokine expression was enabled only in specific 

tissues. The Tg(CETI-PIC3)iu21 allele was again combined with the Tg(ins:cre) line. 

Here, I observed β cell specific expression of the cytokine cassette (Figure 6A). This was 

evidenced both by nuclear H2BGFP expression in the insulin-positive β cells as wells as 

by TNFα immunostaining within the insulin-positive cells (white arrows). Finally, I used 

this newly developed system to validate the effect of inflammatory cytokines on miR-21 

induction in vivo. Quantitative qRT-PCR was used to measure miR-21 levels in the 

doxycycline-treated ins-CETI-PIC3 embryos (Figure 6B).  

After observing that miR-21 was induced in response to cytokines in zebrafish, I 

sought to ensure that miR-21 was induced in mammalian models of inflammatory stress. 

Previous work from the Sims lab has shown that miR-21 is increased in mouse islets 

treated with multiple low doses of STZ and in NOD diabetic islets. However, miR-21 

levels specifically in β cells in response to a cytokine cocktail of IFNɣ, TNFα, and IL1β 

has not been determined before. After using Newport green to flow sort mouse islets that 

were treated with a cytokine cocktail for 24 hours, I observed an increase in pre-miR-21 

in primary β cells (Figure 7A). 
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Figure 4: Design of the CETI-PIC3 line. (A) The genetic construct of the CETI-PIC3 

line. (B) This model takes advantage of Cre-lox systems to induce cytokines in a tissue 

specific manner. (C) Any tissue specific promoter driving a Cre cassette can be used to 

induce tissue specific inflammation in this model after excision of the stop codon 

downstream of the RFP cassette. (D) When CETI-PIC3 fish are crossed to a tissue 

specific Cre and subsequently treated with doxycycline, there is dose dependent induction 

of the cytokines in a tissue specific manner. (E) Survival curve for wild type embryos 

treated with different doses of doxycycline (0ug/ml-50ug/ml) for different time points 

(0hrs-72hrs). (F) Survival curve for CETI-PIC3 embryos treated with different doses of 

doxycycline (0ug/ml-50ug/ml) for different time points (0hrs-72hrs).  
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Figure 5: The transcript levels of cytokines are increased and tissue specific induction of 

cytokines is achieved within the induced ins-CETI-PIC3 model system. (A) The 

schematic for the experimental procedure is provided. All treatments were performed 72 

hours post fertilization.  For panels B, C, and D, RNA was subsequently isolated from the 

whole bodies of at least 15 embryos in each clutch and all analysis was performed on 

whole body samples. (B) Dose response to 0, 0.5, 1, and 2.5ug/ml of doxycycline is 

shown for IFNɣ, TNFα, IL1β, and H2BGFP. (C) Time response to 5ug/ml of 

doxycycline is shown for up to 12 hours after treatment with doxycycline. (D) The levels 

of IFNɣ, TNFα, Il1β, and H2BGFP are all increased after doxycycline induction in the 

ins-CETI-PIC3 embryos as compared to Tg(Ins:cre) and CETI-PIC3 control embryos 

n=4 *p<0.05. 
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Figure 6: β cell specific induction of cytokines is observed. (A.) After crossing the 

CETI-PIC3 line to the Tg(Ins:cre) line, β cell specific induction of the cytokines 

occurred, as seen by the H2BGFP signal and TNFα staining only in the insulin positive 

cells (white arrows). (B.) MiR-21 levels were increased in zebrafish with β cell specific 

induction of cytokines. n=4-6; *p<0.05. 

 

 

 

 



 57

 

Figure 7: β cells miR-21 levels are increased in response to inflammatory stress. (A.) 

miR-21 levels in flow sorted β cells from mouse islets treated overnight with cytokine 

cocktail of IFNɣ, TNFα, and IL1β. (B.) MiR-21-3p levels were increased in INS1 cells 

post treatment with IL1β. (C.) MiR-21-5p levels were increased in INS1 cells post 

treatment with IL1β. (D.) Pre-miR-21 levels were increased in INS1 cells post treatment 

with IL1β. n=3-8; *p<0.05. 
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I next wanted to determine if both the sense and anti-sense strand of miR-21 are 

increased in response to inflammatory stress. Here, I decided to measure the levels of 

both miR-21-3p (the anti-sense strand) and miR-21-5p (sense strand) (Figure 7B-C) in 

INS1 cells treated with IL1β for 24 hours. Additionally, I wanted to determine if levels of 

pre-miR-21 were also elevated (Figure 7D). These results indicate an increase in pre-

miR-21 and in both the sense and anti-sense strands of miR-21. These results imply that 

in order to thoroughly study impacts of increases in pre-miR-21 induced by inflammatory 

stress, both the sense and anti-sense strands should be considered.   

3.2.2 Target analysis of miR-21 identified involvement in β cell commitment.  

To identify potential molecular pathways impacted by increased islet miR-21 

during diabetes development, I performed an unbiased analysis of known predictive and 

validated targets of miR-21, using publicly available target prediction software and 

human islet sequencing datasets. The workflow for determining the predicted effects of 

islet miR-21 is shown in Figure 8A. My initial analysis in silico identified 4,308 

potential mRNA targets. Since miRNAs classically exert their action by repressing 

translation, these 4,308 targets were then mapped to downregulated genes from 3 

different human islet diabetes datasets, yielding 365 predicted miR-21 target genes that 

are β cell- and diabetes-enriched. Ontology and pathway analysis identified processes 

involved in cell commitment, cell stress response, ER stress response, cell fate 

commitment, and apoptosis. Notably, several members of the Transforming Growth 

Factor Beta 2 (Tgfb2) pathway, along with a critical transcription factor involved in β cell 

identity, MAF BZIP Transcription Factor (Maf) were identified as potential direct targets. 

Predicted direct mRNA targets of β cell miR-21 are shown in Figure 8B.   
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Figure 8: A comprehensive informatics analysis indicates that β cell miR-21 is involved 

in cell commitment processes. (A) Workflow for determining β cell miR-21 targets. Six 

different microRNA target prediction databases and 3 different human islet datasets were 

analyzed and overlapped to identify novel mRNA targets and to elucidate phenotypes of 

islet cell miR-21 induction. (B) In silico analysis suggested that β cell miR-21 functions 

by targeting mRNAs involved in cell commitment, including members of the Tgfb2 

signaling pathway, as well as the transcription factor family Maf. Genes in red are 

predicted direct targets of miR-21.  
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3.2.3 INS1 cell analysis of miR-21 induction identifies a dedifferentiated phenotype.  

Because miRNA mimic transfection leads to supra-physiologic increases in 

miRNAs (177), I generated a tetracycline-on, doxycycline dependent system of lentiviral 

pre-miR-21 induction to directly define the effect of miR-21 in β cells (Figure 9A). This 

system allowed for induction of pre-miR-21 at levels comparable to those of human islets 

treated with proinflammatory cytokines (Figure 9B) and islets in mouse models of 

diabetes (127). INS1-miR-21 cells exhibited increased expression of Aldh1a3, a finding 

consistent with β cell dedifferentiation (Figure 9C). Compared to cells transduced with a 

scrambled miRNA sequence, INS1-miR-21 cells exhibit reduced insulin secretion at 

baseline and in response to glucose (Figure 9D), another finding consistent with β cell 

dedifferentiation. Degranulation of β cells, defined by the absence of insulin in β cell 

granules has also recently been linked to dedifferentiation. Phogrin, Rab37, and Tcirg1, 

the a3 isoform of V-ATPase, have been shown to mark and quantify insulin granules 

(261-263). I used Phogrin to quantify β cell granules in INS1-miR-21 cells, as compared 

to scramble control cells (Figure 10A). Additionally, Rab37 and Tcirg1 were also used to 

quantify β cell granules in INS1-miR-21 cells as compared to scramble control cells 

(Figure 10B-C). I observed a decrease in insulin granules in miR-21 induced cells as 

compared to controls in response to basal glucose levels. This phenotype was consistent 

across all three markers of β cell granules used. To determine global transcript changes 

induced by physiologic overexpression of miR-21, I performed RNA sequencing of 

transduced INS1-miR-21 cells and INS1-scramble control cells. Multidimensional 

scaling (MDS) analysis demonstrated that the INS1-miR-21 samples exhibited a 

substantially different genetic profile as compared to the INS1-scramble control samples 
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(Figure 11A). The volcano plot in Figure 11B shows significant expression differences 

between the miR-21 overexpressing and control groups. Network analysis of down-

regulated genes in the dataset in Figure 11C identified genes involved in β cell function 

such as glucose metabolism and insulin secretion as downregulated after miR-21 

induction. Notably, multiple transcription factors essential for pancreas development 

were also decreased after miR-21 overexpression (Figure 11D). 

RT-PCR was performed to validate downregulation of mRNA targets associated 

with dedifferentiation (Figure 12A-C). Several predicted targets including Tgfb2, Smad2, 

and Mafa were downregulated upon miR-21 induction. Additionally, I observed a 

decrease in other transcription factors and markers essential for β cell function and 

identity including Nkx6.1, Ins1, Ins2, Neurod1, Glut2, and Pcsk2. I further wanted to 

determine if markers of β cell dedifferentiation were increased in these cells. Here, I 

observed an increase in levels of Ngn3, Nanog, L-myc, and Aldh1a3 in INS1-miR-21 

cells as compared to INS1-scramble cells. Immunoblots were also performed to confirm 

decreased protein levels for Tgfb2, Smad2, Pdx1 and MafA after miR-21 induction 

(Figure 12D-E).  

To identify mRNA targets that directly bind to miR-21, I performed a streptavidin 

bead-based pulldown after transfection with a biotinylated miR-21-5p duplex construct. 

Compared to pull-down of a biotinylated cel-miR-67 control, Tgfb2, Smad2, and Mafa 

were significantly enriched within the biotinylated miR-21 pulldown, suggesting direct 

binding to miR-21 (Figure 13A). To confirm miR-21 binding and to confirm functional 

inhibition of translation of Tgfb2 and Smad2, I performed luciferase reporter assays 

(Figure 13B-C). INS1-miR-21 cells and INS1-Scramble cells were transfected with 
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plasmids containing the wild-type 3’UTR sequences of Tgfb2 and Smad2 or with 

plasmids containing the mutated predicted 3’UTR binding site of Tgfb2 (position 1281-

1287) and Smad2 (position 8900-8908). Cells were then subsequently treated with 5ug 

doxycycline for 48 hours to induce miR-21. Luciferase assays suggested a direct 

interaction of miR-21 with both the Tgfb2 and Smad2 3’UTRs, with no effect observed 

on the mutated versions of these targets.  

I next aimed to determine if blocking the effects of miR-21 would impact the 

effects of inflammatory stress on β cell identity. To test this, I treated INS1 cells with a 

miR-21 inhibitor followed by 24 hours of IL1β exposure.  Consistent with a role for miR-

21 in cytokine induced β cell dedifferentiation, pre-treatment with miR-21 inhibitors 

abrogated cytokine-induced increases in Aldh1a3 (Figure 14A) and increased expression 

of Smad2 and Pdx1 (Figure 14B).  

3.2.4 β cell-specific miR-21 induction in zebrafish results in a dedifferentiated 

phenotype and reduced Tgfb2, Smad2, Mafa, and Pdx1 expression.  

To define the effects of β cell miR-21 in vivo, I first generated a heat-shock 

inducible β cell miR-21 transgenic fish (Tg(HS:βmiR-21)) (Figure 15A). The zebrafish 

pre-miR-21 sequence was placed in the Tg(hs:CSH) (252) vector. Tg(hs:CS-βmiR-21) 

fish were intercrossed with Tg(ins:Cre)s924 fish (252) to generate fish exhibiting heat-

shock inducible miR-21 overexpression specifically within β cells and then heat shocked 

for 10 minutes at 39°C. My results show an increase in miR-21 levels in the islets 

isolated from Tg(HS:βmiR-21) zebrafish as compared to Tg(ins:cre) clutch-mate controls 

(Figure 15B).  
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I next aimed to determine phenotypic effects of miR-21 induction in the β cells of 

zebrafish. Consistent with my data in vitro, Tg(HS:βmiR-21) embryos exhibited 

hyperglycemia (Figure 15C) and increased islet Aldh1a3 expression (Figure 16A) 

compared to controls. Furthermore, reduced numbers of insulin+ β cells were observed in 

Tg(HS:βmiR-21) islets (Figure 16B). Remarkably, Tg(HS:βmiR-21) islets exhibited 

increase numbers of insulin+ glucagon+ co-staining cells (Figure 16C), further 

suggestive of a dedifferentiated state in association with miR-21 overexpression. Nkx6.1 

is a transcription factor that is crucial for maintaining the function of β cells and 

preserving the molecular traits of mature β cells (264). Three days after miR-21 induction 

in the Tg(HS:βmiR-21) larvae, I observed depletion of Nkx6.1 expression within insulin+ 

cells of the islet (Figure 16D).  

After observing a dedifferentiated phenotype within the Tg(HS:βmiR-21) 

zebrafish model, I sought to determine if targets of miR-21 are preserved in the zebrafish. 

Immunostaining for Tgfb2 and Pdx1 demonstrated a decrease in protein expression in 

Tg(HS:βmiR-21) islets (Figure 17A-B). Consistent with my data in INS1-miR-21 cells, 

Tgfb2, Mafa, Smad2 and Pdx1 mRNA were all decreased in islet samples of 

Tg(HS:βmiR-21) embryos (Figure 17C).  
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Figure 9. β cell miR-21 induction results in a dedifferentiated phenotype. (A) Construct 

for the miR-21 overexpressing lentiviral system in which the rat pre-miR-21 sequence 

was cloned into the multiple cloning site of the pInducer vector (B) miR-21 induction in 

48 hr 5ug/ml Doxycycline treated INS1-miR-21 cells vs. INS1-scramble control cells (C) 

Levels of Aldh1a3 were increased in miR-21 induced cells. (D) Glucose stimulated 

insulin secretion was decreased in INS1-miR-21 cells as compared to INS1-scramble 

cells. INS1-miR-21 cells also failed to increase insulin secretion in response to high 

glucose n=3-6; *p<0.05. 
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Figure 10. β cell miR-21 induction causes decreased insulin granule formation. In INS1-

miR-21 cells, intensity of (A) phogrin, (B) Rab37, and (C) V-ATPase are all decreased as 

compared to INS1-Scramble cells. n=10; *p<0.05. 
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Figure 11. RNA sequencing of INS1-miR-21 cells confirms impacts on β cell identity via 

effects on the Tgfb2 pathway. (A) MDS analysis for samples. (B) Volcano plot shows 

genetic differences between the two groups. (C) Log2FC and FDR values for targets of 

interest and key transcription factors essential for β cell identity. (D) Network analysis of 

ontologies and pathways associated with downregulated genes in the dataset. n=5. 
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Figure 12. PCR and western blot analysis suggest a dedifferentiated phenotype. (A-B) 

qRT-PCR analysis confirmed that transcripts for Tgfb2, Smad2, Mafa, Nkx6.1, Ins1, Ins2, 

Neurod1, Glut2, and Pcsk2 were all decreased after miR-21 induction in INS1-miR-21 

cell lines. (C) qRT-PCR analysis confirmed that transcripts for Ngn3, Nanog, L-myc, and 

Aldh1a3 were all increased after miR-21 induction in INS1-miR-21 cell lines. (D-E) 

Western blot analysis showed decreased Tgfb2, Smad2, Pdx1 and Mafa protein 

expression in miR-21 induced INS1-miR-21 cells. 
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Figure 13. Pulldown and luciferase assays suggest direct binding of miR-21 to targets. 

