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Abstract  

The global type 2 diabetes (T2D) epidemic continues to grow and by 2045, it is estimated 780 

million adults will live with the disease. T2D is characterized by progressive pancreatic b-cell 

failure and loss of b-cell mass due to several pathophysiological factors including increased levels 

of circulating glucose and free fatty acids (FFAs). In fact, the growing prevalence of T2D is 

correlated with rapidly rising obesity rates, especially in low- and middle-income countries. Poor 

nutrition in early life, combined with overnutrition in later life appear to accelerate the T2D 

epidemic in these populations experiencing changing food habits and reduced physical activity. 

The onset of obesity is associated with elevated FFAs which contribute to T2D development by 

promoting insulin resistance, pancreatic β-cell dysfunction, and pancreatic β-cell death. Exposure 

to elevated glucose compounds the toxicity of elevated FFAs, leading to β-cell glucolipotoxicity 

(GLT). GLT is characterized by impaired glucose-stimulated insulin secretion (GSIS), decreased 

insulin gene transcription, attenuation of β-cell-specific transcription factors like PDX1, and 

induction of apoptosis through caspase activation. There are currently no therapeutics which 

address this facet of T2D.  

Phenotypic high-throughput screening (HTS) is a target-agnostic therapeutic discovery 

strategy that strives to preserve the functional cellular context of disease relevant molecular 

pathways. Unlike target-based drug discovery, phenotypic screening is less biased, allowing the 

model system to reveal the target(s) crucial to a disease phenotype. Phenotypic HTS is useful for 

the discovery of novel biological probes and for the repurposing of previously identified drugs to 
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new disease contexts. Phenotypic HTS relies on the design of model system that near accurately 

mimic the clinical manifestation of diseases of interest. 

In this dissertation, I explore the application of phenotypic screening to the discovery of β-cell 

GLT-protective small molecules. After optimizing GLT assays in the INS-1E cell line and 

dissociated human islets, in vivo models of pancreatic β-cells, I screened a total of 20,876 small 

molecules and validated ten compounds which recovered β-cell viability in both human islets and 

INS-1E. These compounds were validated in several secondary screening assays highlighting 

hallmark aspects of GLT including caspase activation, mitochondrial depolarization, calcium 

influx, and decreased expression of β-cell transcription factor Pdx1.  

KD025 was identified as GLT-protective from the phenotypic HTS, and I sought to investigate 

the beta-cell target responsible for its activity. KD025 is a known Rho-associated kinase 2 

(ROCK2) inhibitor and I hypothesized ROCK2 inhibition may mediate its GLT-protectivity. 

Subsequent experiments revealed Rock2 loss did not affect INS-1E viability in GLT-conditions. 

Kinase profiling revealed KD025 had potent casein kinase 2 (CK2) α/α’ activity and lead to the 

validation of CK2α as the mediator of GLT-induced β-cell death. CK2α loss improved INS-1E 

viability in GLT-conditions and CK2α overexpression ablated KD025 GLT-protectivity. RNA-

sequencing analysis additionally revealed KD025 partially reversed the GLT-induced gene 

expression signature, including recovering the expression of several pancreatic β-cell genes and 

reducing the expression of genes involved in hypoxia and the inflammation response.  
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1.1 Glucose Homeostasis: The Who, What, Where, and When 

It is almost lunch time and you are famished. You have skipped breakfast and the echo of a 

wild animal issues from your stomach, compelling a visit to the vending machine for a quick fix. 

Since dinner last night at 10 PM your plasma blood glucose has slowly decreased as your muscles 

and liver absorb the energy source. The α-cells located in the islets of Langerhans of your 

pancreas secrete glucagon in response to the decreasing blood glucose, stimulating a signal 

cascade to prevent blood glucose levels from bottoming out. Glucagon, like insulin, is an 

endocrine hormone released from the pancreas to maintain normoglycemia in the blood. 

Normoglycemia is the basal concentration of glucose available in the blood when in a fasting state 

between meals. In order to prevent blood glucose from crashing and causing hypoglycemia, the 

body utilizes glucagon to stimulate hepatic and renal glucose production (gluconeogenesis) and 

hepatic glucose release (glycogenolysis).1 While these are great temporary sources of glucose, 

they will eventually run out, hence the need replace lost stores with glucose from food.  

 

Figure 1.1.1. Glucose homeostasis mediated by insulin and glucagon. When blood glucose is low, 
glucagon is secreted to increase hepatic glycogenolysis and gluconeogenesis. After eating, blood glucose 
rises and insulin is secreted to trigger glucose uptake in adipose, muscle, and hepatic tissue.  
 



 3 

You have indulged in a chocolate bar and a new signal cascade begins. In your gut, 

enteroendocrine cells release glucagon-like peptide 1 (GLP1) and glucose-dependent 

insulinotropic peptide (GIP), which bind to their receptors on β-cells in your islets of Langerhans 

to stimulate insulin release.1 Glucose, amino acids, and free fatty acids released from digestion 

of the chocolate bar stimulate this GLP1 and GIP release.1 Rapidly rising blood glucose levels 

due to intestinal glucose absorption stimulate glucose uptake from the glucose transporter 2 

(GLUT2) on the β-cell. Once inside, glucose is metabolized to produce ATP, the increased levels 

of which stimulate closure of ATP-sensitive potassium channels. The depolarized β-cell 

membrane then triggers the influx of calcium through voltage-gated calcium channels, resulting 

in the exocytosis of insulin granules and the secretion of insulin into the blood.1 In circulation, 

insulin acts on several organs to stimulate the uptake of glucose from the blood, mitigating the 

onset of hyperglycemia. In the liver, insulin stimulates the uptake of glucose and its conversion 

into its storage form glycogen. Insulin also turns off hepatic gluconeogenesis. In adipose and 

muscle tissue insulin stimulates uptake of glucose through GLUT4. The uptake of glucose in 

adipose tissue leads to the release of leptin, which acts on receptors in the hypothalamus to stop 

food intake and induce satiety.1  

Unfortunately, the insulin released by your β-cells now has a limited effect on hepatic, adipose, 

and muscle glucose absorption. Years of an increasingly sedentary lifestyle has induced weight 

gain and insulin resistance in critical tissues of your body. You are entering a phase known as 

prediabetes and, if left unchecked, will progress to full fledge type 2 diabetes.  

 

1.2 Type 2 Diabetes & Obesity 

In 2016 the World Health Organization (WHO) released a report on the global burden of 

diabetes. Most shockingly, it revealed an estimated 422 million adults were living with a form of 

diabetes in 2014, compared to 108 million in 1980.2 In 2021 the International Diabetes Federation 
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(IDF) updated these estimates and concluded 537 million people have diabetes worldwide and 

this number is expected to exceed 780 million by 2045 (Fig. 1.2.1).3,4 The global prevalence of 

diabetes has nearly doubled in the last three decades, from 4.7% of the adult population to 8.5% 

sounding alarms across the world.2 What is causing this rapid increase in diabetes and what, if 

anything, can be done to slow it down?  

 

 

Figure 1.2.1. Estimates of global prevalence of diabetes in the 20-79 age group. a) The estimated 
number of individuals living with type 2 diabetes has more than tripled since 2000. Data from reference (4). 
b) Estimated total number of adults with diabetes in 2021. Adapted from IDF Diabetes Atlas, 10th Edition 
(2021).  
 
 

Diabetes, as it is commonly known, refers to three separate forms of diabetes mellitus: type 1 

diabetes (T1D), type 2 diabetes (T2D), and gestational diabetes (GDM). All three forms result in 

elevated blood glucose levels known as hyperglycemia. There is a fourth category referred to by 

the WHO and IDF as “other specific types,” and it includes monogenic diabetes that results from 
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a single gene mutation; however, monogenic diabetes is much less common and represents 1.5-

2% of diabetes cases.4  

Type 1 diabetes, previously known as childhood-onset diabetes because it was commonly 

observed to develop in children, is characterized by insulin deficiency due to β-cell loss.2,5 T1D is 

a chronic autoimmune disease, where immune system recognition of insulin producing β-cells 

leads to their targeted destruction. As such, T1D patients are insulin-dependent and must 

constantly monitor their blood glucose levels and appropriately dose themselves with insulin.  

Type 2 diabetes on the other hand is a chronic metabolic disorder resulting in hyperglycemia 

due to impaired insulin secretion, insulin resistance or a combination of both.6,7 T2D is 

characterized by β-cell dysfunction as well as dysregulated carbohydrate, lipid, and protein 

metabolism.7 Therefore, it should be more wholistically considered a metabolic disease, rather 

than an insufficiency of the pancreas. T2D is the most common form of diabetes (representing 

>90% of all cases) and has increasingly become a major global health problem closely linked with 

the growing obesity epidemic.6,7 Unlike T1D, environmental factors like obesity, unhealthy diet, 

and lack of exercise largely contribute to the multiple pathophysiological disturbances that impair 

glucose homeostasis in T2D.7 In recent decades, genome wide association studies (GWAS) have 

revealed genetic factors that contribute to the development of T2D; however, environmental 

factors remain the primary instigator for the development of the disease.8,9 While insulin 

resistance and impaired insulin secretion are the primary defects of T2D, several other 

pathophysiological abnormalities contribute to the dysregulation of glucose metabolism, 

necessitating the use of multiple antidiabetic agents to maintain normal blood glucose levels 

(Figure 1.2.2).7  
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Figure 1.2.2. Multiple pathophysiological disturbances impair glucose homeostasis in type 2 
diabetes. Insulin resistance in the muscle and liver combined with impaired insulin secretion by pancreatic 
β-cells are the main defects contributing to type 2 diabetes. Insulin resistance in fat storing adipocytes 
accelerate fat breakdown (lipolysis) and increases plasma free fatty acid levels. Increased renal glucose 
reabsorption maintains hyperglycemia. Resistance to appetite suppressing hormones (ex. Insulin, leptin, 
GLP1) contribute to weight gain. Inflammation and vascular insulin resistance promote hyperglycemia. 
 
 
To this end, there is still a need to develop medications addressing these abnormalities of T2D, 

including those that enhance insulin sensitivity, prevent pancreatic β-cell failure and prevent or 

reverse microvascular complications.7  

Gestational diabetes occurs during pregnancy and increases the likelihood of developing T2D. 

Blood glucose levels are above normal but below the T2D range and increase the risk of 

pregnancy complications.2 Unlike T1D and T2D diabetes which are often undiagnosed for years 

or diagnosed through patient symptoms like frequent urination, fatigue, or weight loss, GDM is 

identified through prenatal screening only and patients are immediately placed on treatment 

regimens to normalize blood glucose.  

    Type 2 diabetes stands apart from type 1 diabetes and gestational diabetes due its shear 

prevalence. In 2013, over 382 million adults aged 20-70 had T2D and 80% of this group lived in 

low- and middle-income countries.7 From an epidemiological standpoint these data seemed 



 7 

counterintuitive because, as is well documented, T2D is largely due to environmental factors like 

nutritional excess leading to obesity. However, in China and India, prevalence of T2D has 

dramatically increased despite the low prevalence of obesity, revealing the limitations of using 

body mass index (BMI) to define obesity.7,10 Asians have a higher percentage of body fat mass, 

abdominal obesity and less lean muscle, potentially explaining their increased disposition to 

T2D.11 Additionally, poor nutrition in early life, combined with overnutrition in later life appears to 

accelerate the T2D epidemic in populations experiencing changing food habits and reduced 

physical activity.7 In summary, increasing adiposity is the single most important risk factor for T2D 

and research continues to support the conclusion that the rising obesity epidemic, and not genetic 

mutations, explain the increasing prevalence of T2D (Figure 1.2.3).7,12   

 

Figure 1.2.3. Association between body mass index (BMI) and type 2 diabetes. For both men and 
women, risk for T2D increases with increasing BMI. Data obtained from references (7,13,14).  
 