(A) Levels of Tgfb2, Smad2, and Mafa were enriched in the miR-21 biotinylated 

pulldown samples as compared to cell lysate samples. Luciferase activity was decreased 

after miR-21 induction in cells expressing wild type but not in cells expressing the 

mutated 3’UTR for (B) Tgfb2 and of (C) Smad2.  
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Figure 14. MiR-21 inhibition abrogates the dedifferentiated phenotype caused by 

inflammatory cytokines. (A) The dedifferentiation marker Aldh1a3 is increased in INS1 

cells treated with IL1β, but this effect is abrogated by miR-21 inhibition. (B) Levels of 

targets of interest are restored after treatment with a miR-21 inhibitor in cytokine stressed 

miR-21 cells. n=3-5; *p<0.05. 
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Figure 15. A zebrafish model of β cell specific miR-21 induction exhibits hyperglycemia 

and β cell dedifferentiation. (A) Construct for the Tg(HS:miR-21) line and breeding 

strategy to develop Tg(HS:βmiR-21) fish. (B) miR-21 levels are increased in Tg(HS:miR-

21) islets. At least 20 islets were used from each clutch for this analysis. (C) Systemic 

glucose levels were increased after miR-21 induction. At least 20 embryos were used 

from each clutch for this analysis. n=3; *p<0.05. 
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Figure 16. A dedifferentiated phenotype is observed after β cell miR-21 induction in 

zebrafish. (A) Immunofluorescent staining for Aldh1a3 was increased in Tg(HS:βmiR-21) 

embryos as compared to clutch-mate controls. (B) A decrease in insulin+ cells and an 

increase in (C) insulin+ glucagon+ co-positive cells were also observed in miR-21 

induced embryos. (D) Levels of Nkx6.1 were decreased within the nuclei of miR-21 

induced larvae. n=3-10; *p<0.05. 



 72

 

Figure 17. A dedifferentiated phenotype is observed in Tg(HS:βmiR-21) zebrafish. 

Levels of Tgfb2 (A) and levels of Pdx1 (B) are decreased in the islets of miR-21 induced 

embryos. (C) Levels of Tgfb2, Smad2, Mafa, and Pdx1 are decreased in islets isolated 

from Tg(HS:miR-21) embryos as compared to clutch-mate Tg(Ins:cre) control embryos 

from three different clutches. At least 20 islets were used from each clutch for this 

analysis. n=3; *p<0.05.  
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3.2.5 β cell miR-21 induction in a mouse model leads to hyperglycemia and a 

dedifferentiated islet phenotype. 

To define the effects of β cell miR-21 induction on glucose homeostasis in a 

mammalian system, I generated tamoxifen-inducible β cell-specific transgenic mice 

(Tg(βmiR-21)) (Figure 18A), by crossing Tg(CAG-Z-miR-21-EGFP) mice (254) to 

Ins1tm1(CreERT2)Thor mice, and treating with tamoxifen to induce miR-21 within β 

cells. I next measured miR-21 levels in islets isolated from Tg(βmiR-21) mice as 

compared to littermate controls (Figure 18B). I observed an approximate 5-fold increase 

of miR-21 in islets from Tg(βmiR-21) mice as compared to littermate controls. Tissue 

specificity of β cell miR-21 induction was also validated (Figure 18C) through 

demonstration that miR-21 was not increased in the other tissues examined in the 

Tg(βmiR-21) mouse model as compared to littermate controls.  

I next wanted to determine phenotypic effects of β cell miR-21 induction in 

Tg(βmiR-21) mice. For this, I performed IP glucose tolerance tests (IPGTTs) (Figure 

19A), IP Insulin tolerance tests (IPITTs) (Figure 19B), and histologic assessment of β 

cell mass (Figure 19C). Compared to littermate controls, Tg(βmiR-21) mice exhibited 

hyperglycemia on IPGTTs. IPITTs showed no significant differences in peripheral 

insulin resistance between Tg(βmiR-21) mice and litter-mate controls. β cell mass, as 

assessed by immunohistochemistry, demonstrated a decrease in β cell mass in Tg(βmiR-

21) mice as compared to littermate controls. Consistent with INS1 miR-21 cells and 

zebrafish miR-21 induction, Aldh1a3 mRNA expression was increased in islets from 

Tg(βmiR-21) mice (Figure 19D).   
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I sought to determine if the phenotypic changes observed in the Tg(βmiR-21) 

mice was occurring due to β cell dedifferentiation. Consistent with dedifferentiation, 

immunostaining for Aldh1a3 and subsequent calculation of Aldh1a3 intensity confirmed 

increased expression in insulin+ cells (Figure 20A). These findings were associated with 

increased glucagon+ cell area and a reduction in insulin+ cell area in Tg(βmiR-21) mice 

as compared to littermate controls (Figure 20B).  

I wanted to confirm if mRNA targets identified through in vitro analyses were 

also decreased in the islets of Tg(βmiR-21) by examining protein levels. Levels of both 

Tgfb2 (Figure 21A) and Smad2 (Figure 21B) were decreased in insulin+ cells in 

Tg(βmiR-21) mice as compared to littermate controls. To further confirm a 

dedifferentiated phenotype, I stained for Pdx1 and MafA in islets. Levels of both Pdx1 

(Figure 21C) and MafA (Figure 21D) were also decreased in the nuclei of insulin+ cells 

in Tg(βmiR-21) mice as compared to littermate controls, implicating that these cells are 

losing crucial transcription factors for β cell identity.  

Another hallmark of dedifferentiating β cells is the loss of expression of markers 

that are highly expressed in β cells such as Glut2, Gck, and Pcsk2. Decreased expression 

of both Glut2 (Figure 22A) and Pcsk2 (Figure 22C) were observed in insulin+ cells in 

Tg(βmiR-21) mice as compared to littermate controls. However, no change in levels of 

Gck (Figure 22B) was observed between the two groups. The transcription factor 

Neurod1 is necessary for the differentiation of mature β cells and a lack of Neurod1 

expression has been associated with dedifferentiating β cells. In Tg(βmiR-21) mouse 

islets, there was a trend towards a decrease in Neurod1 levels as compared to islets from 

littermate controls (Figure 22D).  
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Figure 18. A mouse model for miR-21 induction in β cells. (A) Construct and strategy 

for breeding for Tg(βmiR-21) mice. (B) miR-21 levels are increased in islets from the 

Tg(βmiR-21) mice. (C) Levels of miR-21 were measured in brain, small intestine, 

skeletal muscle, fat, and liver of Tg(βmiR-21) mice and littermate controls. Levels of 

miR-21 were not increased in any tissues as compared to littermate controls. n=5-8; 

*p<0.05. 
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Figure 19. Tg(βmiR-21) mice are hyperglycemic and display a dedifferentiated 

phenotype. (A) Glucose tolerance tests (GTTs) showed that the Tg(βmiR-21) mice are 

hyperglycemic as compared to litter-mate controls. (B) Insulin tolerance tests (ITTs) 

showed no differences between Tg(βmiR-21) mice and littermate controls. (C) 

Immunohistochemistry analysis shows a decrease in β cell mass in Tg(βmiR-21) mice.  

(D) qRT-PCR analysis showed increased islet Aldh1a3 expression in Tg(βmiR-21) mice. 

n=3-15; *p<0.05. 
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Figure 20. Tg(βmiR-21) mice display increased Aldh1a3 expression and an increase in 

alpha cell area. (A) Increased Aldh1a3 staining was observed in the islets of Tg(βmiR-21) 

and overlapped with insulin staining. (B) Tg(βmiR-21) mice exhibited increased alpha 

cell area and decreased beta cell area. n=4-6; *p<0.05. 
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Figure 21. Tg(βmiR-21) mice display decreases in predicted miR-21 targets and markers 

of β cell identity. Decreased expression of Tgfb2 (A) and Smad2 (B) were seen in 

insulin+ cells in Tg(βmiR-21) mice.  Decreased expression of Pdx1 (C) and MafA (D) 

was seen in nuclei of Insulin+ cells in Tg(βmiR-21) mice. n=9-10; *p<0.05. 
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Figure 22. Tg(βmiR-21) mice display decreases in β cell markers. Decreased expression 

of Glut2 (A) and Pcsk2 (C) were seen in insulin+ cells in Tg(βmiR-21) mice. No changes 

in the levels of Gck (B) and NeuroD1 (D) were observed. n=9-10; *p<0.05. 
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To be thorough in my evaluation of dedifferentiation in the mouse model, I also 

stained for three markers that are often present in dedifferentiated, progenitor-like, β 

cells: Nanog (Figure 23A), Ngn3 (Figure 23B), and L-Myc (Figure 23C). For each of 

these markers, there was no increase in intensity in the nuclei of insulin+ cells in 

Tg(βmiR-21) mice. 

Altered islet architecture with increased insulin+ glucagon+ co-staining cells were 

also observed in the Tg(βmiR-21) mice (white arrows) (Figure 24A-B). This transgenic 

mouse model also allows me to perform lineage trace experiments. At the time of Cre 

recombinase activity, in this study I used an Insulin Cre, any cell that expresses Insulin 

will now have GFP expression. The CAG promoter in the mice continues to mark these 

cells regardless of their Insulin expression after miR-21 induction. I used this transgenic 

model to lineage trace glucagon positive cells with a history of Ins expression. Tg(βmiR-

21) islets exhibited multiple cells that were GFP+ glucagon+ (yellow arrows) (Figure 24A 

and 24C), indicating dedifferentiation. I also observed multiple cells that were GFP+ 

insulin- (Figure 24C).  

3.2.6 Assessing for β cell death and proliferation after miR-21 induction in mouse and 

zebrafish models. 

After observing a dedifferentiation phenotype and a reduction in insulin positive 

beta cells in both the zebrafish and mouse models of β cell miR-21 induction, I wanted to 

determine if there was concurrent β cell death and proliferation occurring in the islets. I 

stained for cleaved caspase 3 (Cl-Casp3), a marker for β cell apoptosis. Islets from 

Tg(βmiR-21) mice, littermate controls, and STZ treated wild type (serving as a positive 

control) were stained with Cl-Casp3 (Figure 25A). β cell death was not observed in 
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Tg(βmiR-21) mice and in littermate controls. As expected, β cell death was seen in 

positive control STZ treated islets. A lack of β cell death in the Tg(βmiR-21) mice 

suggests that the phenotypic effects of hyperglycemia observed in this mouse model is 

due to dedifferentiation rather than β cell death. 

Interestingly, a β cell death phenotype was observed in the zebrafish model. Islets 

from Tg(HS:βmiR-21) fish displayed more Cl-Casp3 positive cells than islets from 

Tg(ins:cre) clutch-mate controls did (Figure 25B). This suggests that the hyperglycemic 

phenotype observed in the zebrafish system could be due to either β cell death, β cell 

dedifferentiation, or a combination of both.  

Ki-67 is a marker of cell proliferation. I stained islets from mice to determine if 

proliferation was occurring in mouse islets. Interestingly, there were more proliferative 

cells in the islets of Tg(βmiR-21) mice as compared to littermate controls (Figure 26A). β 

cells are known to undergo proliferation in response to islet stress. It is possible that the 

increase in proliferation in this model system is due to a compensatory response caused 

by miR-21 induction.   

3.2.7 Induction of miR-21 in human islets is also associated with a dedifferentiated 

phenotype and reduced expression of miR-21 target mRNAs linked to β cell 

identity. 

I wanted to ensure that my findings in INS1 cells, in zebrafish, and in mice was 

translatable to human disease. To determine whether these observed miR-21 roles are 

translatable, human islets were transduced with miR-21 lentivirus to induce increases in 

islet miR-21 (Figure 27A). Consistent with the model systems in vitro and in vivo, qRT-

PCR showed that miR-21 induction resulted in increased Aldh1a3 mRNA expression 
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compared to islets transduced with a scrambled control miRNA (Figure 27B). 

Furthermore, increases in human islet miR-21 were also associated with reductions in 

target mRNAs regulating β cell identity: Tgfb2 Smad2, and Pdx1 (Figure 27C). These 

findings indicate that miR-21 can play a role in diabetes development in humans and that 

targets of miR-21 are potential mediators of diabetes development in humans.  
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Figure 23. Tg(βmiR-21) mice do not display changes in markers of overt β cell 

dedifferentiation. No changes in the levels of Nanog (A) Ngn3 (B) and L-Myc (C) were 

observed in Tg(βmiR-21) mice as compared to littermate controls. n=9-10; *p<0.05. 
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Figure 24. Tg(βmiR-21) mice show altered islet architecture and insulin+ glucagon+ co-

positive cells. (A) Tg(βmiR-21) mice exhibited insulin+ glucagon+ co-expressing cells 

(white arrows) and glucagon+ GFP+ co-expressing cells (yellow arrows). (B) As 

compared to littermate controls, Tg(βmiR-21) mice exhibited insulin+ glucagon+ co-

expressing cells. (C) Tg(βmiR-21) mice also displayed GFP+ Insulin- cells and GFP+ 

Glucagon+ cells. n=7-15; *p<0.05. 
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Figure 25. β cell death assessment in mouse and zebrafish models of β cell miR-21 

induction. (A) Cl-Casp3 expression, a marker of cell death was not observed in Tg(βmiR-

21) mice and in littermate controls. β cell death was seen in positive control STZ treated 

islets. (B) Islets from Tg(HS:βmiR-21) fish displayed more Cl-Casp3 positive cells than 

islets from Tg(ins:cre) clutch-mate controls. n=8-10; *p<0.05. 
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Figure 26. β cell proliferation assessment in mouse model β cell miR-21 induction. (A) 

Tg(βmiR-21) mice displayed more ki67+ cells in their islets as compared to littermate 

controls. n=10-13; *p<0.05. 
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Figure 27. Induction of miR-21 in human islets leads to a dedifferentiated phenotype and 

reduces expression of mRNAs regulating β cell identity. (A) miR-21 levels were 

increased in human islets transduced with miR-21 virus as compared to human islets 

transduced with scramble virus B) Levels of Aldh1a3 are increased in miR-21 induced 

human islets. (C) mRNA expression of Tgfb2, Smad2, and Pdx1 was decreased in human 

islets transduced with miR-21 lentivirus. (D) Donor information corresponding to each 

point on the graphs. n=6; *p<0.05. 
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3.3 Discussion 

Prior studies have linked β cell dedifferentiation to β cell dysfunction occurring in 

models of inflammation and diabetes. However, molecular mechanisms responsible for 

this phenotype have not been fully elucidated (265). Here, I identified a novel 

relationship linking cytokine-induced increases in β cell miR-21 to reduced expression of 

mRNAs specifying β cell identity and β cell dedifferentiation. My results identify miR-21 

as a contributing modulator to β cell differentiation. Because the sequence of miR-21 is 

highly conserved across multiple species including rat, mouse, zebrafish, and humans, I 

was able to utilize multiple model systems in vitro and in vivo to validate a conserved 

role of β cell miR-21 in β cell identity. This evolutionary conservation suggests that miR-

21-linked β cell dedifferentiation and dysfunction is an important physiologic response to 

islet inflammation.  

In my approach, I aimed to be thorough in my examination of β cell identity and 

differentiation across the model systems that I used. As such, I used three main criteria 

for assessing β cell dedifferentiation: 1) downregulation of key transcription factors and 

genes crucial for β cell development, maintenance of identity, and function; 2) exhibition 

of features of other islet endocrine cells; and 3) inability to maintain a glucose responsive 

state. All three of the model systems (INS1-miR-21 cells, Tg(HS:βmiR-21) zebrafish, and 

Tg(βmiR-21) mice) showed a decrease in key transcription factors and genes involved in 

β cell identity. Differences for these transcription factors and genes were assessed by both 

measuring transcript levels via qRT-PCR and by examination of target protein levels via 

immunofluorescence staining.  Interestingly, all three model systems implicated the 

Tgfb2 pathway in miR-21 mediated β cell dysfunction. Importantly, this trend was 
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preserved in human islets after miR-21 induction. The inability to maintain a glucose 

responsive state was also observed in INS1-miR-21 cells. Both GSIS and insulin granules 

were decreased in INS1-miR-21 cells as compared to scramble controls. 

Consistent with dedifferentiation, both zebrafish and mouse models of islet miR-

21 induction displayed increases in Aldh1a3 and glucagon+ cells, increases in double 

positive insulin+ and glucagon+ islet cells, and hyperglycemia. However, there was a 

more drastic increase in double positive insulin+ and glucagon+ islet cells in the zebrafish 

model. Of note, the mouse model utilized allowed for lineage tracing of cells that 

expressed insulin at the time of Cre recombination using a GFP tag. This analysis 

suggested that miR-21 overexpressing mouse islets also harbor glucagon+ cells that 

previously expressed insulin.  Differences in islet findings could be related to several 

differences in the model systems, including differences in the degree and timing of β cell 

miR-21 induction. The degree of β cell miR-21 induction in zebrafish was higher than 

that observed in mice. Additionally, although I designed both systems to achieve post-

conception inducible miR-21 expression, due to the nature of the zebrafish model used, 

miR-21 induction occurred 3 days post fertilization vs. eight weeks after birth in the 

mouse model, which could conceivably impact effects on β cell fate. Notwithstanding 

these differences, the overall similarities between my findings in both models support the 

idea of miR-21 as a conserved modulator of β cell identity. 

The Sims lab previously showed that miR-21 overexpression in INS1 cells and 

human islets using a miR-21 mimic resulted primarily in β cell death by decreasing 

translation of the anti-apoptotic protein Bcl2 (127). Differences in systems of miR-21 

overexpression utilized likely resulted in the differences in phenotypes- marked by 
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mostly β cell death using the mimic model versus a primarily dedifferentiated and 

dysfunctional phenotype after using lower levels of lentiviral induction and in vivo 

murine model of islet miR-21 induction. Of note, the zebrafish model of miR-21 

induction did show evidence of increases in both β cell dedifferentiation and death. 

Again, this can be explained by differences in degree and timing of miR-21 induction. It 

is possible that β cell death could have occurred immediately after miR-21 induction in 

the mouse model. Since pancreata are isolated for staining at least 3 weeks after miR-21 

induction, I could potentially have missed acute β cell death in my mouse model. 

Additionally, prior work from the Sims lab used transfection of a miR-21-5p 

mimic which induces supraphysiologic overexpression of miR-21-5p (177). Use of 

miRNA mimics can saturate RISC complexes and displace other endogenous miRNAs, 

causing disproportionately increased binding with low affinity targets that may not be as 

dramatically impacted by lower level increases in the miRNA of interest (177). 

Furthermore, mimic transfection yields overexpression of the predicted sense strand (5p 

strand) of the miRNA, while in vivo induction of pre-miRNA transcripts, which could 

lead to differential effects due to activities of the antisense strand of the miRNA duplex 

(177). In this work, to address this issue, I designed a dose-dependent lentiviral system of 

pre-miR-21 induction to model more physiologic increases in pre-miR-21 induced by 

inflammatory stress, consistent with those observed in mouse models of diabetes (18). 

The current work suggests that pre-miR-21 induction at lower levels in vitro and in vivo 

results in effects on islet function and identity. Alternatively, extrinsic stressors (like 

proinflammatory or oxidative stress) could be required to see more pronounced effects of 

pre-miR-21 induction on β cell survival.  
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My results suggest that miR-21 exerts effects on β cell identity via direct targeting 

of mRNAs in the Tgfb2 pathway. The Transforming Growth Factor β superfamily of 

proteins is involved in diverse roles across different cell types via signaling through a 

group of transcription factors called Smads (153). This signaling pathway has been 

implicated in the development of the endocrine pancreas (153), β cell development, and 

postnatal β cell identity and function (154). Transgenic induction of Smad7, an inhibitor 

of TGF-β signaling, is associated with reduced Smad2 activation, reduced β cell 

expression of MafA, impaired insulin secretion, and overt diabetes, suggesting that islet 

TGF-β signaling is crucial for establishing and maintaining a mature, functional 

pancreatic β cell (155). Importantly, after partial pancreatectomy, Smad7-mediated 

inhibition of Tgfb2 and Smad2 enhanced islet proliferation in association with a 

dedifferentiated β cell phenotype (156).  This body of work suggests that altered β cell 

identity may be a complementary mechanism allowing for increases in proliferation 

(156). By contrast, combined pharmacological inhibition of DYRK1A and the TGF- β 

superfamily in human β cells increased proliferation but did not lead to a dedifferentiated 

phenotype (266). These differences could potentially result from combined treatment, 

off-target effects of pharmacologic inhibitors, or the impact of miR-21 on multiple 

mRNAs. I observed reductions in insulin+ β cells in the mouse and zebrafish models. 

Furthermore, I observed increased islet proliferation in the mouse model of β cell miR-21 

induction, which could be a compensatory response to islet stress and a response to an 

inhibition of Tgfb2 and Smad2.   

These studies have defined a new mechanism linking β cell miR-21 to β cell 

dysfunction during diabetes development. Furthermore, my work has identified a novel 
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molecular modulator of β cell identity, and mechanistic pathway initiating β cell 

dedifferentiation in the context of islet inflammatory stress. The utilization of several 

model systems as well as human islets ensures that these results are robust and relevant to 

human diabetes.  
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4 β CELL HIF1A-MIR-21 SIGNALING EXACERBATES β CELL 

DYSFUNCTION OCCURRING DURING DIABETOGENIC STRESS. 

4.1 Introduction 

After determining that β cell microRNA 21 (miR-21) is increased in islet 

inflammatory stress and diabetes, that increased miR-21 induces β cell dysfunction by 

targeting mRNAs maintaining β cell identity, and that in vivo β cell miR-21 induction 

leads to hyperglycemia, I sought to determine upstream regulators of β cell miR-21. 

Although the Sims lab and other groups have previously studied the impact of increased 

miR-21 in diabetes, upstream regulators of β cell miR-21 are poorly defined.  

As described in section 1.10, Hif1a is a transcription factor that regulates 

responses to hypoxia (213). Hif1a signaling is known to target several hundred genes and 

is responsible for adaptive processes such as cell survival (215). Hypoxia is not the only 

stimulus that increases Hif1a levels. Diabetogenic stressors such as inflammation, 

cytokines, and ROS have all been shown to increase Hif1a levels (216). However, 

alternative conditions regulating Hif1a have not been studied in β cells specifically. The 

role of Hif1a on miR-21 expression has also been studied in other systems. MiR-21 levels 

have been shown to be increased in response to hypoxia (230). One study found that 

hypoxia induced both Hif1a and miR-21 levels and that Hif1a binds to the promoter of 

miR-21 and enhances its transcriptional activity in cardiomyocytes (231). However, the 

influence of Hif1a on β cell miR-21 expression has never been reported.  

I hypothesized that increases in Hypoxia Inducible Factor 1 Subunit Alpha 

(Hif1a) during diabetogenic islet stress increase β cell miR-21 transcription, ultimately 

contributing to loss of β cell identity occurring under these conditions. 
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4.2 Results 

4.2.1 Hif1a is increased in β cells in response to diabetogenic stress.  

First, I wanted to determine if Hif1a is increased in the β cell in response to islet 

stress. As noted in prior sections, aberrant inflammatory cytokine expression, especially 

the expression of IL1β, has been shown to be pathogenic in both T1D and T2D models. 

After treating INS1 cells with IL1β for 24 hours, I observed an increase in Hif1a levels in 

these cells (Figure 28A). Since Hif1a is a transcription factor that localizes to the nucleus 

after activation, it is important to note that the increases in Hif1a observed after treatment 

with IL1β were primarily localized to the nuclei of the INS1 cells. Additionally, an 

increase in transcript levels of Hif1a was detected via qRT-PCR (Figure 28B). I also 

wanted to determine if Hif1a is increased in mouse islets in response to diabetogenic 

stress. In islets of multiple low dose STZ treated mice, there was an increase in Hif1a 

levels as compared to saline treated control mice (Figure 29A). Importantly, Hif1a 

expression was increased in both the cytoplasm and in the nuclei of insulin+ cells. High 

fat diet is another islet stressor in T2D. Here, I observed an increase in Hif1a expression 

in islets isolated from mice that were fed 60% HFD for 4 weeks as compared to normal 

chow fed mice (Figure 29B). This increase was also observed both in the cytoplasm and 

nuclei of insulin+ cells. Finally, after using Newport green to flow sort mouse islets that 

were treated with a cytokine cocktail for 24 hours, I observed an increase in both Hif1a 

and miR-21 within in β cells (Figure 29C). 

4.2.2 Hif1a overexpression results in a dedifferentiated phenotype in β cells. 

After determining that Hif1a levels are increased in response to islet inflammatory 

stress, I sought to determine the effects of Hif1a overexpression on β cells. To this end, I 
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transfected INS1 cells with a vector to overexpress Hif1a. Forty-eight hours post 

transfection, I observed an increase in Hif1a in cells that were transfected with the Hif1a 

vector as compared to cells that were transfected with the control vector (Figure 30A). 

This increase in Hif1a was observed in both the cytoplasm and the nuclei of the cells that 

were transfected with the Hif1a vector. QRT-PCR analysis revealed an increase in Hif1a 

transcripts (Figure 30B) and in levels of miR-21 (Figure 30C). To determine if Hif1a 

overexpression also causes a dedifferentiated phenotype, I first measured transcript levels 

of Aldh1a3 (Figure 30D). Consistent with miR-21 overexpression, levels of Aldh1a3 

were increased in cells overexpressing Hif1a. Transcript levels of Smad2, Pdx1, Mafa, 

and Nkx6.1 were also all decreased in response to Hif1a overexpression (Figure 30E).  

I next stained Hif1a overexpressing cells to confirm increased levels of Aldh1a3 

via immunofluorescence (Figure 31A). Increases in Aldh1a3 levels were observed in 

Hif1a overexpressing cells as compared to controls. Another hallmark of β cell 

dedifferentiation is exhibition of features of other islet endocrine cells. Intriguingly, I 

observed an increase in Glucagon staining in INS1 cells that overexpressed Hif1a 

(Figure 31B). In concert, these data suggest that cytokine-increased Hif1a may play a 

role in β cell dedifferentiation.  

4.2.3 Depletion of Hif1a abrogates dedifferentiation caused by inflammatory cytokines. 

I next wanted to elucidate the effects of Hif1a depletion on the β cell. To this end, 

I transfected INS1 cells with a Hif1a siRNA lenti-vector or an empty control lenti-vector. 

I observed a decrease in Hif1a expression in the nuclei of Hif1a siRNA transfected cells 

as compared to controls (Figure 32A). QRT-PCR analysis confirmed a decrease in 

transcript levels of Hif1a in these cells (Figure 32B). No change in miR-21 levels of 
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Hif1a depleted cells was observed after qRT-PCR analysis (Figure 32C). However, these 

cells did display a decrease in Aldh1a3 transcript levels (Figure 32D). Transcript levels 

of Tgfb2, Mafa, and Nkx6.1 were all increased in response to Hif1a depletion (Figure 

32E). No changes in Aldh1a3 levels and Glucagon expression was observed in Hif1a 

depleted cells as compared to controls (Figure 33A-B). 

Next, I wanted to determine if Hif1a depletion has a protective role against β cell 

dedifferentiation in response to inflammation. Here, I first decreased Hif1a levels using a 

Hif1a siRNA lenti vector and subsequently treated both Hif1a depleted cells and control 

cells with IL1β for 24 hours. I observed a decrease in Hif1a expression in the nuclei of 

Hif1a siRNA transfected cells as compared to controls after treatment with IL1β (Figure 

34A). Of note, this decrease was observed in both the cytoplasm and nuclei of Hif1a 

siRNA transfected cells. QRT-PCR analysis confirmed a decrease in transcript levels of 

Hif1a in these cells (Figure 34B). MiR-21 levels were also decreased in Hif1a depleted 

cells after cytokine induction (Figure 34C). However, no changes in Aldh1a3 transcripts 

were observed in these cells (Figure 34D). Transcript levels of Smad2, Mafa, and Nkx6.1 

were all restored in Hif1a depleted cells (Figure 34E).  

Interestingly, cells with decreased Hif1a levels had a decrease in Aldh1a3 

expression after cytokine treatment as seen by immunofluorescence analysis (Figure 

35A). Additionally, these Hif1a depleted cells also had a decrease in Glucagon 

expression (Figure 35B). Decreases in Aldh1a3 levels in conjunction with increases in 

transcription factors essential for β cell identity along with a decrease in Glucagon 

staining in INS1 cells suggests that Hif1a depletion may play a protective role against β 

cell dedifferentiation in response to inflammatory stress.  
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4.2.4 Chromatin immunoprecipitation studies indicate increased Hif1a occupancy at the 

miR-21 promoter region after IL1β treatment. 

My results indicate that there is a concurrent increase in both miR-21 and Hif1a in 

response to inflammatory stress in both INS1 cells and mouse islets. Furthermore, miR-

21 levels are increased in response to Hif1a overexpression. MiR-21 levels are also 

decreased in response to Hif1a depletion followed by IL1β treatment in INS1 cells. 

Although these results indicate that Hif1a potentially regulates miR-21 levels, I wanted to 

determine if Hif1a directly binds to the promoter region of miR-21 to induce its 

expression. In humans, the promoter region for miR-21 is 11,602 base pairs in length. 