 

T2D is frequently diagnosed based on three parameters: glycated hemoglobin A1c (HbA1c), 

fasting plasma glucose, and two-hour plasma oral glucose tolerance test (OGTT). As shown in 

Table 1.2.4, T2D is characterized by HbA1c ³ 6.5%, fasting plasma glucose ³ 126 mg per dl, and 

two-hour plasma OGTT ³ 200 mg per dl. Also shown in Table 1.2.4 is the condition known as 

prediabetes, wherein a patient shows elevated blood glucose parameters. The overt 
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hyperglycemia observed in T2D is preceded by prediabetes, a high-risk condition which, if left 

untreated, progresses to T2D. Prediabetes is characterized by impaired fasting glucose levels, 

impaired glucose tolerance, and increased HbA1c.7 The annual conversion rate of prediabetics 

to T2D ranges from 3-11%, as such, screening these at risk individuals is crucial because 30-

45% of T2D patients remain undiagnosed.3,7  

 
Table 1.2.4. Type 2 diabetes diagnostic reference values. 
 

Parameters  Normal*  Prediabetes  T2D  

Hemoglobin A1c  <5.7%‡  

<6.0%§  
5.7–6.4%‡  

6.0–6.4%§  
≥6.5%  

Fasting plasma glucose  

<100 mg per dl‡ 
(<5.55 mM)  
 

<110 mg per dl§ 
(<6.11 mM)  

100–125 mg per dl‡  
(5.55–6.94 mM) 
 

110–125 mg per dl§  
(6.22–6.94 mM) 

≥126 mg per dl 
(≥7.0 mM)  

Two-hour plasma OGTT  <140 mg per dl  
(<7.77 mM) 

140–199 mg per dl  
(7.77–11.0 mM) 

≥200 mg per dl 
(≥11.1 mM)  

 
OGTT, oral glucose tolerance test; T2D, type 2 diabetes. *Normal glucose metabolism. ‡American Diabetes 
Association. §World Health Organization.  
 
 

When type 2 diabetes is left unmanaged or undiagnosed complications develop which can 

affect overall health and quality of life. Over time, hyperglycemia can damage the heart, nerves, 

and blood vessels in the eyes and kidneys, leading to increased incidence of heart disease, 

stroke, kidney failure, nerve damage in the feet (neuropathy), and blindness (diabetic 

retinopathy).2 Finally, type 2 diabetes impacts not only patient lives, but the economic output of 

countries.2,15 Current estimates calculate $1.7 trillion USD of global GDP from 2011–2030 will be 

lost due to direct and indirect costs associated with diabetes.2,15  

 

1.3 Type 2 Diabetes Drugs: Diverse Mechanisms of Action 

Therapeutic interventions have been approved for eight of the ten pathophysiological 

disturbance described in Figure 1.2.2 that contribute to impaired glucose homeostasis in T2D; the 
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exceptions are therapeutics targeting inflammation and vascular insulin resistance.7 FDA-

approved antidiabetic therapeutic strategies fall into eight categories: metformin, 

thiazolidinediones (TZDs), sodium/glucose co-transporter 2 (SGLT2) inhibitors, glucagon-like 

peptide 1 receptor agonists (GLP1 RA), dipeptidyl peptidase 4 (DPP4) inhibitors, α-glucosidase 

inhibitors (AGIs), sulfonylureas, and insulin (Table. 1.3.1).7,16  

 
Table 1.3.1. Glycemic efficacy and mechanism of action for current FDA-approved antidiabetic 
agents. 

 

Drugs  Glycemic efficacy 
(HbA1c levels) Mechanism of action  Administration 

Metformin  ↓↓ ↓↓ Hepatic glucose 
production (HGP) Oral 

TZDs ↓↓ ↑↑ Insulin sensitivity  
↑↑ β-cell function  Oral 

SGLT2 inhibitors  ↓↓ ↑↑ Glucosuria  
↓↓ Glucotoxicity  Oral 

GLP1 receptor agonists  ↓↓ ↑↑ Insulin secretion 
↓↓ Glucagon secretion Injection 

DPP4 inhibitors  ↓ ↓ Glucagon secretion 
↑ Insulin secretion Oral 

AGIs  ↓ ↓ Carbohydrate absorption  Oral 

Sulfonylureas  ↓↓ ↑↑ Insulin secretion  Oral 

Insulin  ↓↓ ↓ HGP 
↑ Glucose uptake in muscle  Injection 

 
Number of arrows indicate intensity of response. 
 
 

The small molecule metformin is not itself a drug category. Rather, metformin functions so 

uniquely from all seven other categories and has such an excellent safety profile, it is placed in a 

category of its own. Re-discovered in 1957 by the French physician Jean Sterne, metformin was 

the first small molecule used to treat diabetic hyperglycemia and has become the preferred first-

line oral blood glucose lowering antidiabetic.17 Metformin partially functions by lowering hepatic 

glucose production and in recent years has been shown to decrease cardiovascular risk factors 
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in patients who take it long-term.7,16,17 However, though widely prescribed and heralded as a safe 

drug, molecular validation of metformin cellular targets remains largely unknown and lowering 

hepatic glucose production does not fully explain all its effects.18,19 The primary  site of metformin 

action is thought to be in the mitochondria where it inactivates mitochondrial complex I, however, 

metformin is also known to inhibit enzymes responsible for the breakdown and synthesis of 

glucose, and for the activation of AMP-activated protein kinase (AMPK), whereby it affects lipid 

metabolism.18,19      

Table 1.3.1 reveals the general mechanisms of action for FDA-approved antidiabetic agents. 

These include reducing hepatic glucose production, increasing insulin secretion, decreasing 

glucagon secretion, increasing insulin sensitivity, and increasing muscle glucose absorption. It is 

worth noting that several FDA-approved antidiabetic agents have multiorgan effects and work 

systemwide to regulate plasma glucose concentration. Decreasing glucagon secretion functions 

as a successful plasma glucose lowering strategy because the glucagon hormone increases 

blood glucose concentration as described in section 1.1. The opposing functions of insulin and 

glucagon in modulating plasma blood glucose therefore necessitates controlling both to effectively 

treat T2D.  

In T2D patients with significant insulin resistance, insulin sensitizing agents like TZDs are 

priority. In fact, insulin resistance often precedes the development of T2D by many years, 

impacting the processing of glucose in several tissues.7 TZDs are the only counter to insulin 

resistance in the current antidiabetic toolbox and their efficacy is offset only by the weight-gain 

associated with their use, which tends to decrease patient adherence.7,16 TZDs increase insulin 

action in the liver, adipocytes, and skeletal and cardiac muscles, in addition to improving and 

preserving insulin secretion in β-cells.20–22 The molecular mechanisms of TZDs include stimulation 

of the transcription factor peroxisome proliferator-activator receptor-g (PPARg); coactivation of 

PPARg coactivator 1 (PGC1), which leads to fat oxidation; activation of genes involved in 
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lipogenesis (fat synthesis) and adipocyte proliferation; reduction of plasma levels of free fatty 

acids; reduction of circulating inflammatory cytokines; and stimulation of several enzymes 

involved in glucose metabolism.7,20    

SGLT2 inhibitors by contrast increase weight loss due to the caloric loss of glucose through 

the urine.7 SGLT2 inhibitors work by blocking glucose absorption in the proximal renal tubule, via 

SGLT2, decreasing maximum renal glucose reabsorption capacity and decreasing the threshold 

at which glucose transfers to the urine.7,23–26  

GLP1 RA and DPP4 inhibitors both work to overcome β-cell glucagon-like peptide 1 (GLP1) 

resistance in T2D patients.7,27–29 DPP4 inhibitors extend the half-life of endogenously secreted 

GLP1 by blocking its enzymatic destruction by DPP4.7 However, to significantly reduce HbA1c in 

the background of severe GLP1 resistance, DPP4 inhibitors must be supplemented with GLP1 

RA because they stimulate insulin secretion.7,27 GLP1 RA also have the effect of decreasing 

glucagon secretion, thereby functioning like metformin to decrease hepatic glucose production.7 

Unlike metformin however, GLP1 RA are administered via injections and are the first prescribed 

injectable before insulin in T2D management.16 Due to their HbA1c lowering efficacy SGLT2 

inhibitors and GLP1 RA are often second-line treatments for the management of T2D.29  

AGIs decrease carbohydrate absorption from the intestine by inhibiting a-glucosidase, an 

enzyme that breaks down starch to more easily absorbed carbohydrates.30 AGIs also increase 

GLP1 secreted during meals. The HbA1c lowering capacity of AGIs is similar to DPP4 inhibitors 

but they remain in common use because they have been shown to decrease the conversion from 

prediabetes to T2D and their adverse effects are minimal.7,31  

Sulfonylureas improve insulin secretion and decrease HbA1c, however the HbA1c lowering 

effect is temporary because sulfonylureas have no β-cell protective effect.7 Literature evidence 

even suggests sulfonylureas facilitate β-cell failure in T2D.32 Sulfonylureas act on the regulator 

subunits of ATP-sensitive potassium ion channels present in β-cells causing them to close and 

induce insulin secretion.33   
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Insulin supplementation is the last resort for plasma glucose management in T2D patients and 

is only prescribed once all other antidiabetic agents have failed to normalize HbA1c.7 Insulin 

resistance is often present in these poorly responding patients, requiring large doses of insulin 

daily. However, even in these cases, insulin supplementation is still combined with other 

antidiabetic agents like TZDs, metformin, GLP1 RA, and SGLT2 inhibitors to improve glycemic 

control.7,34–36 

While the current antidiabetic toolkit makes T2D treatment manageable, none of these 

therapeutics target the maintenance of β-cell mass, and in the case of sulfonylureas, some 

accelerate β-cell loss. Therefore, there is a current need to develop therapeutic strategies which 

counter β-cell dysfunction and loss in T2D. 

 

1.4 Mechanisms of β-cell Death: Glucotoxicity, Lipotoxicity, and Glucolipotoxicity 

The earliest detectable abnormality in individuals at risk for developing T2D is insulin 

resistance, however, true T2D does not occur unless β-cells are unable to secrete enough insulin 

to overcome insulin resistance.37–41 Several factors contribute to this β-cell dysfunction and failure 

including insulin resistance itself37,42, aging43–45, genetic abnormalities8,9,46, incretin hormone 

(GLP1, and gastric inhibitory polypeptide (GIP)) resistance and/or deficiency47,48, hypersecretion 

of islet amyloid polypeptide (IAPP)49–52, reactive oxygen stress53–55, inflammation56–59, and lipid or 

glucose dependent lipotoxicity60–63, glucotoxicity32,64, and glucolipotoxicity65–68. In experimental 

models, exposure to elevated levels of lipids (hyperlipidemia), glucose (hyperglycemia), or both 

leads to decreased β-cell mass through activation of β-cell apoptosis. More relevantly, in humans, 

poor diet and obesity are associated with decreased β-cell mass and onset of T2D.   

 
 

β-cells metabolize free fatty acids (FFAs) and glucose to generate ATP, however, unlike 

adipose or muscle cells, excess of both or either can be detrimental, leading to dysfunction and 
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ultimately apoptotic death. In low glucose conditions, β-cells oxidize FFAs, generating ATP and 

acetyl-CoA.69 In high glucose conditions, they metabolize glucose and generate enough ATP to 

depolarize their membranes and induce insulin secretion.1,69 Chronic high glucose conditions 

overwork the insulin production and secretion machinery, stressing β-cells and leading to 

dysfunction. Chronic FFA exposure leads to lipid accumulation, as the growing level of stored 

lipids cannot be quickly detoxified. Chronic high glucose and FFAs leads to diminished lipid 

detoxification as β-cells switch to a glycolytic state to metabolize glucose and secrete insulin.69 

Recent research has focused on the role FFAs play in β-cell dysfunction and the detrimental effect 

of saturated FFAs over unsaturated FFAs.  