Two binding sites for Hif1a exist on the miR-21 promoter at positions 8,662- 8,610 base 

pairs upstream of the miR-21 gene (Figure 36A). To test if Hif1a binding to the miR-21 

promoter occurs under conditions of inflammatory stress, I tested this interaction after 

treatment with IL1β as compared to cytokine untreated control EndoC cells. For this, I 

performed a CHIP assay using a Hif1a antibody pulldown on IL1 β treated and untreated 

EndoC cells. I designed primers that are specific to the region 8,662- 8,610 base pairs 

upstream of the miR-21 gene. After chromatin immunoprecipitation, I performed qRT-

PCR for this region to see if Hif1a binding is enriched after IL1β treatment (Figure 36B). 

Ct values were determined for experimental samples and for input control samples. 

Experimental values were then normalized to input controls. An Input% was calculated to 

quantify enrichment of Hif1a binding on the miR-21 promoter regions. My results 

indicate that Hif1a binds more readily to the miR-21 promoter under inflammatory stress 

conditions.   
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4.3 Discussion 

MicroRNAs are important regulators of β cell development and function. The 

Sims group and others have studied the role of miR-21 in diabetes pathogenesis. My data 

suggest that β cell miR-21 is increased during islet inflammatory stress and diabetes, that 

increased miR-21 induces β cell dysfunction by targeting mRNAs maintaining β cell 

identity, and that β cell miR-21 induction in vivo leads to hyperglycemia. Here, I have 

also shown that increases in the transcriptional regulator Hypoxia Inducible Factor 1 

Subunit Alpha (Hif1a) during islet inflammatory stress activate β cell miR-21 

transcription, thereby contributing to loss of β cell identity occurring under these 

conditions. I examined levels of Hif1a and miR-21 in β cell lines and in islets from 

mouse models.  Hif1a expression was increased in islets from mice after multiple low 

dose streptozotocin (STZ) or 4 wks of 60% high fat diet (HFD), models of T1D and T2D. 

INS1 cells and flow-sorted mouse β cells showed increases in both miR-21 and Hif1a 

mRNA after 24-hrs of IL1β treatment.  

Functional studies of Hif1a overexpression and depletion also implicated its role 

in β cell dysfunction and dedifferentiation. Overexpression of Hif1a in INS1 cells 

increased miR-21 levels, insulin and glucagon co-expression, and aldehyde 

dehydrogenase 1a3 staining, all suggesting loss of β cell identity. By contrast, siRNA 

depletion of Hif1a abrogated cytokine-induced reductions in mRNAs regulating β cell 

identity. Chromatin immunoprecipitation studies verified increased HIF1a occupancy at 

the miR-21 promoter after IL1β treatment. These findings implicate Hif1a-miR-21 

signaling as a contributor to β cell dysfunction under conditions of inflammation and 
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diabetes. Further studies need to be performed to test if these HIF1a-mediated increases 

in β cell miR-21 exacerbate β cell dysfunction under diabetogenic conditions in vivo. 
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Figure 28. Hif1a levels are increased in response to inflammatory stress. (A) INS1 cells 

treated with IL1β for 24 hours displayed an increase in nuclear localization of Hif1a as 

compared to IL1β untreated cells. (B) Transcript levels of Hif1a are also increased in 

INS1 cells after IL1β treatment as compared to untreated cells. n=5-8; *p<0.05. 
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Figure 29. Hif1a levels are increased in response to diabetogenic stress in mouse islets. 

Hif1a levels are increased in both the cytoplasm and nuclei of insulin+ cells in response 

to STZ (A) and in the cytoplasm after 4 weeks of 60% HFD (B). (C) Both Hif1a and 

miR-21 levels are increased in flow sorted β cells from mouse islets treated with an 

inflammatory cytokine cocktail for 24 hours. n=3-5; *p<0.05. 
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Figure 30. Hif1a overexpression leads to a dedifferentiated phenotype. (A) Vector 

transfection of Hif1a increases its levels in both cytoplasm and nuclei of cells and shows 

increases in transcript levels (B). Transcript levels of miR-21 (C) and aldh1a3 (D) are 

also increased. (E) Levels of transcription factors essential for β cell identity are 

decreased after Hif1a overexpression. n=3-5; *p<0.05. 
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Figure 31. Hif1a overexpression leads to a dedifferentiated phenotype via 

immunofluorescent staining. (A) Increased staining for Aldh1a3 was observed via 

immunofluorescence after Hif1a overexpression. (B) Increased staining for Glucagon in 

INS1 cells was also observed after Hif1a overexpression. n=5; *p<0.05. 
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Figure 32. Hif1a depletion protects against a dedifferentiated phenotype. (A) Vector 

transfection of a Hif1a siRNA lentivector decreases its levels in nuclei of cells and shows 

decreases in transcript levels (B). (C) No change in transcript levels of miR-21 are 

observed. (D) Transcript levels of aldh1a3 are decreased. (E) Levels of transcription 

factors essential for β cell identity are increased after Hif1a depletion. n=3-5; *p<0.05. 
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Figure 33. Hif1a depletion at baseline shows no difference via Immunofluorescence 

analysis. (A) No changes in staining for Aldh1a3 were observed via immunofluorescence 

after Hif1a depletion at baseline. (B) No changes in staining for glucagon in INS1 cells 

were observed after Hif1a depletion at baseline. n=4-9; *p<0.05. 
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Figure 34. Hif1a depletion protects against a dedifferentiated phenotype post cytokine 

stress. (A) Vector transfection of a Hif1a siRNA lenti vector prevents increases in Hif1a 

levels in both nuclei and cytoplasm of cells following cytokine treatment and shows 

decreases in transcript levels (B). (C) Hif1a depletion protects against cytokine mediated 

increase in miR-21 levels. (D) Transcript levels of Aldh1a3 are unchanged. (E) Levels of 

transcription factors essential for β cell identity are rescued via Hif1a depletion. n=3-5; 

*p<0.05. 
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Figure 35. Hif1a depletion protects against a dedifferentiated phenotype post cytokine 

stress via Immunofluorescence analysis. (A) Levels of Aldh1a3 are decreased in Hif1a 

depleted cells after cytokine mediated stress. (B) Levels of Glucagon are also decreased 

in Hif1a depleted cells after cytokine mediated stress. n=4-9; *p<0.05. 
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Figure 36. Hif1a binds to the promoter of miR-21 after IL1β treatment. (A) The promoter 

region for miR-21 in humans. Binding sites for Hif1a are in red. (B) Binding of Hif1a to 

the promoter of miR-21 is enriched after IL1β treatment as compared to cytokine 

untreated controls. n=4; *p<0.05. 
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5 CONCLUSION AND FUTURE DIRECTIONS 

Work presented in this thesis defines the role of pathologic cytokine-induced 

increases in miR-21 on β cell function and identity. Importantly, the conservation of miR-

21 across multiple species enabled robust validation of my findings in multiple model 

systems from cells in vitro to zebrafish and mice in vivo.  The two broad aims of this 

thesis were to first elucidate the effects of miR-21 on the β cell in diabetes pathogenesis 

and second to determine upstream regulators of miR-21.  

I first wanted to develop more physiologic systems in which cytokine-induced 

miR-21 levels can be studied. Therefore, I developed a transgenic zebrafish model for β 

cell specific cytokine induction. miRNA mimics are known to lead to false positive 

results due to supraphysiologic increases in miRNA levels and saturation of RISC 

complexes. This study shifts away from the current paradigm of using mimics to study 

miRNAs and instead uses a dose dependent tetracycline-on system to control the 

induction of miR-21, similar to what is seen in human islets treated with inflammatory 

cytokines. This allows for a more accurate assessment of the effects of β cell miR-21. I 

also developed novel transgenic fish and murine models to study effects of β cell miR-21 

induction in vivo. 

An initial comprehensive search of predictive and validated targets of miR-21 

overlapped to genes downregulated in diabetes indicated that miR-21 is involved in β cell 

commitment pathways. This initial result is further supported by RNA-seq data obtained 

from sequencing the INS1-miR-21 lentiviral cell line. This RNA-seq analysis shows that 

several genes essential for β cell identity are downregulated. To validate the results 

obtained from the RNA-seq experiments, in vitro experiments confirmed that levels of 
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Tgfb2, Smad2, Mafa, Nkx6.1 and other genes normally highly expressed in the β cell 

were decreased via qRT-PCR analysis. Interestingly, levels of Pdx1 were not shown to be 

decreased via qRT-PCR analysis but were shown to be decreased in western blot 

analysis, suggesting that miR-21 does not inhibit Pdx1 mRNA expression but does 

repress Pdx1 translation. The levels for Tgfb2, Smad2, and Mafa were all decreased in 

both qRT-PCR analysis and western blot analysis, suggesting that β cell miR-21 inhibits 

these mRNAs. Importantly, Tgfb2 and Smad2 were enriched within the biotinylated miR-

21 pulldown samples relative to controls, suggesting that β cell miR-21 directly binds to 

these target mRNAs. Additionally, luciferase analysis showed that miR-21 functionally 

inhibits translation of Tgfb2 and Smad2. These targets of interest are also preserved in the 

Tg(HS:βpremiR-21) model of β cell specific miR-21 induction in zebrafish and in human 

islets transduced with miR-21.  

After elucidating the targets through which miR-21 exerts its effects, I sought to 

understand the phenotypic changes associated with β cell miR-21. The initial informatics 

analysis suggested a dedifferentiated phenotype. A dedifferentiated β cell can be defined 

by several features including downregulation of key transcription factors crucial for β cell 

identity/function, exhibition of features of other endocrine cells, and inability to maintain 

a glucose responsive state. The decreased levels of MafA, Nkx6.1 and Pdx1 after miR-21 

induction in the INS1-miR-21 model suggests a dedifferentiated phenotype due to the 

suppression of two transcription factors that are essential for β cell identity. Aldh1a3 has 

been identified as a marker of dedifferentiation and was increased in response to miR-21 

induction in INS1-miR-21 lentiviral cells, Tg(HS:βpre-miR-21) zebrafish, Tg(βmiR-21) 

mice, and in human islets, indicating a dedifferentiate phenotype across all model 
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systems. A hallmark of β cell dysfunction and dedifferentiation is systemic 

hyperglycemia. In both the in vivo Tg(HS:βpre-miR-21) zebrafish and Tg(βmiR-21) 

mouse models, hyperglycemia was observed after miR-21 induction. Furthermore, 

glucose stimulated insulin secretion was impaired within the INS1-miR-21 cells, 

demonstrating a functional inability to maintain a glucose responsive state. In the 

Tg(βmiR-21) mouse model, hyperglycemia was observed in the absence of any 

differences in IPITT. This points away from peripheral insulin resistance as an etiology 

of hyperglycemia, suggesting that this phenotype is caused by inadequate insulin 

secretion from β cell. Another hallmark of a dedifferentiated β cell is that it can exhibit 

features of other endocrine cells such as alpha cells. This phenotype was observed in 

Tg(HS:βpremiR-21) zebrafish in which there is an increase in insulin+ glucagon+ co-

staining cells present in the islet of miR-21 induced zebrafish. This phenotype is also 

seen to a lesser extent in Tg(βmiR-21) mice. 

These studies have defined a new mechanism linking β cell miR-21 to diabetes 

development and have identified a novel upstream molecular regulator of β cell identity 

and differentiation, identifying a novel mechanism for β cell dedifferentiation. The 

utilization of several model systems as well as human islets have ensured that these 

results are robust and can translate to relevance in human diabetes. Furthermore, this 

work also has potential to identify miR-21 and its targets as novel therapeutic targets to 

preserve functional β cell mass in diabetes. 

For the second part of this thesis, I aimed to identify an upstream regulator of 

miR-21 under diabetogenic stress conditions. Here, I found that levels of Hif1a are 

increased in the β cell in response to inflammatory stress, STZ, and HFD. I also observed 
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that increased levels of Hif1a concurrently caused an increase in miR-21 levels and a 

dedifferentiated phenotype in INS1 cells. On the other hand, siRNA depletion of Hif1a 

abrogated cytokine-induced reductions in mRNAs regulating β cell identity. CHIP 

analysis indicated that there is increased HIF1a occupancy at the miR-21 promoter after 

IL1β treatment. In summation, I found that increases in the transcriptional regulator Hif1a 

during islet inflammatory stress activate β cell miR-21 transcription, thereby contributing 

to loss of β cell identity occurring under these conditions. 

5.1 Future Directions 

The results presented in this study provide a novel insight into the regulation of β 

cell dedifferentiation by miR-21 and Hif1a. However, numerous studies are required to 

further elucidate the roles of miR-21 and Hif1a before they can be considered therapeutic 

targets.  

5.1.1 Effects of miR-21 induction in vivo under diabetogenic stress conditions. 

In this thesis, I presented in vivo mouse and zebrafish data that showed the effects 

of β cell miR-21 at baseline. Although these studies are critical for determining the 

effects of miR-21 induction in vivo, it is also equally important to study the effects of 

miR-21 under conditions of diabetogenic stress. It is well known that stressors such as 

inflammatory cytokine mediated stress and HFD are pathogenic contributors to diabetes 

development. In reality, it is unlikely that miR-21 is acting alone in diabetic patients. 

There is likely a combination of factors acting in concert with miR-21 to cause damage to 

the β cell in diabetic patients. Additionally, I have shown that β cell inflammation 

activates miR-21. Considering these factors, it becomes clear that Ishould study if β cell 

miR-21 exacerbates β cell dysfunction under diabetogenic conditions in vivo. I am 
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currently treating the Tg(β-miR-21) mouse model with either STZ or HFD. The goal of 

this study is to determine if miR-21 overexpression exacerbates hyperglycemia caused by 

STZ or HFD insult. Additionally, changes in GSIS, ITT, β cell mass, and 

dedifferentiation will be measured. Work is ongoing for this study. 

Additionally, I can also use the Tg(HS:βmiR-21) zebrafish model and cross it to 

the ins-CETI-PIC3 line to study the effects of miR-21 on the β cell under cytokine 

mediated stress conditions. Tg(HS:βmiR-21) embryos can also be exposed to HFD, 

allowing me to study if miR-21 exacerbates β cell dedifferentiation under HFD mediated 

stress. Furthermore, a combination of cytokine mediated and HFD mediated stress can be 

studied using the Tg(HS:βmiR-21) model system.  

5.1.2 Effects of miR-21 knock out in vivo at baseline and under diabetogenic stress 

conditions. 

The effects of miR-21 induction in vivo are elucidated in this thesis. However, I 

have not provided data for the effects of miR-21 inhibition on β cell function and identity. 

If miR-21 is to be further explored as a potential target for diabetes treatment, it is critical 

to determine the effects of β cell miR-21 knock out at both baseline and in response to 

islet stress. To this end, I will be using a conditional β cell miR-21 knock out (Tg(β-miR-

21fl, Ins1(Cre)Thor)) mouse model. Effects on glycemia, GSIS, ITT, β cell mass, and β 

cell identity will be thoroughly studied.  

In addition to studying β cell identity and function after β cell miR-21 knock out 

at baseline, I will also use the (Tg(β-miR-21fl, Ins1(Cre)Thor)) mouse model to study if 

knocking out miR-21 in the β cell has a protective effect against STZ and HFD mediated 

stress. Again, effects on glycemia, GSIS, ITT, β cell mass, β cell survival and β cell 
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identity will be quantified. It is also equally important to define the mechanism by which 

miR-21 inhibition is protecting β cells from STZ and HFD mediated stress. Therefore, a 

thorough analysis of gene expression changes via RNA-seq would need to be performed 

to assess how knocking out miR-21 is exerting a protective effect. This study can also 

help determine potential therapeutic targets for diabetes. Work is currently ongoing for 

these studies. 

5.1.3 Effects of Hif1a overexpression and knock out in vivo. 

The studies presented in this thesis for studying the role of Hif1a on β cell 

function and identity have all been performed in vitro on INS1 cells. However, to 

thoroughly investigate the Hif1a-miR-21-dedifferentiation phenotype, in vivo models of 

Hif1a overexpression and knock out are necessary. The Sims lab currently does not have 

a transgenic mouse model for Hif1a overexpression or knock out. However, others have 

previously shown that genes of interest can be overexpressed or inhibited in vivo in mice 

via injections of vectors and siRNAs (267, 268). Future experiments will need to test if β 

cell Hif1a overexpression causes miR-21 induction and a dedifferentiated phenotype in 

vivo. Of equal interest would be to determine if knocking out Hif1a can protect the β cell 

from diabetogenic stress.  

One study that is currently ongoing in the Sims lab is Hif1a manipulation in the 

(Tg(β-miR-21fl, Ins1(Cre)Thor)) mouse model. I am using the vector system to 

overexpress Hif1a in the β cell miR-21 knock out islets. For this analysis, I will assess 

changes in Hif1a levels, changes in miR-21 levels, and finally changes in levels of 

transcription factors essential for β cell identity and markers of β cell dedifferentiation. If 

effects of Hif1a overexpression on dedifferentiation are abrogated in miR-21 knock-out 
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islets, then this would support the idea that these effects are mediated by a Hif1a-miR-21 

signaling axis. If these endpoints are similarly impacted by Hif1a overexpression with or 

without miR-21 knock-out, then effects of Hif1a overexpression on β cell identity are 

likely not related to Hif1a-mediated increases in miR-21 expression.   

5.1.4 Rescuing miR-21 mediated β cell dedifferentiation. 

Although the work presented in this study implicates Hif1a-miR-21 signaling as a 

contributor to β cell dysfunction and dedifferentiation under conditions of inflammation 

and diabetes, it is not feasible to target islet miR-21 and Hif1a gene expression directly. 

MicroRNAs are known to exert their actions by targeting many different mRNAs. 

Similarly, transcription factors can also exert their actions by targeting many different 

genes. It is not optimal to simply inhibit miR-21 levels in the body because this could 

potentially cause several unanticipated outcomes due to other mRNA targets of miR-21. 

Likewise, it is not feasible to simply inhibit Hif1a levels in the body. Alternatively, 

specific targets of miR-21 should be explored. I have identified Tgfb2 as a target of β cell 

miR-21. Work is currently ongoing to determine if restoring Tgfb2 levels after β cell 

miR-21 induction can protect β cell identity.  

  

 

 

 

 

 

 



 116

REFERENCES 

1. J. T. Innes, L. C. Carey, Normal pancreatic dimensions in the adult human. Am J 

Surg 167, 261-263 (1994). 

2. R. Chandra, R. A. Liddle, Modulation of pancreatic exocrine and endocrine 

secretion. Curr Opin Gastroenterol 29, 517-522 (2013). 

3. A. R. Pandiri, Overview of exocrine pancreatic pathobiology. Toxicol Pathol 42, 

207-216 (2014). 

4. M. A. Guney, M. Gannon, Pancreas cell fate. Birth Defects Res C Embryo Today 

87, 232-248 (2009). 

5. C. Ionescu-Tirgoviste et al., A 3D map of the islet routes throughout the healthy 

human pancreas. Sci Rep 5, 14634 (2015). 

6. M. Brissova et al., Assessment of human pancreatic islet architecture and 

composition by laser scanning confocal microscopy. J Histochem Cytochem 53, 

1087-1097 (2005). 

7. Z. Fu, E. R. Gilbert, D. Liu, Regulation of insulin synthesis and secretion and 

pancreatic Beta-cell dysfunction in diabetes. Curr Diabetes Rev 9, 25-53 (2013). 

8. G. I. Bell et al., Sequence of the human insulin gene. Nature 284, 26-32 (1980). 

9. P. F. Egea, R. M. Stroud, P. Walter, Targeting proteins to membranes: structure of 

the signal recognition particle. Curr Opin Struct Biol 15, 213-220 (2005). 

10. P. T. Lomedico, S. J. Chan, D. F. Steiner, G. F. Saunders, Immunological and 

chemical characterization of bovine preproinsulin. J Biol Chem 252, 7971-7978 

(1977). 



 117

11. C. Patzelt et al., Detection and kinetic behavior of preproinsulin in pancreatic 

islets. Proc Natl Acad Sci U S A 75, 1260-1264 (1978). 

12. S. Munro, H. R. Pelham, A C-terminal signal prevents secretion of luminal ER 

proteins. Cell 48, 899-907 (1987). 

13. D. F. Steiner, D. Cunningham, L. Spigelman, B. Aten, Insulin biosynthesis: 

evidence for a precursor. Science 157, 697-700 (1967). 

14. M. Nishi, T. Sanke, S. Nagamatsu, G. I. Bell, D. F. Steiner, Islet amyloid 

polypeptide. A new beta cell secretory product related to islet amyloid deposits. J 

Biol Chem 265, 4173-4176 (1990). 

15. G. Wilcox, Insulin and insulin resistance. Clin Biochem Rev 26, 19-39 (2005). 

16. S. L. Howell, The mechanism of insulin secretion. Diabetologia 26, 319-327 

(1984). 

17. C. W. Hay, K. Docherty, Comparative analysis of insulin gene promoters: 

implications for diabetes research. Diabetes 55, 3201-3213 (2006). 

18. K. Kataoka et al., MafA is a glucose-regulated and pancreatic beta-cell-specific 

transcriptional activator for the insulin gene. J Biol Chem 277, 49903-49910 

(2002). 

19. M. Olbrot, J. Rud, L. G. Moss, A. Sharma, Identification of beta-cell-specific 

insulin gene transcription factor RIPE3b1 as mammalian MafA. Proc Natl Acad 

Sci U S A 99, 6737-6742 (2002). 

20. M. Sander et al., Genetic analysis reveals that PAX6 is required for normal 

transcription of pancreatic hormone genes and islet development. Genes Dev 11, 

1662-1673 (1997). 



 118

21. F. J. Naya, C. M. Stellrecht, M. J. Tsai, Tissue-specific regulation of the insulin 

gene by a novel basic helix-loop-helix transcription factor. Genes Dev 9, 1009-

1019 (1995). 

22. H. Ohlsson, K. Karlsson, T. Edlund, IPF1, a homeodomain-containing 

transactivator of the insulin gene. EMBO J 12, 4251-4259 (1993). 

23. O. Karlsson, S. Thor, T. Norberg, H. Ohlsson, T. Edlund, Insulin gene enhancer 

binding protein Isl-1 is a member of a novel class of proteins containing both a 

homeo- and a Cys-His domain. Nature 344, 879-882 (1990). 

24. W. Kreis, M. H. Kaplan, J. Freeman, D. K. Sun, P. S. Sarin, Inhibition of HIV 

replication by Hyssop officinalis extracts. Antiviral Res 14, 323-337 (1990). 

25. Y. Shi et al., Identification and characterization of pancreatic eukaryotic initiation 

factor 2 alpha-subunit kinase, PEK, involved in translational control. Mol Cell 

Biol 18, 7499-7509 (1998). 

26. B. Wicksteed et al., A cis-element in the 5' untranslated region of the 

preproinsulin mRNA (ppIGE) is required for glucose regulation of proinsulin 

translation. Cell Metab 5, 221-227 (2007). 

27. J. M. Izquierdo et al., Regulation of Fas alternative splicing by antagonistic 

effects of TIA-1 and PTB on exon definition. Mol Cell 19, 475-484 (2005). 

28. J. Suckale, M. Solimena, Pancreas islets in metabolic signaling--focus on the 

beta-cell. Front Biosci 13, 7156-7171 (2008). 

29. M. A. Weiss, Proinsulin and the genetics of diabetes mellitus. J Biol Chem 284, 

19159-19163 (2009). 



 119

30. X. F. Huang, P. Arvan, Intracellular transport of proinsulin in pancreatic beta-

cells. Structural maturation probed by disulfide accessibility. J Biol Chem 270, 

20417-20423 (1995). 

31. A. Leturque, E. Brot-Laroche, M. Le Gall, E. Stolarczyk, V. Tobin, The role of 

GLUT2 in dietary sugar handling. J Physiol Biochem 61, 529-537 (2005). 

32. P. B. Iynedjian, Mammalian glucokinase and its gene. Biochem J 293 ( Pt 1), 1-

13 (1993). 

33. F. Schuit et al., Metabolic fate of glucose in purified islet cells. Glucose-regulated 

anaplerosis in beta cells. J Biol Chem 272, 18572-18579 (1997). 

34. T. K. Bratanova-Tochkova et al., Triggering and augmentation mechanisms, 

granule pools, and biphasic insulin secretion. Diabetes 51 Suppl 1, S83-90 

(2002). 

35. T. Ijuin, T. Takenawa, Regulation of insulin signaling and glucose transporter 4 

(GLUT4) exocytosis by phosphatidylinositol 3,4,5-trisphosphate (PIP3) 

phosphatase, skeletal muscle, and kidney enriched inositol polyphosphate 

phosphatase (SKIP). J Biol Chem 287, 6991-6999 (2012). 

36. R. T. Watson, J. E. Pessin, Intracellular organization of insulin signaling and 

GLUT4 translocation. Recent Prog Horm Res 56, 175-193 (2001). 

37. M. P. Czech, The nature and regulation of the insulin receptor: structure and 

function. Annu Rev Physiol 47, 357-381 (1985). 

38. P. Manna, S. K. Jain, PIP3 but not PIP2 increases GLUT4 surface expression and 

glucose metabolism mediated by AKT/PKCζ/λ phosphorylation in 3T3L1 

adipocytes. Mol Cell Biochem 381, 291-299 (2013). 



 120

39. R. Hage Hassan, O. Bourron, E. Hajduch, Defect of insulin signal in peripheral 

tissues: Important role of ceramide. World J Diabetes 5, 244-257 (2014). 

40. H. C. Dan et al., Akt-dependent activation of mTORC1 complex involves 

phosphorylation of mTOR (mammalian target of rapamycin) by IκB kinase α 

(IKKα). J Biol Chem 289, 25227-25240 (2014). 

41. D. R. Alessi et al., Characterization of a 3-phosphoinositide-dependent protein 

kinase which phosphorylates and activates protein kinase Balpha. Curr Biol 7, 

261-269 (1997). 

42. P. Bansal, Q. Wang, Insulin as a physiological modulator of glucagon secretion. 

Am J Physiol Endocrinol Metab 295, E751-761 (2008). 

43. N. Bansal, Prediabetes diagnosis and treatment: A review. World J Diabetes 6, 

296-303 (2015). 

44. J. Khawandanah, Double or hybrid diabetes: A systematic review on disease 

prevalence, characteristics and risk factors. Nutr Diabetes 9, 33 (2019). 

45. J. E. Shaw, R. A. Sicree, P. Z. Zimmet, Global estimates of the prevalence of 

diabetes for 2010 and 2030. Diabetes Res Clin Pract 87, 4-14 (2010). 

46. N. H. Cho et al., IDF Diabetes Atlas: Global estimates of diabetes prevalence for 

2017 and projections for 2045. Diabetes Res Clin Pract 138, 271-281 (2018). 

47. I. Simić et al., Risk factors for microvascular atherosclerotic changes in patients 

with type 2 diabetes mellitus. Coll Antropol 37, 783-787 (2013). 

48. T. P. Almdal et al., Glycaemic threshold for diabetes-specific retinopathy among 

individuals from Saudi Arabia, Algeria and Portugal. Diabetes Res Clin Pract 

103, e44-46 (2014). 



 121

49. M. Basulaiman et al., Hypercholesterolemia and its associated risk factors-

Kingdom of Saudi Arabia, 2013. Ann Epidemiol 24, 801-808 (2014). 

50. U. A. A. Sharaf El Din, M. M. Salem, D. O. Abdulazim, Diabetic nephropathy: 

Time to withhold development and progression - A review. J Adv Res 8, 363-373 

(2017). 

51. J. M. Zhang, J. An, Cytokines, inflammation, and pain. Int Anesthesiol Clin 45, 

27-37 (2007). 

52. C. A. Dinarello, Proinflammatory cytokines. Chest 118, 503-508 (2000). 

53. E. Hatanaka, P. T. Monteagudo, M. S. Marrocos, A. Campa, Neutrophils and 

monocytes as potentially important sources of proinflammatory cytokines in 

diabetes. Clin Exp Immunol 146, 443-447 (2006). 

54. P. Dandona, A. Aljada, A. Bandyopadhyay, Inflammation: the link between 

insulin resistance, obesity and diabetes. Trends Immunol 25, 4-7 (2004). 

55. K. E. Wellen, G. S. Hotamisligil, Inflammation, stress, and diabetes. J Clin Invest 

115, 1111-1119 (2005). 

56. M. Y. Donath, S. E. Shoelson, Type 2 diabetes as an inflammatory disease. Nat 

Rev Immunol 11, 98-107 (2011). 

57. J. W. Eriksson, Metabolic stress in insulin's target cells leads to ROS 

accumulation - a hypothetical common pathway causing insulin resistance. FEBS 

Lett 581, 3734-3742 (2007). 

58. A. Ambade, P. Mandrekar, Oxidative stress and inflammation: essential partners 

in alcoholic liver disease. Int J Hepatol 2012, 853175 (2012). 



 122

59. D. Morito, K. Nagata, ER Stress Proteins in Autoimmune and Inflammatory 

Diseases. Front Immunol 3, 48 (2012). 

60. T. Németh, A. Mócsai, Feedback Amplification of Neutrophil Function. Trends 

Immunol 37, 412-424 (2016). 

61. S. W. Canna, E. M. Behrens, Making sense of the cytokine storm: a conceptual 

framework for understanding, diagnosing, and treating hemophagocytic 

syndromes. Pediatr Clin North Am 59, 329-344 (2012). 

62. J. R. Weaver et al., Integration of pro-inflammatory cytokines, 12-lipoxygenase 

and NOX-1 in pancreatic islet beta cell dysfunction. Mol Cell Endocrinol 358, 88-

95 (2012). 

63. F. Zhang et al., IL-1/TNF-. Stem Cells Int 2017, 1349481 (2017). 

64. S. Biesmans et al., Peripheral Administration of Tumor Necrosis Factor-Alpha 

Induces Neuroinflammation and Sickness but Not Depressive-Like Behavior in 

Mice. Biomed Res Int 2015, 716920 (2015). 

65. I. A. Valdez et al., Proinflammatory Cytokines Induce Endocrine Differentiation 

in Pancreatic Ductal Cells via STAT3-Dependent NGN3 Activation. Cell Rep 15, 

460-470 (2016). 