It turns out not all FFAs are created equal. Saturated FFAs, found more in animal fats and 

highly processed foods, are difficult to detoxify because they aggregate and form lipid droplets 

within β-cells. Unsaturated FFAs however, are bent due to one or more double bonds in their 

carbon-carbon chain and it is more difficult for these fatty acids to aggregate and form cytoplasmic 

lipid droplets. In β-cells, lipotoxicity and glucolipotoxicity inhibit insulin secretion, decrease insulin 

expression, and decrease expression of β-cell specific transcription factors pancreatic duodenal 

homeobox-1 (PDX1) and MAFA.70,71 Elevated levels of FFA are often observed in obesity because 

of reduced FFA clearance and expanded adipose tissue mass, providing a mechanistic link 

between obesity and the onset of T2D.72    

The induction of apoptosis in β-cells experiencing glucotoxicity, lipotoxicity, or glucolipotoxicity 

occurs via multiple mechanisms, the vast majority of which affect the expression of apoptotic 

genes. Mammalian sterile 20-like kinase 1 (MST1, also known as STK4) for example, is a known 

regulator of β-cell death and dysfunction.73,74 In diabetogenic conditions MST1 activity leads to 

mitochondrial proapoptotic pathway activation and caspase-3 activation. The full activation of 

MST1 is itself dependent on caspase cleavage, allowing MST1 to amplify the apoptotic signaling 

pathway.73 MST1 also phosphorylates PDX1, resulting in its ubiquitination and degradation.73 
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When MST1 is inactivated, β-cell function is restored in vitro and in vivo, validating it as a 

therapeutic target for future drug development.73  

Exposure to elevated glucose or FFA also stimulates the secretion of interleukin-1β (IL-1β) 

from β-cells and intraislet macrophages, activating β-cell apoptosis via inflammation.75 Treating 

patients with a IL-1β deactivating antibody reduces expression of inflammatory markers, improves 

β-cell function, and improves glycemic control.76–78 Toxic oligomers of islet amyloid polypeptide 

(IAPP) in the β-cells of T2D patients activate endoplasmic reticulum (ER) stress and reveals the 

role of impaired clearance of misfolded proteins in β-cell dysfunction.79 This impaired clearance 

leads to a deficiency in ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1), which prevents the 

ubiquitination and degradation of proteins, ultimately compromising β-cell viability.79 Exposure to 

elevated FFA and glucose also generates reactive oxygen species (ROS) in β-cells due to their 

limited anti-oxidative defense mechanisms.80 While short-term ROS increases glucose stimulated 

insulin secretion (GSIS), excessive ROS impairs GSIS.81,82    

In summary β-cell death brought on by glucotoxicity, lipotoxicity, and glucolipotoxicity is 

mediated through several molecular mechanisms, some dependent on internal β-cell triggers and 

some depending on factors produced by other organs and cells. Considering the diverse causes 

of β-cell death in type 2 diabetes, future drug discovery campaigns may benefit from taking a 

phenotypic approach to screening rather than focusing on one specific mechanism of β-cell death 

like ER stress or ROS. Several β-cell models exists which are applicable to the phenotypic 

screening process and include the INS-1 and INS-1E rat insulinoma cell lines, the MIN6 mouse 

insulinoma cell line, the recently developed EndoC-βH1 human β cell line, rat islets, and human 

islets.60,61,63,83  

 
1.5 Pancreatic β-Cell Models 

Phenotypic drug discovery requires model systems that accurately, nor near accurately mimic the 

clinical manifestations of their disease of interest. In comparison to target-based drug discovery 
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methods, phenotypic screening is less biased, allowing the cell system to reveal the target(s) 

crucial to the disease phenotype. To properly utilize this advantage of phenotypic screening, the 

model system used must be biologically relevant, or the resulting hit compounds may not address 

the actual disease. While there are several rodent models of T2D (Table 1.5.1) available for 

investigating the organism wide efficacy of potential antidiabetics, these are not amenable to 

phenotypic screening which requires a more focused look on a phenotype of interest; for example, 

insulin resistance, insulin or hepatic glucose production, β-cell replication, transdifferentiation, or 

death, and more.     

 
Table 1.5.1. Frequently used rodent models of type 2 diabetes. 

Strain or 
Method 

Species Obesity Hyper-
glycaemia 

Insulin 
Resistance 

Hyper-
insulinaemia 

T2D 

Monogenic 
Lepob/ob Mouse ++ + ++ ++ - 

Leprdb/db Mouse ++ + ++ ++ + 

ZDF Rat - + ++ + + 
Polygenic 

C57BL/6J Mouse + - + - - 
C57BL/6N Mouse - + ++ - - 
KK Mouse - + ++ + + 

KK-Ay Mouse + + ++ + + 

NZO Mouse ++ + ++ + + 
TALLYO/Jng Mouse + + ++ + + 

Chemical-induced 
HFD/STZ Mouse, Rat + + + + + 

 
-, absent; +, mild; ++, severe. Lepob/ob: mouse model with mutation in leptin. Leprdb/db: mouse model deficient 
in the leptin receptor. ZDF: a strain of Zucker Fatty rats with severe insulin resistance. C57BL/6J: diet-
induced obesity (DIO) model. C57BL/6N: diet-induced obesity (DIO) model. KK: model spontaneously 
develops diabetic characteristics. KK-Ay: KK mice crossed with yellow obese gene (Ay). NZO: New Zealand 
obese mouse. TALLYO/Jng: spontaneously develop T2D. HFD/STZ: high-fat diet/streptozotocin-treated. 
Adapted from source: Fang J-Y et al. (84).  
 

Several in vitro models have also been developed which enable focus on the pancreatic β-cell 

and while these cell lines do not perfectly mimic primary β-cell physiology, they still serve as value 
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tools to study the molecular biology governing β-cell function, dysfunction, and death (Table 

1.5.2). Insulinoma-derived cell lines have the advantage of unlimited growth in tissue culture, 

however, for many there is a vast difference in their glucose stimulated insulin secretion (GSIS) 

compared to primary β-cells.85 Beta-hyperplastic islet-derived cells (βHC) and EndoC-βH1  were 

derived from SV40 transformed preneoplastic  islets and fetal pancreas respectively.86,87 Rat 

insulinoma (RINm, RINm5F, RINr), insulinoma cell line (INS-1), and Cambridge rat insulinoma-

G1 (CRI-G1) cell lines were generated from irradiated cells.86,88–90 The βTC1 cell line does not 

secret insulin in response to glucose, though it does produce insulin.91 βHC-9, BRIN-BD11, MIN6, 

INS-1, and EndoC-βH1 on the other hand all have normal GSIS and insulin content.83,85,87,89,92–94 

The INS-1E cell line is a clonal derivative of the nonclonal INS-1 cell line and can be stably 

cultured over extended periods (40-100 passages) while maintaining GSIS similar to rat islets.95 

RINm5F and RINr cells were both reported to have abnormal glucose transport and 

phosphorylation and both exhibit abnormal sensitivity to glucose.96 The INS-1 and INS-1E cell 

lines exhibit several important characteristics of the β-cell including high insulin content (20% of 

normal rat β-cells) and responsiveness to glucose in the physiological range.89,95 The MIN6 cell 

line originates from a transgenic C57Bl/6 mouse insulinoma expressing an insulin-promoter/t-

antigen construct.93 It has been observed that MIN6 cells can randomly lose GSIS.  
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Table 1.5.2. In vitro models of pancreatic β-cells. 
 

Cell line Cell origin Species Methods Advantages Disadvantages References 
βHC  Hyperplastic 

islets  
Mouse  SV40 T-

antigen  
Normal GSIS Only clone 9 

(βHC9) responds 
to glucose 
stimulation.  

86,92 

βTC1  Insulinoma  Mouse  SV40 T-
antigen  

- No GSIS 91 

MIN6  Insulinoma  Mouse  SV40 T-
antigen  

Normal GSIS Needs 
nicotinamide to 
be responsive to 
glucose.  

88,93 

BRIN- 
BD11  

Insulinoma 
and normal 
β-cells  

Rat  Electrofusion 
derived  

Near normal 
GSIS 

- 94 

CRI-G1  Insulinoma  Rat  Radiation 
induced  

- No GSIS 90 

INS-1  
INS-1E 

Insulinoma  Rat  Radiation 
induced  

Normal GSIS. 
Relatively high 
insulin 
content.  

Require βME in 
culture medium.  

89,95 

RINm  Insulinoma  Rat  Radiation 
induced  

- No GSIS 97 

RINm5F  Insulinoma  Rat  Radiation 
induced  

- Inadequate 
sensitivity to 
glucose.  

96–98 

RINr  Insulinoma  Rat  Radiation 
induced  

- Inadequate 
sensitivity to 
glucose.  

97,98 

EndoC-
βH1 

Fetal 
pancreas  

Human  SV40LT, 
hTERT 

Normal GSIS. 
High insulin 
content. 

Difficult to culture 
and slow growth 

83,87 

 
Glucose-stimulated insulin secretion (GSIS). β-mercaptoethanol (βME). EndoC-βH1 is the only extensively 
validated immortal human β-cell line. Adopted from Skelin M. et al. (85). 
 

In addition to immortalized cell lines, primary β-cells can be obtained from rats, mice and human 

donors. Mouse, rat, and human donor islets are untransformed, glucose responsive, insulin 

secreting cells. They can be used to study β-cells in the most near-native environment outside of 

a living organism and experience limited gene-expression changes when cultured ex-vivo for a 

short period time (<7 days).99–101 There are however limitations to using isolated islets, including 
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limited availability, especially for human islets, inability to be expanded to generate more cells, 

variability, especially between human donors, limited experimental handling before onset of 

dysfunction, limited transfection efficiency, and limited gene-editing efficiency. Due to the fragile 

nature of these cells, long-term experiments requiring more than a week, for example stable 

transfections or gene editing, are difficult to execute without risking dedifferentiation of islet cell 

populations. Additionally, due to the diverse cell types contained in an islet, specific focus on β-

cell function requires multiplexed approaches to identify and isolate β-cells. My own work has 

shown that the high zinc content of β-cells enables the use of zinc-activated fluorophores like DA-

ZP1 to identify, sort, and enrich β-cells from islet samples and differentiated β-like cells. (Appendix 

1 & 2).  

 

1.6 Phenotypic Screening & Lead Discovery 

Equipped with an adequate model system or cell line, phenotypic high-throughput screening 

(HTS) can be a valuable strategy to probe the molecular mechanisms of complex phenotypes. 