66. J. Keffer et al., Transgenic mice expressing human tumour necrosis factor: a 

predictive genetic model of arthritis. EMBO J 10, 4025-4031 (1991). 

67. N. Sarvetnick et al., Loss of pancreatic islet tolerance induced by beta-cell 

expression of interferon-gamma. Nature 346, 844-847 (1990). 



 123

68. L. F. Delgadillo-Silva et al., Modelling pancreatic β-cell inflammation in 

zebrafish identifies the natural product wedelolactone for human islet protection. 

Dis Model Mech 12,  (2019). 

69. R. D. Leslie, Predicting adult-onset autoimmune diabetes: clarity from 

complexity. Diabetes 59, 330-331 (2010). 

70. M. A. Atkinson, G. S. Eisenbarth, A. W. Michels, Type 1 diabetes. Lancet 383, 

69-82 (2014). 

71. D. Dabelea, The accelerating epidemic of childhood diabetes. Lancet 373, 1999-

2000 (2009). 

72. D. M. Maahs, N. A. West, J. M. Lawrence, E. J. Mayer-Davis, Epidemiology of 

type 1 diabetes. Endocrinol Metab Clin North Am 39, 481-497 (2010). 

73. T. M. Dall et al., Distinguishing the economic costs associated with type 1 and 

type 2 diabetes. Popul Health Manag 12, 103-110 (2009). 

74. B. Tao, M. Pietropaolo, M. Atkinson, D. Schatz, D. Taylor, Estimating the cost of 

type 1 diabetes in the U.S.: a propensity score matching method. PLoS One 5, 

e11501 (2010). 

75. P. Concannon, S. S. Rich, G. T. Nepom, Genetics of type 1A diabetes. N Engl J 

Med 360, 1646-1654 (2009). 

76. J. A. Noble et al., HLA class I and genetic susceptibility to type 1 diabetes: results 

from the Type 1 Diabetes Genetics Consortium. Diabetes 59, 2972-2979 (2010). 

77. H. Erlich et al., HLA DR-DQ haplotypes and genotypes and type 1 diabetes risk: 

analysis of the type 1 diabetes genetics consortium families. Diabetes 57, 1084-

1092 (2008). 



 124

78. P. A. Roche, K. Furuta, The ins and outs of MHC class II-mediated antigen 

processing and presentation. Nat Rev Immunol 15, 203-216 (2015). 

79. M. Wieczorek et al., Major Histocompatibility Complex (MHC) Class I and MHC 

Class II Proteins: Conformational Plasticity in Antigen Presentation. Front 

Immunol 8, 292 (2017). 

80. S. T. Jerram, R. D. Leslie, The Genetic Architecture of Type 1 Diabetes. Genes 

(Basel) 8,  (2017). 

81. M. P. Morran, A. Vonberg, A. Khadra, M. Pietropaolo, Immunogenetics of type 1 

diabetes mellitus. Mol Aspects Med 42, 42-60 (2015). 

82. C. E. Taplin, J. M. Barker, Autoantibodies in type 1 diabetes. Autoimmunity 41, 

11-18 (2008). 

83. A. G. Ziegler, G. T. Nepom, Prediction and pathogenesis in type 1 diabetes. 

Immunity 32, 468-478 (2010). 

84. S. B. Sahin, S. Cetinkalp, A. G. Ozgen, F. Saygili, C. Yilmaz, The importance of 

anti-insulin antibody in patients with type 1 diabetes mellitus treated with 

continuous subcutaneous insulin infusion or multiple daily insulin injections 

therapy. Acta Diabetol 47, 325-330 (2010). 

85. U. Söderström, J. Aman, A. Hjern, Being born in Sweden increases the risk for 

type 1 diabetes - a study of migration of children to Sweden as a natural 

experiment. Acta Paediatr 101, 73-77 (2012). 

86. T. Oilinki, T. Otonkoski, J. Ilonen, M. Knip, P. J. Miettinen, Prevalence and 

characteristics of diabetes among Somali children and adolescents living in 

Helsinki, Finland. Pediatr Diabetes 13, 176-180 (2012). 



 125

87. M. Rewers, J. Ludvigsson, Environmental risk factors for type 1 diabetes. Lancet 

387, 2340-2348 (2016). 

88. J. F. Bach, The effect of infections on susceptibility to autoimmune and allergic 

diseases. N Engl J Med 347, 911-920 (2002). 

89. H. Kolb, R. B. Elliott, Increasing incidence of IDDM a consequence of improved 

hygiene? Diabetologia 37, 729 (1994). 

90. C. T. Brown et al., Gut microbiome metagenomics analysis suggests a functional 

model for the development of autoimmunity for type 1 diabetes. PLoS One 6, 

e25792 (2011). 

91. M. C. de Goffau et al., Fecal microbiota composition differs between children 

with β-cell autoimmunity and those without. Diabetes 62, 1238-1244 (2013). 

92. J. M. Norris et al., Timing of initial cereal exposure in infancy and risk of islet 

autoimmunity. JAMA 290, 1713-1720 (2003). 

93. B. Frederiksen et al., Infant exposures and development of type 1 diabetes 

mellitus: The Diabetes Autoimmunity Study in the Young (DAISY). JAMA 

Pediatr 167, 808-815 (2013). 

94. J. M. Norris et al., Omega-3 polyunsaturated fatty acid intake and islet 

autoimmunity in children at increased risk for type 1 diabetes. JAMA 298, 1420-

1428 (2007). 

95. H. C. Gerstein, Cow's milk exposure and type I diabetes mellitus. A critical 

overview of the clinical literature. Diabetes Care 17, 13-19 (1994). 



 126

96. E. Hyppönen, E. Läärä, A. Reunanen, M. R. Järvelin, S. M. Virtanen, Intake of 

vitamin D and risk of type 1 diabetes: a birth-cohort study. Lancet 358, 1500-

1503 (2001). 

97. M. Glimåker, Enteroviral meningitis. Diagnostic methods and aspects on the 

distinction from bacterial meningitis. Scand J Infect Dis Suppl 85, 1-64 (1992). 

98. M. Glimåker et al., Detection of enteroviral RNA by polymerase chain reaction in 

faecal samples from patients with aseptic meningitis. J Med Virol 38, 54-61 

(1992). 

99. C. S. Bergamin, S. A. Dib, Enterovirus and type 1 diabetes: What is the matter? 

World J Diabetes 6, 828-839 (2015). 

100. N. Busse et al., Detection and localization of viral infection in the pancreas of 

patients with type 1 diabetes using short fluorescently-labelled oligonucleotide 

probes. Oncotarget 8, 12620-12636 (2017). 

101. D. L. Kaufman et al., Spontaneous loss of T-cell tolerance to glutamic acid 

decarboxylase in murine insulin-dependent diabetes. Nature 366, 69-72 (1993). 

102. R. Varela-Calvino, G. Sgarbi, S. Arif, M. Peakman, T-Cell reactivity to the P2C 

nonstructural protein of a diabetogenic strain of coxsackievirus B4. Virology 274, 

56-64 (2000). 

103. A. B. Olokoba, O. A. Obateru, L. B. Olokoba, Type 2 diabetes mellitus: a review 

of current trends. Oman Med J 27, 269-273 (2012). 

104. P. Chamnan et al., Incidence of type 2 diabetes using proposed HbA1c diagnostic 

criteria in the european prospective investigation of cancer-norfolk cohort: 

implications for preventive strategies. Diabetes Care 34, 950-956 (2011). 



 127

105. F. B. Hu et al., Diet, lifestyle, and the risk of type 2 diabetes mellitus in women. N 

Engl J Med 345, 790-797 (2001). 

106. C. f. D. C. a. P. (CDC), Prevalence of overweight and obesity among adults with 

diagnosed diabetes--United States, 1988-1994 and 1999-2002. MMWR Morb 

Mortal Wkly Rep 53, 1066-1068 (2004). 

107. S. E. Barlow, E. Committee, Expert committee recommendations regarding the 

prevention, assessment, and treatment of child and adolescent overweight and 

obesity: summary report. Pediatrics 120 Suppl 4, S164-192 (2007). 

108. Z. Kochan, J. Karbowska, [Resistine--a new hormone secreted by adipose tissue 

(adipose tissue in insulin resistance)]. Przegl Lek 60, 40-42 (2003). 

109. J. N. Fain, B. Buehrer, D. S. Tichansky, A. K. Madan, Regulation of adiponectin 

release and demonstration of adiponectin mRNA as well as release by the non-fat 

cells of human omental adipose tissue. Int J Obes (Lond) 32, 429-435 (2008). 

110. K. I. Rother, Diabetes treatment--bridging the divide. N Engl J Med 356, 1499-

1501 (2007). 

111. A. J. Walley, A. I. Blakemore, P. Froguel, Genetics of obesity and the prediction 

of risk for health. Hum Mol Genet 15 Spec No 2, R124-130 (2006). 

112. M. I. McCarthy, Genomics, type 2 diabetes, and obesity. N Engl J Med 363, 

2339-2350 (2010). 

113. G. Klöppel, M. Löhr, K. Habich, M. Oberholzer, P. U. Heitz, Islet pathology and 

the pathogenesis of type 1 and type 2 diabetes mellitus revisited. Surv Synth 

Pathol Res 4, 110-125 (1985). 



 128

114. A. Clark et al., Islet amyloid, increased A-cells, reduced B-cells and exocrine 

fibrosis: quantitative changes in the pancreas in type 2 diabetes. Diabetes Res 9, 

151-159 (1988). 

115. A. E. Butler et al., Beta-cell deficit and increased beta-cell apoptosis in humans 

with type 2 diabetes. Diabetes 52, 102-110 (2003). 

116. A. G. Renehan, C. Booth, C. S. Potten, What is apoptosis, and why is it 

important? BMJ 322, 1536-1538 (2001). 

117. M. Cnop et al., Mechanisms of pancreatic beta-cell death in type 1 and type 2 

diabetes: many differences, few similarities. Diabetes 54 Suppl 2, S97-107 

(2005). 

118. D. L. Eizirik, T. Mandrup-Poulsen, A choice of death--the signal-transduction of 

immune-mediated beta-cell apoptosis. Diabetologia 44, 2115-2133 (2001). 

119. B. Kutlu et al., Discovery of gene networks regulating cytokine-induced 

dysfunction and apoptosis in insulin-producing INS-1 cells. Diabetes 52, 2701-

2719 (2003). 

120. M. Y. Donath, J. Størling, K. Maedler, T. Mandrup-Poulsen, Inflammatory 

mediators and islet beta-cell failure: a link between type 1 and type 2 diabetes. J 

Mol Med (Berl) 81, 455-470 (2003). 

121. C. Bonny, A. Oberson, S. Negri, C. Sauser, D. F. Schorderet, Cell-permeable 

peptide inhibitors of JNK: novel blockers of beta-cell death. Diabetes 50, 77-82 

(2001). 

122. D. Pavlovic, N. A. Andersen, T. Mandrup-Poulsen, D. L. Eizirik, Activation of 

extracellular signal-regulated kinase (ERK)1/2 contributes to cytokine-induced 



 129

apoptosis in purified rat pancreatic beta-cells. Eur Cytokine Netw 11, 267-274 

(2000). 

123. J. Saldeen, L. Tillmar, E. Karlsson, N. Welsh, Nicotinamide- and caspase-

mediated inhibition of poly(ADP-ribose) polymerase are associated with p53-

independent cell cycle (G2) arrest and apoptosis. Mol Cell Biochem 243, 113-122 

(2003). 

124. D. D. Newmeyer, S. Ferguson-Miller, Mitochondria: releasing power for life and 

unleashing the machineries of death. Cell 112, 481-490 (2003). 

125. R. M. Friedlander, Apoptosis and caspases in neurodegenerative diseases. N Engl 

J Med 348, 1365-1375 (2003). 

126. H. Iwahashi et al., Cytokine-induced apoptotic cell death in a mouse pancreatic 

beta-cell line: inhibition by Bcl-2. Diabetologia 39, 530-536 (1996). 

127. E. K. Sims et al., MicroRNA 21 targets BCL2 mRNA to increase apoptosis in rat 

and human beta cells. Diabetologia 60, 1057-1065 (2017). 

128. H. P. Harding et al., Diabetes mellitus and exocrine pancreatic dysfunction in 

perk-/- mice reveals a role for translational control in secretory cell survival. Mol 

Cell 7, 1153-1163 (2001). 

129. M. Schröder, R. J. Kaufman, ER stress and the unfolded protein response. Mutat 

Res 569, 29-63 (2005). 

130. S. Oyadomari et al., Nitric oxide-induced apoptosis in pancreatic beta cells is 

mediated by the endoplasmic reticulum stress pathway. Proc Natl Acad Sci U S A 

98, 10845-10850 (2001). 



 130

131. N. Kaiser, G. Leibowitz, R. Nesher, Glucotoxicity and beta-cell failure in type 2 

diabetes mellitus. J Pediatr Endocrinol Metab 16, 5-22 (2003). 

132. M. Y. Donath, P. A. Halban, Decreased beta-cell mass in diabetes: significance, 

mechanisms and therapeutic implications. Diabetologia 47, 581-589 (2004). 

133. M. Z. Khaldi, H. Elouil, Y. Guiot, J. C. Henquin, J. C. Jonas, Antioxidants N-

acetyl-L-cysteine and manganese(III)tetrakis (4-benzoic acid)porphyrin do not 

prevent beta-cell dysfunction in rat islets cultured in high glucose for 1 wk. Am J 

Physiol Endocrinol Metab 291, E137-146 (2006). 

134. Y. Lee et al., Beta-cell lipotoxicity in the pathogenesis of non-insulin-dependent 

diabetes mellitus of obese rats: impairment in adipocyte-beta-cell relationships. 

Proc Natl Acad Sci U S A 91, 10878-10882 (1994). 

135. M. Shimabukuro, M. Ohneda, Y. Lee, R. H. Unger, Role of nitric oxide in 

obesity-induced beta cell disease. J Clin Invest 100, 290-295 (1997). 

136. I. Kharroubi et al., Free fatty acids and cytokines induce pancreatic beta-cell 

apoptosis by different mechanisms: role of nuclear factor-kappaB and 

endoplasmic reticulum stress. Endocrinology 145, 5087-5096 (2004). 

137. S. Guo et al., Inactivation of specific β cell transcription factors in type 2 diabetes. 

J Clin Invest 123, 3305-3316 (2013). 

138. F. Cinti et al., Evidence of β-Cell Dedifferentiation in Human Type 2 Diabetes. J 

Clin Endocrinol Metab 101, 1044-1054 (2016). 

139. P. C. Butler, J. J. Meier, A. E. Butler, A. Bhushan, The replication of beta cells in 

normal physiology, in disease and for therapy. Nat Clin Pract Endocrinol Metab 

3, 758-768 (2007). 



 131

140. J. Rahier, Y. Guiot, R. M. Goebbels, C. Sempoux, J. C. Henquin, Pancreatic beta-

cell mass in European subjects with type 2 diabetes. Diabetes Obes Metab 10 

Suppl 4, 32-42 (2008). 

141. S. Bonner-Weir, Life and death of the pancreatic beta cells. Trends Endocrinol 

Metab 11, 375-378 (2000). 