This approach has been utilized in the pharmaceutical industry for years to generate candidate 

entities for therapeutic discovery and can be applied to the screening of small molecules, 

peptides, and even genes through overexpression, knockdown, and CRISPR-Cas9 mediated 

knockout.102–105 For years, the connection between mechanistic knowledge and physiological 

effects was absent for prescribed therapeutics. Many novel drugs like insulin, penicillin, and 

aspirin were given to patients without knowledge of how they worked. What was known about 

these drugs was what physicians observed: phenotypic changes in treated patients like 

decreased glucose content in urine, reduced fever in septicemic shock patients, or reduced 

pain.106 Case in point, metformin, the first-line therapeutic for T2D treatment is not much removed 

from a medieval herbal remedy. Even today, the complete elucidation of the specific molecular 

mechanisms which govern metformin action in the body has yet to be achieved.  
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In addition to an appropriate model system, the success of HTS phenotypic screening also 

depends on the availability of large libraries, be these small molecules or pooled CRISPR-Cas9 

lentiviruses. In this case more is actually more, and considerable effort has been spent by 

pharmaceutical companies to generate small molecule libraries containing compounds in the 

millions and tens of millions. Screening such large libraries of small molecules has required 

developments in robotics and liquid handling to automize the entire process and computational 

capacity, to analyze the results. When selecting a small molecule library for phenotypic screening, 

consideration should be given to the quality metrics used to generate the library. That is, have 

small molecules with problematic functionalities been removed (i.e. Pan Assay Interference 

Compounds (PAINS) or nuisance compounds)?107,108 Have compounds with low aqueous 

solubility been removed (i.e. molecules breaking Lipinski’s rule of five: molecule with a molecular 

mass ≤ 500 Da, ≤ 5 hydrogen bond donors, ≤ 10 hydrogen bond acceptors, and an octanol–water 

partition coefficient log P ≤ 5)?106,109,110 Is the library enriched in biologically active small molecules 

(i.e. Has an analysis like Cell Painting been performed to enrich for compounds with biological 

activity?)?)111,112 Is the library chemically diverse as classified by the four components of structural 

diversity (i.e. appendage diversity, functional group diversity, stereochemical diversity, scaffold 

diversity)?113 If these quality metrics have been verified, the library is of higher quality and is more 

likely to generate relevant hit compounds.  

 

The Broad Institute of Harvard and MIT has expended considerable effort to generate libraries 

meeting such quality benchmarks, and in fact was among the first to pioneer multiplexed assays 

like Cell Painting to quickly screen small molecule libraries for morphological activity in cells.112 

The Diversity-oriented synthesis (DOS) library at the Broad Institute contains ≥10,000 compounds 

varying in stereochemistry, scaffolds, and functional groups. It was generated using DOS, which 

increases the diversity of compounds generated from a common set of chemical reactions by 
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utilizing a combination of reagent-based and substrate-based strategies (Figure 1.6.1).113 The 

Broad Institute also has developed a next-generation drug library and information resource known 

as the Drug Repurposing Hub which consists of 4,707 hand-curated compounds annotated with 

their literature-reported targets.114 The collection includes 3,422 drugs tested in human trials or 

marketed around the world and makes biologically active, annotated small molecules available 

for screening. Drug repurposing, that is, taking a therapeutic for a specific disease and applying 

to another is much cheaper than de novo drug development because much of the work profiling 

the small molecules of interest have already been done.114 The Broad Institute libraries are 

therefore perfect for phenotypic high-throughput screening to identify small-molecule inhibitors of 

β-cell glucolipotoxicity. 

 

 

Figure 1.6.1: Schematic of Diversity-oriented synthesis (DOS) strategy. To maximize the four 
components of structural diversity DOS utilizes reagent-based and substrate-based strategies. The 
reagent-based strategy uses a common starting material and different chemical reagents to generate 
diversity. The substrate-based strategy uses different starting materials and common reaction conditions.  
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1.7 Dissertation Outline 

The following chapters detail my efforts to identify small molecules that confer protection against 

the glucolipotoxic response in β-cells. 

• Chapter 2 describes the optimization of the glucolipotoxicity assay in INS-1E cells and the 

development of secondary assays to validate and interrogate the efficacy of hit 

compounds.  

• Chapter 3 summarizes the results of the primary screen in INS-1E and subsequent 

validation in human islets.  

• Chapter 4 details efforts to identify the target of the primary screen hit KD025.  

• Chapter 5 summarizes the findings of my dissertation and discusses future experimental 

directions.    
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2.1 Abstract 

This chapter details the optimization of a high-throughput glucolipotoxicity (GLT) assay in INS-1E 

cells and human islets, with the aim of generating optimal Z’-scores for high-throughput 

phenotypic screening. Also described are secondary assays used to validate GLT primary screen 

hits. These include detection of INS-1E viability using CellTiter-Glo and detection of apoptosis 

using Caspase Glo; development of a high-content fluorescent microscopy (HCFM) method to 

quantify INS-1E cell number and percent viability; and quantification of percent C-peptide positive 

cells in dissociated human islets treated with GLT media. Three assays are also described that 

were developed to further probe the effects of validated screen hits on GLT-treated INS-1E heath. 

The first is a flow cytometry method for detecting mitochondrial depolarization in GLT-treated INS-

1E, the second is a fluorescent method for detecting calcium influx in GLT-treated INS-1E, and 

the third is quantification of Pdx1 expression in INS-1E cells using qPCR.  
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2.2 Optimizing Glucolipotoxicity-Assay for High-Throughput Screening  

To model the gradual loss of β-cell mass in obese type 2 diabetic patients exposed to chronic 

hyperglycemia and hyperlipidemia, I sought to design a high glucose, high palmitate media 

formulation for the INS-1E rat insulinoma cell line. This media formulation when chronically 

applied to INS-1E cells should result in significant amounts of cell death which could be detected 

using a viability measuring reagent. INS-1E was selected as the cell line of choice due to its easy 

culturing method, moderately fast growth rate (~36 hour doubling time), and literature evidence 

that it was susceptible to high glucose, high palmitate-induced cell death, unlike MIN6 cells.1 

Preliminary experiments I carried out using MIN6 showed there was no glucose-dependent 

decrease in viability in the presence of excess FFA (Figure 2.2.1). 

 

 

Figure 2.2.1. MIN6 cells do not exhibit glucolipotoxicity. a) MIN6 treated with increasing concentrations 
of glucose in a constant background of 0.5mM palmitate. Increasing glucose concentration does not 
decrease MIN6 viability, indicating the absence of the glucolipotoxic response. Cell viability determined 
using CellTiter-Glo. Statistical significance was evaluated using an unpaired, one-tailed t-test. Ns: not 
significant. (*, P < 0.0001). 
 

For high-throughput screening, I chose a 384-well plate format and CellTiter-Glo as the viability 

detection reagent. CellTiter-Glo (Promega) is a cell lysing reagent which becomes luminescent 

upon ATP-dependent cleavage of luciferin and is widely used in the literature to assess cell 

viability.2–4 Consistent with common practice in the field, I aimed to design an assay which 
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generated a Z’-factor greater than 0.5 for individual 384-well plates. The Z’-factor equation is 

illustrated below:  

 

Z'-factor = 1– 
3σc++ 3σc-

μc+– μc-
 

 
Sigma (σ) signifies standard deviation and Mu (μ) signifies average. Subscripts c+ and c- refer to 

the positive and negative control conditions respectively. As such, the Z’-factor is a ratio of the 

sum of three standard deviations of the positive and negative controls and the difference of the 

averages of the positive and negative controls subtracted from one. In more relevant terms, this 

equation indicates how well separated the positive and negative control populations are from each 

other. Z’-factors less than 0.5 indicate there is significant overlap of the positive and negative 

control populations. Z’-factors greater than 0.5 indicate there is limited to no overlap of the positive 

and negative control populations. For high-throughput screening purposes, limited to no overlap 

of the positive and negative control populations decreases the prevalence of false positives and 

negatives, and increases the ability to differentiate hit compounds from the negative control (Fig. 

2.2.2).     

 

 

Figure 2.2.2. Visual representation of Z’-factor. Z’-factors greater than 0.5 indicate increased assay 
dynamic range. σc-: standard deviation of negative control. σc+: standard deviation of positive control. μc-: 
average of negative control. μc+: average of positive control. 
 

To select the appropriate glucolipotoxicity (GLT) media formulation, I referred to the literature, 

where several formulations for INS-1E and other β-cell lines were described.5–7 Chronic GLT 
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exposure was frequently modeled by treatments periods greater than or equal to 24 hours and 

palmitate was consistently used as the lipid source. Additionally, basal INS-1E media contains 

RPM1 1640 with 11mM glucose. Therefore, GLT media with elevated glucose would require 

concentrations in excess of 11mM. With these criteria in mind, I developed an INS-1E GLT media 

formulation beginning with 48-hour incubation. INS-1E cells were plated 5,000 cells/well in 384-

well plate format to achieve ~60% confluency at 24 hour and ~90% confluency at 48hrs. 

Optimization revealed that while elevated glucose alone (16-30mM) did not significantly contribute 

to INS-1E cell death, elevated palmitate (0.25-0.5mM) significantly decreased viability (Fig. 

2.2.3a-b). Glucose dependent decrease in viability was observed only in the presence of 0.5mM 

palmitate, whereby a glucose concentration of 30mM induced the greatest decrease in INS-1E 

viability (Fig. 2.2.3c).  

 

 

Figure 2.2.3. Optimization of INS-1E GLT media conditions. INS-1E cells were plated in 384-well plate 
format (5,000 cells/well) and treated with varying GLT media formulations for 48 hours. Percent viability 
detected using CellTiter-Glo. a) INS-1E viability is unaffected by increasing levels of glucose alone. b) INS-
1E viability is decreased with elevated levels of palmitate at basal glucose concentration. c) INS-1E viability 
decreased with elevated levels of glucose in the presence of 0.5mM palmitate. Statistical significance was 
evaluated using an unpaired, one-tailed t-test (*, P < 0.0001).  
 

The final optimization step was to determine whether incubation time affected the performance of 

the GLT media formulation. I chose GLT media comprised of 25mM glucose and 0.5mM palmitate 

as this decreased viability ~50%. I reasoned, decreases in viability greater than 50% would 
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present a potentially insurmountable challenge to compounds facing an overwhelming cascade 

of cell death. The results indicated that 48-hour GLT incubation produced the highest Z’-factor in 

384-well plate format (Fig. 2.2.4a). Thus, the final high-throughput screening conditions were 

identified: 48 hour incubation of INS-1E cells with 0.5mM sodium palmitate and 25mM glucose. 

INS-1E cells were plated 5,000 cells/well, left to rest for 24 hours in basal media before basal 

media was removed and GLT media added (Fig. 2.2.4b).     

 

  

Figure 2.2.4. Effect of GLT incubation time on Z’-factor. a) INS-1E incubated with 0.5mM sodium 
palmitate and 25mM glucose in 384-well plate format for 48-hours produced the greatest Z’-factor value. 
Z’: Z’-factor. CV: Co-efficient-of-variance. b) Schematic outline of GLT screen in INS-1E. Statistical 
significance was evaluated using an unpaired, one-tailed t-test (****, P < 0.0001). 
 

2.3 Methods for Assaying Cell Viability in Glucolipotoxic Conditions 

CellTiter-Glo 

CellTiter-Glo (CTG) was used to assess cell viability in the primary and secondary screens. The 

CTG reagent (Promega) comprises of cell lysing detergent, a proprietary luciferase enzyme, and 

luciferin, the enzyme substrate. The luciferase enzyme consumes ATP to decarboxylate luciferin 

and generate the reaction product, oxyluciferin, a luminescent compound. The luminescence of 

oxyluciferin can be quantified using a plate reader. Because CTG lyses cells, it cannot be used 

as a beginning or intermediate step in multiplexed assays. One limitation of the CTG reagent is 
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the direct correlation of cellular ATP levels and luminescent signal. If cellular ATP levels change 

without an actual increase in cell number, CTG will detect the increase in ATP concentration and 

produce increased luminescence not corresponding to increase in cell viability. It is for this reason 

the high-content fluorescent microscopy assay (HCFM) was developed and is further described 

in section 2.3c.   

Caspase Glo 

Caspase Glo (Promega) was used to assess caspase-3/7 activation in the secondary screen. 

Caspase-3 and caspase-7 are members of the caspase family of cysteine proteases. The 

caspase family is activated in response to various cell death stimuli and help execute a 

programmed cell death known as apoptosis.8 Caspase-3 and caspase-7 are the effector caspases 

responsible for the apoptotic cleavage of cellular proteins. Though not functionally redundant, 

caspase-3 and caspase-7 both cleave the synthetic DEVD-aminoluciferin substrate of the 

Caspase Glo reagent. Therefore, when GLT-induced apoptosis is activated in INS-1E cells, 

activated caspase-3/7 cleave the DEVD-aminoluciferin substrate to generate a luciferin derivate 

that can be cleaved by a proprietary luciferase to generate a luminescent signal. This luminescent 

signal can be detected using a plate reader. Once hit compounds were identified from the primary 

screen, we retested these compounds in 4-point dose, quantifying both viability and caspase 

activation with CTG and Caspase Glo respectively. Caspase Glo provided complementary data 

on the performance of hit compounds by indicating whether observed increases in CTG 

luminescence corresponded to decreases in caspase-3/7 activity, and therefore decrease in 

apoptosis induction. Figure 2.3.1 shows that all previously tested GLT media formulations 

increased caspase activation in INS-1E.  
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Figure 2.3.1: Optimizing Caspase Glo Assay. INS-1E cells were plated in 384-well plate format (5,000 
cells/well) and treated with varying GLT media formulations for 48 hours. Percent viability detected using 
Caspase Glo. a) Increasing glucose concentration increases caspase activation. b) Caspase activation 
increased with elevated levels of palmitate at basal glucose concentration. c) Caspase activation increased 
in the presence of 0.5mM palmitate and elevated glucose levels. Statistical significance was evaluated 
using an unpaired, one-tailed t-test (*, P < 0.0001). 
 

High-Content Fluorescence Microscopy  
 
The high-content fluorescent microscopy (HCFM) assay was developed to quantify cell viability 

and caspase activation more accurately in INS-1E. When secondary screen hit compound 

apitolisib showed potent anti-GLT activity using CellTiter-Glo and Caspase Glo, I further 

attempted to quantify how much viability was improved by the compound using nuclear staining. 

Using nuclear stain Hoechst 33342, I discovered, that although apitolisib appeared to increase 

INS-1E viability in GLT conditions using CellTiter-Glo, the increase in luminescence did not 

correspond to an increase in cell number (Fig. 2.3.2). In fact, apitolisib did not increase cell 

numbers to levels suggested by the CellTiter-Glo reagent. I therefore concluded that apitolisib 

was altering ATP concentration in INS-1E cells instead of protecting against GLT. It is interesting 

to note, that the decrease in caspase activation detected using Caspase Glo was also detected 

using the HCFM assay, suggesting that apitolisib may be able to mitigate some aspects of 

caspase-3/7 activation (Fig. 2.3.2b & c).    

 



 40 

 

Figure 2.3.2: Comparing the HCFM and CellTiter-Glo/Caspase Glo Viability Assays. a) INS-1E viability 
detected CellTiter-Glo. b) Caspase-3/7 activation in INS-1E detected using Caspase Glo. c) Quantification 
of live cell number in INS-1E treated with apitolsib in GLT conditions using HCFM assay nuclear staining. 
d) Quantification of percent viability using HCFM assay. Statistical significance was evaluated using an 
unpaired, one-tailed t-test for each compound compared to DMSO. (*, P < 0.05; ***, P < 0.001; ****, P < 
0.0001). 
 
 
The HCFM assay comprises of three fluorescent dyes: 1) nuclear stain Hoechst 33342, 2) live 

cell impermeable DRAQ7, and 3) caspase-3/7 activated CellEvent™ Caspase-3/7 (Fig. 2.3.3). In 

conjunction, these three dyes can be used to quantify cell number and cell viability. Hoechst 

33342 is a well-known nuclear stain used to identify cells in fluorescent microscopy.9,10 DRAQ7 is 

a recently developed live cell impermeable nuclear stain used to quantify dead cells.11–13 The 

compromised cell membranes of dead cells allows DRAQ7 to bind to nuclear DNA. CellEvent™ 

Caspase-3/7, like Caspase Glo is cleaved by caspase-3/7 to produce a fluorescent compound 

which can be used to quantify caspase activation in cells.14,15 Analysis of the images collected 

using the HCFM assay is simplified by the absence of emission spectra overlap between the three 
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fluorescent dyes. Hoechst 33342 has a maximum emission at 461nm. DRAQ7 has a maximum 

emission at 678-697nm. CellEvent™ Caspase-3/7 has a maximum emission at 530nm. Total cell 

number was quantified using Hoechst to count cell nuclei. Live cell number was quantified by 

selecting the population of cell nuclei negative for the DRAQ7 and Caspase-3/7 dyes. Percent 

viability was therefore calculated by dividing the total number of cells by the number of cells 

without DRAQ7 and Caspase-3/7 staining.   

 

 

Figure 2.3.3. HCFM Assay Example Images. Images taken in 10x on Operetta Phenix. White bar indicates 
100μm. Top row: INS-1E treated with basal media. Bottom row: INS-1E treated with GLT media for 48 
hours. Harmony software is used to analyze images. Scale bar: 100μM.  
 

Dissociated Human Islets 

Screen hits validated using secondary assays were then tested in dissociated human islets to 

ascertain whether they retained their anti-GLT activity. This required the optimization of the GLT 

assay in dissociated human islets and a method for quantifying β-cell viability in the mixed 

endocrine and exocrine population of dissociated islets. Unfortunately, the HCFM assay using 

DRAQ7 and CellEvent™ Caspase-3/7 failed to work in dissociated human islets. These dyes did 

not remain in dissociated human islet samples after fixation, permeabilization, and C-peptide 



 42 

staining. However, using C-peptide staining and Hoechst 33342, I was able to quantify β-cell 

number in islet samples. I reasoned islet β-cell number should decrease with GLT treatment and 

used C-peptide positive cells to quantify β-cell abundance in sample wells. C-peptide can be used 

as an alternative insulin detection/quantification method. When preproinsulin, translated from 

insulin mRNA, is cleaved into mature insulin it losses a signal peptide and its C-peptide domain.16 

Therefore, there is a stoichiometric equivalence of C-peptide and mature insulin within β-cells and 

C-peptide can be used as an alternate insulin detection marker.17 Using C-peptide quantification, 

I tested 25mM glucose and 0.5mM sodium palmitate in human islets for both 48-hour incubation 

and 120-hour (5-day) incubation. 5-day incubation was tested to mimic a more chronic GLT 

exposure as that experienced by obese type 2 diabetic patients. Prior experiments in our lab had 

indicated a weeklong culture of dissociated islets would not affect sample viability. With 25mM 

glucose and 0.5mM palmitate, I detected no significant decrease in C-peptide positive cells (Fig. 

2.3.4a).  

 

 

Figure 2.3.4. GLT Assay optimization in human islets. Dissociated human islets plated 5,000 cells/well. 
a) Human islets treated with 25mM glucose and 0.5mM sodium palmitate (NaPal) for 48 and 120 hours. b) 
Human islets treated with 30mM glucose and 1mM sodium palmitate for 48 and 120 hours. Statistical 
significance was evaluated using an unpaired, one-tailed t-test for each compound compared to DMSO. 
(****, P < 0.0001). 
 

Therefore, I increased the concentration of glucose and sodium palmitate to 30mM and 1mM 

respectively. I found that 30mM glucose and 1mM sodium palmitate significantly decreased C-
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peptide number in dissociated human islets treated for 48 and 120 hours (Fig. 2.3.4b). Since 48-

hour incubation performed as well as 120-hour incubation, this timepoint was used for future 

human islet GLT studies. Subsequent analysis of human islets treated with GLT utilized a 

normalized percent C-peptide quantification, where percent C-peptide positive cells was 

calculated for each sample and then normalized to basal control. Normalized percent C-peptide 

also decreased with 48-hour incubation (Fig. 2.3.5). 

 

 

Figure 2.3.5. Normalized percent C-peptide in human islets. a) Human islets treated with 30mM glucose 
and 1mM sodium palmitate for 48 hours. b) Representative images of dissociated human islets stained for 
C-peptide. Scale bar: 100μM. Statistical significance was evaluated using an unpaired, one-tailed t-test for 
each compound compared to basal treatment. (****, P < 0.0001). 
 

2.4 Methods for Assaying β-Cell Functionality in Glucolipotoxic Conditions 

Detecting Mitochondrial Depolarization 

Though viability was a sufficient means of identifying GLT-protective compounds, investigating 

how these compounds affected other markers of GLT was an attractive avenue for probing 

compound mechanism of action. Mitochondrial depolarization is a known marker of β-cell GLT 

and the JC-1 dye has frequently been used to detect and quantify this depolarization.18,19 JC-1 

accumulates in functional, polarized mitochondria and emits a 1:1 ratio of Red:Green 

fluorescence. When mitochondrial depolarization occurs, JC-1 leaks from mitochondrial and a 

decrease in red fluorescence occurs. Thus in depolarized mitochondria the Red:Green 

fluorescence will decrease. I first attempted to detect mitochondrial depolarization in INS-1E cells 
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using 15.3μM JC-1 and high-content confocal microscopy, however, I could observe no induction 

of mitochondrial depolarization with two-hour valinomycin treatment. Valinomycin is a known 

mitochondrial depolarizing agent.20  I therefore tried using flow cytometry to quantify the 

Red:Green fluorescence of JC-1 in valinomycin treated INS-1E cells and observed a decreased 

Red:Green ratio (Fig. 2.4.1). This Red:Green ratio decrease was not observed in basal treated 

INS-1E (Fig. 2.4.1). Applying this flow cytometry to INS-1E treated with GLT for 48 hours, I 

detected decreased Red:Green ratio. Therefore, this flow cytometry method was used to 

interrogate HCFM-validated GLT-protective compounds.  

 

 

Figure 2.4.1 
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Figure 2.4.1 (Continued). Detecting mitochondrial depolarization detection via flowcytometry. a) – 
c) Gating used for basal, valinomycin, and GLT treated INS-1E cells. b) Valinomycin is used as a positive 
control to induce mitochondrial depolarization (decrease in JC-1 Red:Green ratio). c) GLT treatment 
induces mitochondrial depolarization in INS-1E (i.e. decrease in JC-1 Red:Green ratio). PE-A: red 
fluorescence. FITC-A: green fluorescence.  
 

Detecting Calcium Flux 

Increased calcium influx is a well-known marker of β-cell dysfunction, and more recently GLT-

induced β-cell dysfunction.7,21,22 I therefore sought to develop an assay to detect calcium influx in 

INS-1E cells treated with GLT. The calcium 6 dye is a proprietary compound developed by 

Molecular Devices which binds to intracellular calcium to generate a fluorescent signal.23 The dye 

is most frequently used in the Fluorescent Imaging Plate Reader (FLIPR) to quantify calcium 

content in cells. The FLIPR instrument provides continual calcium flux data for samples over 

variable periods of time, however required multiple wash steps to image cells. Previous 

optimization efforts of the HCFM assay had shown that wash steps greatly reduced cell number 

remaining in GLT-treated samples. Therefore, I opted not to use the FLIPR instrument to image 

calcium 6, but the Operetta Phenix high-content microscope. Using the Phenix, I imaged INS-1E 

cells treated with GLT media for 48 hours incubated with calcium 6 for 1 hour. PerkinElmer 

Harmony software was then used to analyze green fluorescence of activated calcium 6 dye. 

Completed analysis revealed that 48-hour GLT exposure increased green fluorescence and 

therefore calcium content of INS-1E cells (Fig. 2.4.2). 