142. S. Puri, M. Hebrok, Cellular plasticity within the pancreas--lessons learned from 

development. Dev Cell 18, 342-356 (2010). 

143. M. S. Remedi, C. Emfinger, Pancreatic β-cell identity in diabetes. Diabetes Obes 

Metab 18 Suppl 1, 110-116 (2016). 

144. G. C. Weir, C. Aguayo-Mazzucato, S. Bonner-Weir, β-cell dedifferentiation in 

diabetes is important, but what is it? Islets 5, 233-237 (2013). 

145. M. Szabat et al., Maintenance of β-cell maturity and plasticity in the adult 

pancreas: developmental biology concepts in adult physiology. Diabetes 61, 

1365-1371 (2012). 

146. J. C. Jonas et al., Chronic hyperglycemia triggers loss of pancreatic beta cell 

differentiation in an animal model of diabetes. J Biol Chem 274, 14112-14121 

(1999). 

147. Z. Wang, N. W. York, C. G. Nichols, M. S. Remedi, Pancreatic β cell 

dedifferentiation in diabetes and redifferentiation following insulin therapy. Cell 

Metab 19, 872-882 (2014). 

148. M. F. Brereton et al., Reversible changes in pancreatic islet structure and function 

produced by elevated blood glucose. Nat Commun 5, 4639 (2014). 



 132

149. C. Talchai, S. Xuan, H. V. Lin, L. Sussel, D. Accili, Pancreatic β cell 

dedifferentiation as a mechanism of diabetic β cell failure. Cell 150, 1223-1234 

(2012). 

150. C. Gu et al., Pancreatic beta cells require NeuroD to achieve and maintain 

functional maturity. Cell Metab 11, 298-310 (2010). 

151. D. R. Laybutt et al., Genetic regulation of metabolic pathways in beta-cells 

disrupted by hyperglycemia. J Biol Chem 277, 10912-10921 (2002). 

152. J. Y. Kim-Muller et al., Aldehyde dehydrogenase 1a3 defines a subset of failing 

pancreatic β cells in diabetic mice. Nat Commun 7, 12631 (2016). 

153. X. Xiao et al., TGFβ receptor signaling is essential for inflammation-induced but 

not β-cell workload-induced β-cell proliferation. Diabetes 62, 1217-1226 (2013). 

154. M. L. Brown, A. L. Schneyer, Emerging roles for the TGFbeta family in 

pancreatic beta-cell homeostasis. Trends Endocrinol Metab 21, 441-448 (2010). 

155. N. G. Smart et al., Conditional expression of Smad7 in pancreatic beta cells 

disrupts TGF-beta signaling and induces reversible diabetes mellitus. PLoS Biol 4, 

e39 (2006). 

156. Y. El-Gohary et al., A smad signaling network regulates islet cell proliferation. 

Diabetes 63, 224-236 (2014). 

157. H. S. Spijker et al., Conversion of mature human β-cells into glucagon-producing 

α-cells. Diabetes 62, 2471-2480 (2013). 

158. J. Lu, R. Jaafer, R. Bonnavion, P. Bertolino, C. X. Zhang, Transdifferentiation of 

pancreatic α-cells into insulin-secreting cells: From experimental models to 

underlying mechanisms. World J Diabetes 5, 847-853 (2014). 



 133

159. H. S. Spijker et al., Loss of β-Cell Identity Occurs in Type 2 Diabetes and Is 

Associated With Islet Amyloid Deposits. Diabetes 64, 2928-2938 (2015). 

160. S. Bonner-Weir, D. F. Trent, G. C. Weir, Partial pancreatectomy in the rat and 

subsequent defect in glucose-induced insulin release. J Clin Invest 71, 1544-1553 

(1983). 

161. J. L. Leahy, H. E. Cooper, D. A. Deal, G. C. Weir, Chronic hyperglycemia is 

associated with impaired glucose influence on insulin secretion. A study in 

normal rats using chronic in vivo glucose infusions. J Clin Invest 77, 908-915 

(1986). 

162. G. C. Weir, E. T. Clore, C. J. Zmachinski, S. Bonner-Weir, Islet secretion in a 

new experimental model for non-insulin-dependent diabetes. Diabetes 30, 590-

595 (1981). 

163. J. Feng, W. Xing, L. Xie, Regulatory Roles of MicroRNAs in Diabetes. Int J Mol 

Sci 17,  (2016). 

164. Y. Lee et al., MicroRNA genes are transcribed by RNA polymerase II. EMBO J 

23, 4051-4060 (2004). 

165. J. Han et al., The Drosha-DGCR8 complex in primary microRNA processing. 

Genes Dev 18, 3016-3027 (2004). 

166. Y. Lee, K. Jeon, J. T. Lee, S. Kim, V. N. Kim, MicroRNA maturation: stepwise 

processing and subcellular localization. EMBO J 21, 4663-4670 (2002). 

167. F. Wahid, A. Shehzad, T. Khan, Y. Y. Kim, MicroRNAs: synthesis, mechanism, 

function, and recent clinical trials. Biochim Biophys Acta 1803, 1231-1243 

(2010). 



 134

168. S. Nakielny, G. Dreyfuss, Transport of proteins and RNAs in and out of the 

nucleus. Cell 99, 677-690 (1999). 

169. R. Yi, Y. Qin, I. G. Macara, B. R. Cullen, Exportin-5 mediates the nuclear export 

of pre-microRNAs and short hairpin RNAs. Genes Dev 17, 3011-3016 (2003). 

170. M. T. Bohnsack, K. Czaplinski, D. Gorlich, Exportin 5 is a RanGTP-dependent 

dsRNA-binding protein that mediates nuclear export of pre-miRNAs. RNA 10, 

185-191 (2004). 

171. C. Gwizdek et al., Exportin-5 mediates nuclear export of minihelix-containing 

RNAs. J Biol Chem 278, 5505-5508 (2003). 

172. G. Hutvágner et al., A cellular function for the RNA-interference enzyme Dicer in 

the maturation of the let-7 small temporal RNA. Science 293, 834-838 (2001). 

173. R. F. Ketting et al., Dicer functions in RNA interference and in synthesis of small 

RNA involved in developmental timing in C. elegans. Genes Dev 15, 2654-2659 

(2001). 

174. T. P. Chendrimada et al., TRBP recruits the Dicer complex to Ago2 for 

microRNA processing and gene silencing. Nature 436, 740-744 (2005). 

175. Y. Lee et al., The role of PACT in the RNA silencing pathway. EMBO J 25, 522-

532 (2006). 

176. L. Guo, Z. Lu, The fate of miRNA* strand through evolutionary analysis: 

implication for degradation as merely carrier strand or potential regulatory 

molecule? PLoS One 5, e11387 (2010). 

177. D. W. Thomson, C. P. Bracken, G. J. Goodall, Experimental strategies for 

microRNA target identification. Nucleic Acids Res 39, 6845-6853 (2011). 



 135

178. E. Huntzinger, E. Izaurralde, Gene silencing by microRNAs: contributions of 

translational repression and mRNA decay. Nat Rev Genet 12, 99-110 (2011). 

179. J. J. Ipsaro, L. Joshua-Tor, From guide to target: molecular insights into 

eukaryotic RNA-interference machinery. Nat Struct Mol Biol 22, 20-28 (2015). 

180. D. Sekar, B. Venugopal, P. Sekar, K. Ramalingam, Role of microRNA 21 in 

diabetes and associated/related diseases. Gene 582, 14-18 (2016). 

181. J. P. Broughton, M. T. Lovci, J. L. Huang, G. W. Yeo, A. E. Pasquinelli, Pairing 

beyond the Seed Supports MicroRNA Targeting Specificity. Mol Cell 64, 320-

333 (2016). 

182. W. Xu, A. San Lucas, Z. Wang, Y. Liu, Identifying microRNA targets in different 

gene regions. BMC Bioinformatics 15 Suppl 7, S4 (2014). 

183. J. J. Forman, A. Legesse-Miller, H. A. Coller, A search for conserved sequences 

in coding regions reveals that the let-7 microRNA targets Dicer within its coding 

sequence. Proc Natl Acad Sci U S A 105, 14879-14884 (2008). 

184. J. Zhang et al., Oncogenic role of microRNA-532-5p in human colorectal cancer 

via targeting of the 5'UTR of. Oncol Lett 15, 7215-7220 (2018). 

185. Á. Riffo-Campos, I. Riquelme, P. Brebi-Mieville, Tools for Sequence-Based 

miRNA Target Prediction: What to Choose? Int J Mol Sci 17,  (2016). 

186. M. P. LaPierre, M. Stoffel, MicroRNAs as stress regulators in pancreatic beta 

cells and diabetes. Mol Metab 6, 1010-1023 (2017). 

187. E. Roggli et al., Involvement of microRNAs in the cytotoxic effects exerted by 

proinflammatory cytokines on pancreatic beta-cells. Diabetes 59, 978-986 (2010). 



 136

188. B. F. Belgardt et al., The microRNA-200 family regulates pancreatic beta cell 

survival in type 2 diabetes. Nat Med 21, 619-627 (2015). 

189. M. N. Poy et al., miR-375 maintains normal pancreatic alpha- and beta-cell mass. 

Proc Natl Acad Sci U S A 106, 5813-5818 (2009). 

190. W. M. Yang, H. J. Jeong, S. Y. Park, W. Lee, Saturated fatty acid-induced miR-

195 impairs insulin signaling and glycogen metabolism in HepG2 cells. FEBS 

Lett 588, 3939-3946 (2014). 

191. W. M. Yang, H. J. Jeong, S. W. Park, W. Lee, Obesity-induced miR-15b is linked 

causally to the development of insulin resistance through the repression of the 

insulin receptor in hepatocytes. Mol Nutr Food Res 59, 2303-2314 (2015). 

192. G. Nathan et al., MiR-375 promotes redifferentiation of adult human β cells 

expanded in vitro. PLoS One 10, e0122108 (2015). 

193. A. Shaer, N. Azarpira, M. H. Karimi, M. Soleimani, S. Dehghan, Differentiation 

of Human-Induced Pluripotent Stem Cells Into Insulin-Producing Clusters by 

MicroRNA-7. Exp Clin Transplant 14, 555-563 (2016). 

194. C. P. Bracken et al., A double-negative feedback loop between ZEB1-SIP1 and 

the microRNA-200 family regulates epithelial-mesenchymal transition. Cancer 

Res 68, 7846-7854 (2008). 

195. O. Hobert, miRNAs play a tune. Cell 131, 22-24 (2007). 

196. A. A. Khan et al., Transfection of small RNAs globally perturbs gene regulation 

by endogenous microRNAs. Nat Biotechnol 27, 549-555 (2009). 



 137

197. D. Sekar et al., Role of microRNA 21 in mesenchymal stem cell (MSC) 

differentiation: a powerful biomarker in MSCs derived cells. Curr Pharm 

Biotechnol 16, 43-48 (2015). 

198. J. Osipova et al., Diabetes-associated microRNAs in pediatric patients with type 1 

diabetes mellitus: a cross-sectional cohort study. J Clin Endocrinol Metab 99, 

E1661-1665 (2014). 

199. A. Mazzeo et al., Functional analysis of miR-21-3p, miR-30b-5p and miR-150-5p 

shuttled by extracellular vesicles from diabetic subjects reveals their association 

with diabetic retinopathy. Exp Eye Res 184, 56-63 (2019). 

200. A. J. Lakhter et al., Beta cell extracellular vesicle miR-21-5p cargo is increased in 

response to inflammatory cytokines and serves as a biomarker of type 1 diabetes. 

Diabetologia 61, 1124-1134 (2018). 

201. C. Chakraborty, C. George Priya Doss, S. Bandyopadhyay, miRNAs in insulin 

resistance and diabetes-associated pancreatic cancer: the 'minute and miRacle' 

molecule moving as a monitor in the 'genomic galaxy'. Curr Drug Targets 14, 

1110-1117 (2013). 

202. N. Dey et al., MicroRNA-21 orchestrates high glucose-induced signals to TOR 

complex 1, resulting in renal cell pathology in diabetes. J Biol Chem 286, 25586-

25603 (2011). 

203. M. Vinciguerra et al., Unsaturated fatty acids inhibit the expression of tumor 

suppressor phosphatase and tensin homolog (PTEN) via microRNA-21 up-

regulation in hepatocytes. Hepatology 49, 1176-1184 (2009). 



 138

204. V. Bravo-Egana et al., Inflammation-Mediated Regulation of MicroRNA 

Expression in Transplanted Pancreatic Islets. J Transplant 2012, 723614 (2012). 

205. F. Meng et al., MicroRNA-21 regulates expression of the PTEN tumor suppressor 

gene in human hepatocellular cancer. Gastroenterology 133, 647-658 (2007). 

206. Z. Zhang et al., The autoregulatory feedback loop of microRNA-21/programmed 

cell death protein 4/activation protein-1 (MiR-21/PDCD4/AP-1) as a driving force 

for hepatic fibrosis development. J Biol Chem 288, 37082-37093 (2013). 

207. S. R. Filios, A. Shalev, β-Cell MicroRNAs: Small but Powerful. Diabetes 64, 

3631-3644 (2015). 

208. M. B. Backe, G. W. Novotny, D. P. Christensen, L. G. Grunnet, T. Mandrup-

Poulsen, Altering β-cell number through stable alteration of miR-21 and miR-34a 

expression. Islets 6, e27754 (2014). 

209. A. Ischia et al., [The analgesic treatment of the surgical patient]. Chir Ital 42, 79-

84 (1990). 

210. L. Fiorentino et al., Regulation of TIMP3 in diabetic nephropathy: a role for 

microRNAs. Acta Diabetol 50, 965-969 (2013). 

211. X. Zhong et al., miR-21 is a key therapeutic target for renal injury in a mouse 

model of type 2 diabetes. Diabetologia 56, 663-674 (2013). 

212. A. D. McClelland et al., miR-21 promotes renal fibrosis in diabetic nephropathy 

by targeting PTEN and SMAD7. Clin Sci (Lond) 129, 1237-1249 (2015). 

213. S. Kaluz, M. Kaluzová, E. J. Stanbridge, Regulation of gene expression by 

hypoxia: integration of the HIF-transduced hypoxic signal at the hypoxia-

responsive element. Clin Chim Acta 395, 6-13 (2008). 



 139

214. R. Cerychova, G. Pavlinkova, HIF-1, Metabolism, and Diabetes in the Embryonic 

and Adult Heart. Front Endocrinol (Lausanne) 9, 460 (2018). 

215. G. L. Semenza, Oxygen sensing, homeostasis, and disease. N Engl J Med 365, 

537-547 (2011). 

216. R. L. Bilton, G. W. Booker, The subtle side to hypoxia inducible factor 

(HIFalpha) regulation. Eur J Biochem 270, 791-798 (2003). 

217. A. B. Hwang, S. J. Lee, Regulation of life span by mitochondrial respiration: the 

HIF-1 and ROS connection. Aging (Albany NY) 3, 304-310 (2011). 

218. C. Peyssonnaux et al., Regulation of iron homeostasis by the hypoxia-inducible 

transcription factors (HIFs). J Clin Invest 117, 1926-1932 (2007). 