 

 

Figure 2.4.2. Detecting calcium flux in INS-1E. GLT treatment increases fluorescent intensity of GLT-
treated INS-1E incubated with calcium 6 dye. Statistical significance was evaluated using an unpaired, one-
tailed t-test for each compound compared to basal treatment. (****, P < 0.0001) 
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Glucose Stimulated Insulin Secretion 

Detecting glucose stimulated insulin secretion (GSIS) remains the gold standard for assessing β-

cell functionality in response to stress or drug treatment. While insulin secretion is usually 

detected by ELISA, the Wagner laboratory previously developed an INS-1E cell line co-secreting 

Gaussia luciferase with insulin.24 Insulin is secreted at a 1:1 ratio with Gaussia luciferase in this 

cell line, allowing insulin secretion to be detected by quantifying luciferase activity using the 

coelenterazine substrate (NanoLight).24 While efforts were made utilize this cell line to investigate 

the effect of GLT on insulin secretion, validated GLT-protective compounds like anandamide or 

neratinib did not perform as positive controls to restore diminished insulin secretion.6,25 Believing 

this was an issue with lack of normalization across conditions, attempts were made to normalize 

luminescence to cell number. However, I found that GLT-treated INS-1E easily washed away 

from plate surfaces, preventing the quantification of cell number by microscopy and resulting in 

inconsistent glucose-stimulated luciferase secretion (GSLS) results. Thus, viability was the 

primary metric utilized to validate primary screen hits. To supplement the lack of a GSIS assay, I 

also investigated whether compounds recovered the expression of Pdx1 in GLT-treated INS-1E 

cells. Pdx1 is a β-cell specific transcription factor and its expression is known to decrease with 

GLT treatment.26 I was able to confirm this decrease in GLT-treated INS-1E and utilized this to 

validate screen hits (Figure 2.4.3).  
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Figure 2.4.3. GLT decreases Pdx1 expression in INS-1E. 32-hours GLT treatment. and AT-9283. 
Statistical significance was evaluated using an unpaired, one-tailed t-test for each compound compared to 
GLT alone. (#, P < 0.0001) 
 

2.5 Methods 

Cell culture. INS-1E cells (generously provided by Claes Wollheim and Pierre Maechler, 

University of Geneva, Switzerland) cultured in RPMI 1640 supplemented with 10% FBS, 1% 

Pen/Strep, 1% sodium pyruvate, and 50 μM b-mercaptoethanol. Cells were maintained in flasks 

precoated with diluted supernatant (1:10) from the rat 804G cell line (804G matrix). 804G cells 

are a rat cancer cell line known to secrete a laminin-5 rich extracellular matrix. 804G cells were a 

generous gift of Susan Bonner-Weir Lab, Joslin Diabetes Center. GLT media for INS-1E consisted 

of RPMI 1640 supplemented with 1% FBS, 1% Pen/Strep, 1% fatty acid free BSA, 50 μM b-

mercaptoethanol, 25 mM glucose, and 0.5 mM sodium palmitate. Sodium palmitate was dissolved 

in warmed 4% BSA in PBS before being added to RPMI 1650.  

 

High-throughput screening. INS-1E cells were plated at 5,000 cells/well in 384-well plates 

pretreated with supernatant from 804G cells. After 24 hours in regular media conditions, media 

was removed from and GLT media was added at 35 μL/well. Following 48-hour incubation in GLT 

media CellTiter-Glo (Promega) diluted 1:3 in PBS was added. Viability (luminescence) was 

quantified using an Envision plate reader (PerkinElmer). A 3-σ (z-score ³ 3) cut off was used to 
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identify hit compounds from the primary screen.  Caspase-3/7 activity was quantified using 

Caspase Glo (Promega). Briefly, Caspase Glo was added at 1:1 ratio to wells, plates incubated 

for one hour at room temperature, then luminescence quantified using an Envision plate reader 

(PerkinElmer). 

 

Human islets. Islets obtained from the Integrated Islet Distribution Program (IIDP) and Prodo 

Laboratories, and cultured in CMRL 1066 supplemented with 10% FBS, 1% Pen/Strep, and 2 mM 

GlutaMAX. Islets were washed with PBS, incubated with acutase for 20 minutes at 37°C, and cell 

culture media added to terminate enzymatic dissociation. Cells were then strained, counted and 

plated on flasks pre-treated with conditioned media from the human bladder carcinoma cell line 

HTB-927. GLT media for human islets consisted of CMRL 1066 supplemented with 1% fatty acid 

free BSA, 1% FBS, 30 mM glucose and 1 mM sodium palmitate.  

 

 

Z’ and z-score calculations. Z’ factor was calculated as previously described using Genedata 

Screening software (Genedata)28. z-score was calculated using Genedata Screener software 

(Genedata).  

 

Microscopy.  

High-Content Fluorescent Microscopy (HCFM) Assay: Live INS-1E cells were stained with 

Hoechst 33342, CellEvent™ Caspase-3/7, and DRAQ7 all at 1:5000 dilution for 1.5 hours. Cells 

imaged at the magnification 5X and 10X using an Opera Phenix High-Content Imaging Instrument 

(PerkinElmer). Caspase-negative/positive and DRAQ7-negative/positive cells were quantified 

using Harmony software (PerkinElmer).  

Human Islet Staining: Human islets were fixed with 3% PFA for 20 minutes, permeabilized with 

0.2% Triton X-100 in PBS for 20 minutes, blocked with 2% BSA in PBS for 2-3 hours at room 
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temperature with gentle shaking, and then incubated with C-peptide antibody (Developmental 

Studies Hybridoma Bank, GN-ID4) in 2% BSA in PBS overnight at 4°C. After thorough washing 

with PBS and 1% BSA in PBS, cells were incubated with secondary antibody conjugated to 

AlexaFluor 568 (Invitrogen) and Hoechst 33342, all in 2% BSA dissolved in PBS for 1 hour at 

room temperature. Cells are washed five times with PBS and then stored at 4°C. Cells were 

imaged at the magnification 10X and 20X using an Opera Phenix High-Content Imaging 

Instrument (PerkinElmer), and percent C-peptide positive cells quantified using Harmony software 

(PerkinElmer).  

 

Calcium content. INS-1E cells plated in 384-well plates were incubated with GLT media and 

compound treatment for 48 hours. Lyophilized Calcium 6 dye (VWR Scientific) was resuspended 

in GLT media and added at 1:1 volume to each well. Plates were incubated for 2 hours at 37°C 

where Hoechst 33342 was added at a 1:1000 ratio at 1.5 hours, and imaged with 10X and 20X 

air objectives using an Operetta automated microscope (PerkinElmer). Increased calcium flux 

was estimated by quantifying FITC emission. Increased fluorescence in the FITC channel 

correlated with increased calcium content. Per cell FITC fluorescence was quantified using 

Hoechst to identify cell nucleus and nearby cytoplasm.   

 

Flow cytometry. Mitochondrial depolarization in INS-1E detected using JC-1 dye and flow 

cytometry. Four million treated INS-1E cells were incubated with 15.3 mM JC-1 for 10 minutes, 

washed with dye-free RPMI 1640 medium, then trypsinized and resuspended in dye-free RPMI 

1640. Cells were sorted on a flow cytometer (Cytoflex, Beckman Coulter) and resulting data 

analyzed using FlowJo flow cytometry analysis software (BD Biosciences). 
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Gene Expression. Cellular RNA was isolated from INS-1E cells 32-hours after GLT treatment 

using an RNeasy Plus Mini Kit (Qiagen). qPCR was performed using purified RNA, TaqMan RNA-

to-Ct 1-Step Kit (ThermoFisher), and the following TaqMan probes (ThermoFisher): Hprt1 

(Rn01527840_m1), Mrpl19 (Rn01425270_m1), and Pdx1 (Rn00755591_m1). qPCR samples 

were normalized to Hprt1 and Mrpl19 expression levels. Pdx1 expression levels were normalized 

relative to basal treated INS-1E. 

 

Statistical Analysis. In vitro experiments were performed at least three times and quantitative 

data are presented as mean ± SD. Group means were compared using ANOVA assuming 

Gaussian distribution followed by a one-way t-test. Statistical analyses were performed using 

GraphPad Prism software version 8 (GraphPad Software).  

 

2.6 Discussion 

The methods described is this chapter are robust and low variability means to identify and 

interrogate primary screen hits with GLT-protectivity. While mitochondrial depolarization and 

calcium influx are easily detected effects of GLT in β-cells, there are other effects including 

endoplasmic reticulum stress (ER), activation of the unfolded protein response, and oxidative 

stress via the generation of reactive oxygen species (ROS). Though it would have been beneficial 

to interrogate the effects of primary screens hits on ROS production or oxidative stress in GLT-

treated INS-1E, attempts to develop such an assay failed to show strong and repeatable activation 

of oxidative stress or ROS generation using fluorophores like H2DCFDA and CellROX and flow 

cytometry or confocal microscopy readouts.29,30 Additionally, there are few high-throughput 

methods for detecting ER stress. The method most utilized in the literature is Western blot 

detection of proteins cleaved and phosphorylated under ER stress. These proteins include: 

phosphorylated IRE1a, spliced XBP-1, phosphorylated PERK, phosphorylated eIFa, cleaved 
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ATFa, and CHOP, and ATF4.31 Development of an ER stress detection assay was impeded by 

poor antibody detection of protein targets and the large quantity of cells needed to extract enough 

protein for Western blotting multiple protein targets. ER stress detection via Western blotting was 

attempted using GLT-treated INS-1E cells and GLT-treated human islets however neither sample 

could be used to detect markers of ER stress. Overall, secondary effects of GLT were investigated 

in this chapter and robust assays to detect a few were developed. Future mechanism of action 

studies for validated primary screen hits will benefit from more assays to detect the components 

of GLT in β-cells.          
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3.2 Abstract  

Type 2 diabetes is marked by progressive b-cell failure, leading to loss of b-cell mass. Increased 

levels of circulating glucose and free fatty acids associated with obesity lead to b-cell 

glucolipotoxicity. There are currently no therapeutic options to address this facet of b-cell loss in 

obese type 2 diabetes patients. To identify small molecules capable of protecting b-cells, we 

performed a high-throughput screen of 20,876 compounds in the rat insulinoma cell line INS-1E 

in the presence of elevated glucose and palmitate. We found 312 glucolipotoxicity-protective small 

molecules (1.49% hit rate) capable of restoring INS-1E viability and we focused on seventeen 

with known biological targets. Sixteen of the seventeen compounds were kinase inhibitors with 

activity against specific families including but not limited to cyclin-dependent kinases (CDK), PI-3 

kinase (PI3K), janus kinase (JAK), and Rho-associated kinase 2 (ROCK2). Seven of the sixteen 

kinase inhibitors were PI3K inhibitors. Validation studies in dissociated human islets identified ten 

of the seventeen compounds, namely KD025, ETP-45658, BMS-536924, AT-9283, PF-

03814735, torin-2, AZD5438, CP-640186, ETP-46464, and GSK2126458 that reduced 

glucolipotoxicity-induced b-cell death. These ten compounds decreased markers of 

glucolipotoxicity including caspase activation, mitochondrial depolarization, and increased 

calcium flux. Together, these results provide a path forward toward identifying novel treatments 

to preserve b-cell viability in the face of glucolipotoxicity. 

  



 58 

3.3 Introduction  

Obesity is a critical risk factor for the development of type 2 diabetes (T2D). Elevated levels of 

free fatty acids (FFA) are observed in obesity because of expanded adipose tissue mass and 

reduced FFA clearance1. Increasing evidence suggests that elevated FFAs may contribute to T2D 

pathogenesis and represent a mechanistic link between obesity and diabetes. FFAs induce insulin 

resistance and pancreatic b-cell dysfunction, two major defects underlying T2D pathophysiology2. 

Prolonged FFA exposure has inhibitory effects on insulin secretion3. When co-infused with 

glucose, FFA elevation inhibits the stimulatory effect of hyperglycemia on b-cell function3, and 

individuals genetically predisposed to T2D show increased susceptibility to FFA-dependent b-cell 

dysfunction4,5. Exposure to elevated glucose exerts synergistic effects with FFAs, leading to 

glucolipotoxicity (GLT)6–9. GLT is characterized by impaired glucose-stimulated insulin secretion 

(GSIS), decreased insulin gene transcription, attenuation of b-cell-specific transcription factors 

PDX1 and MAFA, and induction of apoptosis through activated caspase, mitochondrial 

depolarization, increased calcium flux, oxidative stress, and the unfolded protein response10,11. 

 

The absence of strategies to suppress GLT-induced loss of b-cell function and mass in T2D has 

inspired the search for b-cell-protective small molecules. Recent high-throughput screening (HTS) 

campaigns have identified anti-apoptotic small molecules in b-cell models of lipotoxicity and 

glucolipotoxicity. These include the polyunsaturated fatty acid amide and endogenous 

endocannabinoid anandamide12, the FDA-approved HER2/EGFR dual kinase inhibitor neratinib13, 

and L-type calcium channel blockers nifedipine and verapamil14. Polyunsaturated fatty acids, 

especially anandamide, protect against saturated fatty acid-induced lipotoxicity by binding to b-

cell fatty acid receptors and decreasing uptake of toxic saturated fatty acids. Neratinib is b-cell 

protective by inhibiting the serine-threonine kinase STK4/MST1, a key regulator of b-cell 

apoptosis and dysfunction in diabetes. L-type calcium channel blockers like nifedipine and 
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verapamil protect against GLT by decreasing calcium influx, which induces apoptosis. The 

discovery of these small molecules and their diverse mechanisms of action suggest there are 

multiple avenues through which b-cell function and survival can be promoted and maintained. 

 

HTS has long been utilized in the pharmaceutical industry for therapeutic discovery, and its 

application in the academic setting has spurred the discovery of novel biological probes for 

perturbing and investigating cellular mechanisms15. Phenotypic HTS has become especially 

attractive because such screens preserve the functional cellular context of targets of compounds. 

Additionally, it is possible to conduct compound discovery that is target agnostic (i.e., identify 

compounds that induce similar phenotypic changes through different cellular targets). Phenotypic 

HTS has therefore been very useful in identifying compounds important for b-cell survival, insulin 

degradation, and b-cell replication16–18. 

 

Identifying novel b-cell protective small molecules using phenotypic HTS is advantageous on two 

fronts. First, it enables the potential discovery of novel mechanisms regulating b-cell survival and 

function, which can be further investigated to generate a more holistic understanding of b-cell 

biology. Second, it provides novel chemical matter that can be further optimized to generate lead 

candidates for the treatment of T2D. Motivated by both questions, we performed a screen of 

20,876 compounds in INS-1E cells, with the goal of identifying novel compounds with b-cell 

protective activity. We identified two diversity-oriented synthesis (DOS)-derived scaffolds with 

GLT-suppressive activity. We also found 17 small molecules with known biological targets 

capable of suppressing GLT in both INS-1E cells and human islets. Several of these compounds 

reveal a critical role for kinase inhibition in promoting b-cell survival and function. These results 

suggest new mechanisms for promoting b-cell survival and provide further evidence that multiple 

cellular processes govern b-cell function in obese and T2D patients. 
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3.4 Methods 

Cell culture. INS-1E cells (generously provided by Claes Wollheim and Pierre Maechler, 

University of Geneva, Switzerland) were cultured in RPMI 1640 supplemented with 10% FBS, 1% 

Pen/Strep, 1% sodium pyruvate, and 50 μM b-mercaptoethanol. Cells were maintained in flasks 

precoated with diluted supernatant (1:10) from the rat 804G cell line (804G matrix). 804G cells 

are a rat cancer cell line known to secrete a laminin-5 rich extracellular matrix. 804G cells were a 

generous gift of Susan Bonner-Weir Lab, Joslin Diabetes Center. The 804G matrix induces 

spreading, improves glucose-stimulated insulin secretion, and increases survival and proliferation 

of rat pancreatic b-cells.19 GLT media for INS-1E consisted of RPMI 1640 supplemented with 1% 

FBS, 1% Pen/Strep, 1% fatty acid free BSA, 50 μM b-mercaptoethanol, 25 mM glucose, and 0.5 

mM sodium palmitate. Sodium palmitate was dissolved in warmed 4% BSA in PBS before being 

added to RPMI1650. 

 

Human islets. Islets were obtained from the Integrated Islet Distribution Program (IIDP) and 

Prodo Laboratories, and cultured in CMRL 1066 supplemented with 10% FBS, 1% Pen/Strep, 

and 2 mM GlutaMAX. Islets were washed with PBS, incubated with acutase for 20 minutes at 

37°C, and cell culture media added to terminate enzymatic dissociation. Cells were then strained, 

counted and plated on flasks pre-treated with conditioned media from the human bladder 

carcinoma cell line HTB-920. GLT media for human islets consisted of CMRL 1066 supplemented 

with 1% fatty acid free BSA, 1% FBS, 30 mM glucose and 1 mM sodium palmitate. 

 

High-throughput screening. INS-1E cells were plated at 5,000 cells/well in 384-well plates 

pretreated with supernatant from 804G cells. After 24 hours in regular media conditions, media 

was removed from plates using a Multidrop Combi plate dispenser (ThermoFisher), and GLT 

media was added at 35 μL/well. Following 48-hour incubation in GLT media, plates were left to 
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equilibrate to room temperature before CellTiter-Glo (Promega) was added. Luminescence 

(viability) was quantified using an Envision plate reader (PerkinElmer). A 3-σ (z-score ³ 3) cut off 

was used to identify hit compounds from the primary screen, which were then retested at four 

concentrations. CaspaseGlo (Promega) was also used to quantify caspase-3/7 activity. 

 

Z’ and z-score calculations. Z’ factor was calculated as previously described using Genedata 

Screening software (Genedata)21. z-score was calculated using Genedata Screener software 

(Genedata). 

 

Compounds. Compounds in the DOS Informer, DOS-A, Repurposing and Bioactive libraries 

were maintained in the Broad Institute and printed into 96- and 384-well plates using a Tecan 

D300e drug printer. A subset of the repurposed compounds were purchased commercially for 

validation studies: PIK-93, GSK2126458 (Omipalisib), Duvelisib (IPI-145, INK1197), KD025 (SLx-

2119), LY2784544, Palbociclib, Torin-2, AZD8186, AT-9283, and AZD5438 (Selleckchem); ETP-

45658 (R&D Systems); ETP-46464, CP-640186, and BMS-536924 (Sigma-Aldrich); PF-

03814735, TGX-221, and Taselisib (GDC-0032) (Cayman Chemical); Anandamide (VWR 

Scientific); AM404 (Santa Cruz Biotech) and Oleylethanolamide (Combi Blocks). Stock solutions 

were prepared in DMSO and stored as per manufacturer instructions. 

 

Target enrichment. To evaluate the screening results from the Repurposing collection, we 

imported target annotation from the Broad Repurposing Hub (clue.io/repurposing-app), and 

filtered for compounds with annotating targets (4,829 of the 5,440 screened). We then imported 

a list of gene symbols for 401 human kinases from Discoverx KinomeScan 

(https://www.discoverx.com/services/drug-discovery-development-services/kinase-

profiling/kinomescan/gene-symbol), and found that 623 of the 4,829 compounds had at least one 

kinase inhibitory activity. Of the 623 compounds, 58 were determined to be screening hits (as 
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opposed to 59 of the other 4,147). We calculated a nominal p-value for these results using Fisher’s 

exact text, implemented in MATLAB release R2018b. 

 

Microscopy. High-Content Fluorescent Microscopy (HCFM) Assay: Live INS-1E cells were 

stained with DNA dye Hoechst 33342 (all cells), Caspase 3/7 activation dye CellEvent™ 

Caspase-3/7 (apoptotic cells), and live cell impermeable DNA dye DRAQ7 (dead cells) all at 

1:5000 dilution for 1.5 hours. Cells were imaged at the magnification 5X and 10X using an Opera 

Phenix High-Content Imaging Instrument (PerkinElmer). Caspase-negative/positive and DRAQ7-

negative/positive cells were quantified using Harmony software (PerkinElmer). 

 

Human Islet Staining: Human islets were fixed with 3% PFA for 20 minutes, permeabilized with 

0.2% Triton X-100 in PBS for 20 minutes, blocked with 2% BSA in PBS for 2-3 hours at room 

temperature with gentle shaking, and then incubated with C-peptide antibody (Developmental 

Studies Hybridoma Bank, GN-ID4) in 2% BSA in PBS overnight at 4°C. After thorough washing 

with PBS and 1% BSA in PBS, cells were incubated with secondary antibody conjugated to 

AlexaFluor 568 (Invitrogen) and Hoechst 33342, all in 2% BSA dissolved in PBS for 1 hour at 

room temperature. Cells are washed five times with PBS and then stored at 4°C. Cells were 

imaged at the magnification 10X and 20X using an Opera Phenix High-Content Imaging 

Instrument (PerkinElmer), and percent C-peptide positive cells quantified using Harmony software 

(PerkinElmer). 

 

Calcium content. Intracellular calcium content was quantified as previously described.14 INS-1E 

cells plated in 384-well plates were incubated with GLT media and compound treatment for 48 

hours. Lyophilized Calcium 6 dye (VWR Scientific) was resuspended in GLT media and added at 

1:1 volume to each well. Plates were incubated for 2 hours at 37°C where Hoechst 33342 was 
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added at a 1:1000 ratio at 1.5 hours, and imaged with 10X and 20X air objectives using an 

Operetta automated microscope (PerkinElmer). Increased calcium flux was estimated by 

quantifying FITC emission. Increased fluorescence in the FITC channel correlated with increased 

calcium content. Per cell FITC fluorescence was quantified using Hoechst to identify cell nucleus 

and nearby cytoplasm. 

 

Proinflammatory cytokine treatment. Immune stress was induced as previously described.22 

INS-1E cells were plated at 8,000 cells per well in a 384-well plate coated with 804G matrix and 

incubated at 37°C overnight. Basal media was then removed and replaced with media containing 

cytokines (R&D Systems) specifically RPMI media, 1% FBS, 10 ng/mL IL-1b , 100 ng/mL IFN-g , 

and 25 ng/mL TNF-a. Working concentrations of compounds were printed into the 384-well plates 

using a Tecan D300e drug printer. Plates were incubated at 37°C for 48 hours and cell viability 

was detected using HCFM assay. 

 

Flow cytometry. Mitochondrial depolarization in INS-1E was detected using flow cytometry via 

the JC-1 dye. Four million treated INS-1E cells were incubated with 15.3 ìM JC-1 for 10 minutes, 

washed with dye-free RPMI 1640 medium, then trypsinized and resuspended in dye-free RPMI 

1640. Cells were sorted on a flow cytometer (Cytoflex, Beckman Coulter) and resulting data 

analyzed using FlowJo flow cytometry analysis software (BD Biosciences). 