219. K. Cheng et al., Hypoxia-inducible factor-1alpha regulates beta cell function in 

mouse and human islets. J Clin Invest 120, 2171-2183 (2010). 

220. Y. Sato, M. Inoue, T. Yoshizawa, K. Yamagata, Moderate hypoxia induces β-cell 

dysfunction with HIF-1-independent gene expression changes. PLoS One 9, 

e114868 (2014). 

221. J. Cantley et al., Deletion of the von Hippel-Lindau gene in pancreatic beta cells 

impairs glucose homeostasis in mice. J Clin Invest 119, 125-135 (2009). 

222. J. Zehetner et al., PVHL is a regulator of glucose metabolism and insulin 

secretion in pancreatic beta cells. Genes Dev 22, 3135-3146 (2008). 

223. S. Puri, D. A. Cano, M. Hebrok, A role for von Hippel-Lindau protein in 

pancreatic beta-cell function. Diabetes 58, 433-441 (2009). 



 140

224. K. Sada et al., Hyperglycemia Induces Cellular Hypoxia through Production of 

Mitochondrial ROS Followed by Suppression of Aquaporin-1. PLoS One 11, 

e0158619 (2016). 

225. J. R. Williamson et al., Hyperglycemic pseudohypoxia and diabetic 

complications. Diabetes 42, 801-813 (1993). 

226. C. A. Gleissner, E. Galkina, J. L. Nadler, K. Ley, Mechanisms by which diabetes 

increases cardiovascular disease. Drug Discov Today Dis Mech 4, 131-140 

(2007). 

227. R. Marfella et al., Myocardial infarction in diabetic rats: role of hyperglycaemia 

on infarct size and early expression of hypoxia-inducible factor 1. Diabetologia 

45, 1172-1181 (2002). 

228. S. B. Catrina, K. Okamoto, T. Pereira, K. Brismar, L. Poellinger, Hyperglycemia 

regulates hypoxia-inducible factor-1alpha protein stability and function. Diabetes 

53, 3226-3232 (2004). 

229. M. S. Dodd et al., Fatty Acids Prevent Hypoxia-Inducible Factor-1α Signaling 

Through Decreased Succinate in Diabetes. JACC Basic Transl Sci 3, 485-498 

(2018). 

230. G. Shen, X. Li, Y. F. Jia, G. A. Piazza, Y. Xi, Hypoxia-regulated microRNAs in 

human cancer. Acta Pharmacol Sin 34, 336-341 (2013). 

231. Y. Liu et al., A feedback regulatory loop between HIF-1α and miR-21 in response 

to hypoxia in cardiomyocytes. FEBS Lett 588, 3137-3146 (2014). 



 141

232. X. Xu et al., Renal Protection Mediated by Hypoxia Inducible Factor-1α Depends 

on Proangiogenesis Function of miR-21 by Targeting Thrombospondin 1. 

Transplantation 101, 1811-1819 (2017). 

233. Q. Jiang et al., miR2Disease: a manually curated database for microRNA 

deregulation in human disease. Nucleic Acids Res 37, D98-104 (2009). 

234. A. Oulas et al., A new microRNA target prediction tool identifies a novel 

interaction of a putative miRNA with CCND2. RNA Biol 9, 1196-1207 (2012). 

235. C. H. Chou et al., miRTarBase update 2018: a resource for experimentally 

validated microRNA-target interactions. Nucleic Acids Res 46, D296-D302 

(2018). 

236. V. Agarwal, G. W. Bell, J. W. Nam, D. P. Bartel, Predicting effective microRNA 

target sites in mammalian mRNAs. Elife 4,  (2015). 

237. C. Sticht, C. De La Torre, A. Parveen, N. Gretz, miRWalk: An online resource for 

prediction of microRNA binding sites. PLoS One 13, e0206239 (2018). 

238. N. Lawlor et al., Single-cell transcriptomes identify human islet cell signatures 

and reveal cell-type-specific expression changes in type 2 diabetes. Genome Res 

27, 208-222 (2017). 

239. D. L. Eizirik et al., The human pancreatic islet transcriptome: expression of 

candidate genes for type 1 diabetes and the impact of pro-inflammatory cytokines. 

PLoS Genet 8, e1002552 (2012). 

240. Y. Xin et al., RNA Sequencing of Single Human Islet Cells Reveals Type 2 

Diabetes Genes. Cell Metab 24, 608-615 (2016). 



 142

241. The Gene Ontology Consortium, Expansion of the Gene Ontology knowledgebase 

and resources. Nucleic Acids Res 45, D331-D338 (2017). 

242. V. Kaimal, E. E. Bardes, S. C. Tabar, A. G. Jegga, B. J. Aronow, ToppCluster: a 

multiple gene list feature analyzer for comparative enrichment clustering and 

network-based dissection of biological systems. Nucleic Acids Res 38, W96-102 

(2010). 

243. A. P. Cribbs, A. Kennedy, B. Gregory, F. M. Brennan, Simplified production and 

concentration of lentiviral vectors to achieve high transduction in primary human 

T cells. BMC Biotechnol 13, 98 (2013). 

244. M. Hernandez-Perez et al., Inhibition of 12/15-Lipoxygenase Protects Against β-

Cell Oxidative Stress and Glycemic Deterioration in Mouse Models of Type 1 

Diabetes. Diabetes 66, 2875-2887 (2017). 

245. S. K. Chakrabarti, J. C. James, R. G. MiRmiRa, Quantitative assessment of gene 

targeting in vitro and in vivo by the pancreatic transcription factor, Pdx1. 

Importance of chromatin structure in directing promoter binding. J Biol Chem 

277, 13286-13293 (2002). 

246. S. Dash, M. Balasubramaniam, C. Dash, J. Pandhare, Biotin-based Pulldown 

Assay to Validate mRNA Targets of Cellular miRNAs. J Vis Exp,  (2018). 

247. E. K. Sims et al., Divergent compensatory responses to high-fat diet between 

C57BL6/J and C57BLKS/J inbred mouse strains. Am J Physiol Endocrinol Metab 

305, E1495-1511 (2013). 



 143

248. D. Hesselson, R. M. Anderson, M. Beinat, D. Y. Stainier, Distinct populations of 

quiescent and proliferative pancreatic beta-cells identified by HOTcre mediated 

labeling. Proc Natl Acad Sci U S A 106, 14896-14901 (2009). 

249. C. Mosimann et al., Ubiquitous transgene expression and Cre-based 

recombination driven by the ubiquitin promoter in zebrafish. Development 138, 

169-177 (2011). 

250. K. Kawakami, K. Asakawa, A. Muto, H. Wada, Tol2-mediated transgenesis, gene 

trapping, enhancer trapping, and Gal4-UAS system. Methods Cell Biol 135, 19-37 

(2016). 

251. K. M. Kwan et al., The Tol2kit: a multisite gateway-based construction kit for 

Tol2 transposon transgenesis constructs. Dev Dyn 236, 3088-3099 (2007). 

252. L. Ye, M. A. Robertson, D. Hesselson, D. Y. Stainier, R. M. Anderson, Glucagon 

is essential for alpha cell transdifferentiation and beta cell neogenesis. 

Development 142, 1407-1417 (2015). 

253. O. Andersson et al., Adenosine signaling promotes regeneration of pancreatic β 

cells in vivo. Cell Metab 15, 885-894 (2012). 

254. M. E. Hatley et al., Modulation of K-Ras-dependent lung tumorigenesis by 

MicroRNA-21. Cancer Cell 18, 282-293 (2010). 

255. C. Evans-Molina et al., Peroxisome proliferator-activated receptor gamma 

activation restores islet function in diabetic mice through reduction of 

endoplasmic reticulum stress and maintenance of euchromatin structure. Mol Cell 

Biol 29, 2053-2067 (2009). 



 144

256. N. D. Stull, A. Breite, R. McCarthy, S. A. Tersey, R. G. Mirmira, Mouse islet of 

Langerhans isolation using a combination of purified collagenase and neutral 

protease. J Vis Exp,  (2012). 

257. X. Lin, L. Tirichine, C. Bowler, Protocol: Chromatin immunoprecipitation (ChIP) 

methodology to investigate histone modifications in two model diatom species. 

Plant Methods 8, 48 (2012). 

258. P. de Felipe, M. D. Ryan, Targeting of proteins derived from self-processing 

polyproteins containing multiple signal sequences. Traffic 5, 616-626 (2004). 

259. M. L. Donnelly et al., The 'cleavage' activities of foot-and-mouth disease virus 2A 

site-directed mutants and naturally occurring '2A-like' sequences. J Gen Virol 82, 

1027-1041 (2001). 

260. K. L. Meerbrey et al., The pINDUCER lentiviral toolkit for inducible RNA 

interference in vitro and in vivo. Proc Natl Acad Sci U S A 108, 3665-3670 

(2011). 

261. G. Ferri et al., Insulin secretory granules labelled with phogrin-fluorescent 

proteins show alterations in size, mobility and responsiveness to glucose 

stimulation in living β-cells. Sci Rep 9, 2890 (2019). 

262. S. Ljubicic et al., The GTPase Rab37 Participates in the Control of Insulin 

Exocytosis. PLoS One 8, e68255 (2013). 

263. G. H. Sun-Wada et al., The a3 isoform of V-ATPase regulates insulin secretion 

from pancreatic beta-cells. J Cell Sci 119, 4531-4540 (2006). 

264. D. Hesselson, R. M. Anderson, D. Y. Stainier, Suppression of Ptf1a activity 

induces acinar-to-endocrine conversion. Curr Biol 21, 712-717 (2011). 



 145

265. T. M. Nordmann et al., The Role of Inflammation in β-cell Dedifferentiation. Sci 

Rep 7, 6285 (2017). 

266. P. Wang et al., Combined Inhibition of DYRK1A, SMAD, and Trithorax 

Pathways Synergizes to Induce Robust Replication in Adult Human Beta Cells. 

Cell Metab 29, 638-652.e635 (2019). 

267. D. A. Carbonaro et al., In vivo transduction by intravenous injection of a 

lentiviral vector expressing human ADA into neonatal ADA gene knockout mice: 

a novel form of enzyme replacement therapy for ADA deficiency. Mol Ther 13, 

1110-1120 (2006). 

268. C. Njoo, C. Heinl, R. Kuner, In vivo SiRNA transfection and gene knockdown in 

spinal cord via rapid noninvasive lumbar intrathecal injections in mice. J Vis Exp,  

(2014). 

 

 

 



 
 

CURRICULUM VITAE 

Sara Mohommad Ibrahim 

Education 

2020  Doctor of Philosophy  

  Biochemistry and Molecular Biology, Indiana University, Indianapolis, IN 

2014  Bachelor of Science 

Biology, Indiana University-Purdue University Indianapolis, Indianapolis, 

IN 

Research Experience 

2017-2020 Elucidating the role of miR-21 on Beta cell function and identity 

  Emily K. Sims, Indiana University School of Medicine 

2015-2016 Developing Endothelial Colony Forming Cells (ECFCs) from human 

Induced Pluripotent Stem Cells  

  Mervin Yoder, Indiana University School of Medicine 

2011-2014 Investing the effects of traumatic brain injury (TBI) on the development of 

epilepsy 

 Jinhui Chen, Indiana University School of Medicine 

2010-2016 Developing pipelines for implementing computational biology and 

personalized medicine through a pathway modeling approach 

 Jake Chen, Indiana University-Purdue University Indianapolis 

2009-2010 Correlating the Effects of yeast consumption on inflammatory bowel 

disease (IBD) progression 

 Roberta Patrick, North Central High School 



 
 

Other Experience and Professional Membership 

2018-2020 Endocrine Society 

2019-Present American Physiological Society 

2014-Present American Medical Student Association 

2013-2014 Biological Sciences Associate Editor for the Journal of Young 

Investigators (JYI) 

Honors and Awards 

2019 NIH NRSA F30 Fellowship 

2019 CTSI award 

2019 Annual Biochemistry Symposium certificate of excellence in research 

2019 Annual Diabetes Symposium certificate of excellence in research 

2019 Endocrine Society’s Annual Meeting Outstanding Abstract and Travel 

Award 

2019 IUSM Travel Grant 

2018 DeVault Fellowship 

2014 Chancellor’s Research Award for most outstanding research at IU 

Conference Presentations 

2019 Endocrine Society oral presentation 

2018-2019 Midwest Islet Club Regional meeting poster presentation 

2018 Endocrine Society poster presentation 

2013 National Neurotrauma Society oral presentation 

2013 American Association for Cancer Research poster presentation 

2013 National Conference for Undergraduate Research oral presentation 



 
 

2012  Annual Biomedical Research Conference for Minority Students poster 

presentation 

Teaching Experience 

2010-2014 Research mentor and project leader for high school and undergraduate 

students at the Center for Systems Biology and Personalized Medicine 

2012-2014 Tutor for Genetics Biology K322 

2011 Tutor for Biology K101 in the IUPUI Biology Resource Center 

2011 Recitation leader for Biology K101 

Peer Review Publications 

Sara Ibrahim, Arianna Harris-Kawanoa, Isra Haider, Raghavendra G Mirmira, Emily K 

Sims, Ryan M Anderson. A Novel Cre-Enabled Tetracycline Inducible transgenic system 

for tissue specific cytokine expression in the zebrafish: CETI-PIC3. Disease Models and 

Mechanisms. (2020): Accepted pending minor revisions.  

Sara Ibrahim, Macey Johnson, Farooq Syed, Clarissa Hernandez-Stephens, Rachel 

Moore, Christopher Contreras, Raghavendra G. Mirmira MD PhD, Ryan M. Anderson 

PhD, Emily K. Sims MD. MiR-21 Exacerbates Beta Cell Dysfunction Via Inhibition of 

mRNAs Regulating Beta Cell Identity. Diabetes. (2020): Undergoing revisions for 

resubmission.  

Thanh Minh Nguyen, Syed Aun Muhammad, Jinlei Guo, Sara Ibrahim, Lin Ma, 

Baogang Bai, Bixin Zeng. DeCoSTT: A New Approach in Drug Repurposing from 

Control System Theory. Frontiers in Pharmacology. (2018): Print. 



 
 

Sara Ibrahim, Weipeng Hu, Xiaoting Wang, Xiang Gao, Chnyan He, and Jinhui Chen. 

Traumatic Brain Injury Causes Aberrant Migration of Adult-Born Neurons in the 

Hippocampus. Scientific Reports. (2016): Print.  

Hui Huang, Thanh Nguyen, Sara Ibrahim, Sandeep Shantharam, Zngliang Yue, and 

Jake Chen. DMAP: A Connectivity Map Database to Enable Identification of Novel Drug 

Candidates. BMC Bioinformatics. 16 (2015): Print. 

Hui Huang, Xiaogang Wu, Ragini Pandey, Jiao Li, Guoling Zhao, Sara Ibrahim, and 

Jake Chen (2012). C2Maps: a network pharmacology database with comprehensive 

disease-gene-drug connectivity relationships. BMC Genomics. 13.6 (2012): Print. 

 

 

 

 

 