 

Statistical Analysis. In vitro experiments were performed at least three times and quantitative 

data are presented as mean ± SD. Group means were compared using ANOVA assuming 

Gaussian distribution followed by a one-way t-test. Statistical analyses were performed using 

GraphPad Prism software version 8 (GraphPad Software). 
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Gene Expression. Cellular RNA was isolated from INS-1E cells 24-48hrs after GLT treatment 

using an RNeasy Plus Mini Kit (Qiagen). qPCR was performed using purified RNA, TaqMan RNA-

to-Ct 1-Step Kit (ThermoFisher), and the following TaqMan probes (ThermoFisher): Hprt1 

(Rn01527840_m1), Mrpl19 (Rn01425270_m1), and Pdx1 (Rn00755591_m1). qPCR samples 

were normalized to Hprt1 and Mrpl19 expression levels. Pdx1 expression levels were normalized 

relative to basal treated INS-1E. 

 
3.5 Results and Discussion 

Primary Screen Identifies b-Cell-Protective Compounds. 

We performed a primary screen (Figure 3.5.1a) in INS-1E cells to identify compounds that 

protected b-cells from GLT as measured by cell viability detected using CellTiter-Glo. Optimized 

GLT media contained 25 mM glucose and 0.5 mM sodium palmitate, which induced ~70% INS-

1E cell death after 48-hour treatment (Figure 3.5.2a). Sodium palmitate was the major contributor 

to INS-1E cell death in GLT conditions via reduced INS-1E viability by 25% and 50% at 0.25 mM 

and 0.5 mM, respectively, compared to control (Figure 3.5.1c–f). Sodium palmitate is well 

documented to induce lipotoxicity and glucolipotoxicity in b-cell models including INS-1E, INS-1, 

BRIN-BD11, and MIN6.12,23–25 
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Figure 3.5.1. Glucolipotoxicity induction in INS-1E cells. a) Schematic outline of GLT phenotypic screen 
in INS-1E cells. b) Z’ factor and CV were calculated for 8, 24, 33, and 48hr GLT treatment in 384-well plate 
format using Cell-Titer Glo viability readout. c) INS-1E viability is unaffected by increasing levels of glucose 
alone however is coincident with a d) dose-dependent increase in caspase-3 activation. e) Increased cell 
death and f) caspase activation is observed with increasing levels of palmitate. Statistical significance was 
evaluated using an unpaired, one-tailed t-test (****, P < 0.0001). 
 

  

Figure 3.5.2. Optimization of glucolipotoxicity media for INS-1E cells and phenotypic screening of 
glucolipotoxicity-suppressing compounds. a) Cell death and caspase-3 activation are significantly 
enhanced in GLT media conditions with increasing levels of glucose and 0.5 mM sodium palmitate. *, P < 
0.0001, as determined by unpaired t test. b) Scatter plot showing HTS results from 20,876 compounds 
(black dots) where compounds were screened at concentrations between 5–10 μM in duplicate and z-
scores were calculated from CellTiter-Glo readouts for compounds relative to DMSO control using 
Genedata Screener. A z-score of ³ 3 (3σ) was used as a threshold for hit calling (red-dotted line). 
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Compounds Known To Protect b-Cells Validate Primary Screen Performance.  

We selected four chemical libraries (20,876 total compounds) for screening. First, the DOS 

Informer Set is a subset of the Broad Institute DOS library26,27, containing 9,510 compounds (192 

hits – 2.02% hit rate) representing ~30 diverse structural families. Second, the DOS-A library 

(3,840 compounds, 29 hits – 0.76% hit rate) is a collection of DOS compounds selected for 

performance diversity based on a combination of gene expression analysis and Cell Painting28. 

Finally, the Broad Repurposing Collection (5,440 compounds, 81 hits – 1.49% hit rate)29 and 

Bioactive Libraries (2,086 compounds, 10 hits – 0.48% hit rate) contain FDA-approved drugs, 

candidates in development, and known tool compounds. We screened compounds at a typical 

screening concentration of 10 μM in 384-well plate format for 48 hours to identify those that 

improved INS-1E viability, as determined by calculated z-scores (Figure 3.5.2b). Using a hit-

calling threshold of z-score ³ 3 (3σ, relative to DMSO) in two replicates, we identified 312 total 

hits (1.49% overall hit rate). This hit rate of 1.49% was more than 100 times the average hit rate 

of 0.01–0.14% for most high-throughput screens30. Due to availability, 160 hits were selected for 

retesting at four concentration points (1.25, 2.5, 5, and 10 μM) to determine their effects on INS-

1E cell viability and caspase activation in GLT conditions. 

 

Anandamide (AEA), a polyunsaturated fatty acid amide with z-scores >40 in both replicates of the 

primary screen, was validated as a potent hit with a dose-dependent increase in INS-1E viability 

and dose-dependent decrease in caspase activity in GLT conditions. AEA recovered INS-1E 

viability and decreased caspase activity by ~90% and ~70% compared to basal media control, 

respectively (Figure 3.5.3a). The AEA derivative AM404 (z-scores >18 in both replicates) also 

showed similar activity at 10 μM, recovering INS-1E viability to ~90% of the control and decreasing 

caspase activity to 86% of the control (Figure 3.5.3b). Our results are consistent with previous 

studies that confirmed AEA and AM404 as GLT- and lipotoxicity-protective small molecules in 
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INS-1, INS-1E, and BRIN-BD11 cells12,24. The monounsaturated fatty acid amide 

oleoylethanolamide (OEA) exhibited z-scores of > 6 in both replicates of the primary screen, and 

showed maximum activity at 10μM where it recovered INS-1E viability to ~60% of control and 

decreased caspase activity to 33% of control (Figure 3.5.3c). Consistently, OEA had also been 

previously identified as lipotoxicity-protective in BRIN-BD11 cells24. SU9516 (z-scores > 9 in both 

replicates) recovered only 65% of INS-1E viability compared to control and this was associated 

with an increase in caspase activity using the Caspase-Glo 3/7 assay (Figure 3.5.3d). Similar to 

the aforementioned compounds, SU9516 has been shown to be GLT-protective in INS-1 cells12. 

Literature confirmation of primary screen hits AEA, AM404, OEA, and SU9516 thus provided 

evidence that the primary screen successfully identified GLT-protective small molecules from the 

four libraries. 

 

 

Figure 3.5.3. Confirmation of GLT-protective activity. Four compounds previously reported to protect 
against GLT provide proof-of-principle results for the detection of novel bioactivity in the HTS. a & b) 
Anandamide (AEA) and the AEA derivative (AM404) increased INS-1E viability and decreased caspase-3 
activity in a dose-dependent manner. c) Oleylethanolamide (OEA) increased INS-1E viability and 
moderately decreased caspase-3 activity. d) SU9156 moderately protected at 5μM and 10μM, with more 
dramatically increased caspase-3 activation. Data represents mean ± SD of 5 replicates. Statistical 
significance was evaluated using an unpaired, one-tailed t-test for each compound compared to GLT alone 
(*, P < 0.05; **, P < 0.001; ***, P < 0.0001). 
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Though initial validation studies confirming primary screen hits AEA, AM404, OEA, and SU9516 

utilized the CellTiter-Glo reagent, we learned this reagent can yield false positive results. Apitolisib 

showed dose-dependent increase in luminescence with the CellTiter-Glo readout, suggesting it 

was a GLT-protective compound; however, this activity was not validated with cell number 

quantification using nuclear staining (Figure 3.5.4a,b). High-content microscopy revealed that 

apitolisib did not proportionally increase INS-1E cell number above control cells treated with GLT 

and DMSO. We speculated that apitolisib induced changes in cellular ATP levels in INS-1E that 

resulted in increased CellTiter-Glo luminescence. We therefore developed a high-content 

fluorescent microscopy (HCFM) assay utilizing the live-cell-impermeable dye DRAQ731–33 and the 

CellEvent™ Caspase-3/7 dye34,35 to quantify total number of live (DRAQ7 negative, caspase 

negative) cells and percent viability (% DRAQ negative, caspase negative cells) (Figure 3.5.4b,c). 

This assay revealed that while some compounds were able to increase percent viability, they had 

little or no effect on the total number of live cells (as was the case for apitolisib). The decrease in 

caspase-3 activation by apitolisib detected via Caspase Glo and the HCFM assay was not 

associated with an increase in cell number, and we speculate that apitolisib may be arresting INS-

1E cell growth while protecting the viability of the non-mitotic cells. The HCFM assay is therefore 

appropriate for high-throughput investigations of cell viability, especially in GLT where it generated 

Z’-factor values > 0.4 (Figure 3.5.4d,e). The HCFM assay was subsequently used in validation 

studies of primary screen hits. 
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Figure 3.5.4. High-content fluorescent microscopy (HCFM) assay reveals limitations of CellTiter-Glo. (a) 
Apitolisib treatment results in concentration-dependent increase in INS-1E viability in GLT conditions with 
CellTiter-Glo (luminescence dependent on ATP concentration (n=7). (b) HCFM analysis of nuclei as a 
marker of cell number reveals apitolisib did not recover cell number in GLT conditions (n=3). (c) The HCFM 
assay developed herein captures viability using DRAQ7 (a nuclear marker for dead cells) and a caspase-
activated fluorescent probe. Live cells were classified as DRAQ7 (-), Caspase (-). (d, e) Z’-factor analysis 
of the HCFM assay using both basal and anandamide (AEA) positive controls). Statistical significance was 
evaluated using an unpaired, one-tailed t-test for each compound compared to DMSO (***, P < 0.001; ****, 
P < 0.0001). 
 

Azetidine Monoketopiperazine and Pictet-Spengler Scaffolds Protect INS-1E Cells from 

GLT. 

Many of the DOS primary hits came from the azetidine monoketopiperazine36 (AMK, 1.25% hit-

rate) and Pictet-Spengler37 (0.63% hit-rate) libraries (Figure 3.5.5a–c). We observed structure-

activity relationships that defined active and inactive compounds (Figure 3.5.5d–e, Tables 3.5.6 

& 3.5.7). For AMK compounds, stereochemistry around the monoketopiperazine core was a key 

determinant of activity (Figure 3.5.5c). BRD4935 (R,S,S stereochemistry in the 

monoketopiperazine core) was the most potent AMK compound, recovering INS-1E viability to 

100% of AEA control (Figure 3.5.5d). Stereochemistry around the monoketopiperazine core 



 70 

became less of a predictor of activity among AMK compounds containing different R1 and R2 

groups. BRD3476 (S,R,S) was the second-most active AMK compound and at 2.96 μM increased 

the number of live INS-1E cells nearly 3-fold over the GLT control, while recovering INS-1E 

viability to 70% (Figure 3.5.5d). 

 

 

Figure 3.5.5. Validation of GLT-protective compounds in the Pictet-Spengler and Azetidine 
monoketopiperazine (AMK) libraries. a) Hit-rate distribution across compound libraries within the DOS 
Informer Set. Light blue bars indicate the AMK and Pictet-Spengler libraries from which hit compounds 
BRD4935 and BRD4189 were found. b) Scatter plot showing results of the Pictet-Spengler and AMK 
libraries (1920 compounds); compounds were screened at 10 μM. A z-score of 3 (3σ) was used as a 
threshold for hit calling (red-dotted line). Data points in yellow, teal, and pink represent the DMSO control, 
the Pictet-Spengler library, and the AMK library, respectively. c) Compounds in the AMK library contain a 
monoketopiperazine core (blue) with three chiral carbons (wavy bonds) and two R groups (R1 and R2). 
Compounds in the Pictet-Spengler library contains two spirocyclic b-carboline cores with either an azetidine 
(magenta) or piperidine (gold) ring, in addition to two R groups (R1 and R2) and one chiral carbon (wavy 
bond). d–e) Dose-dependent increases in GLT protection were validated in INS-1E cells for d) BRD4935 
(n=3, from the AMK library), BRD3476 (n=3, from the AMK library), and BRD4189 (n=3, from the Pictet-
Spengler library) using the HCFM assay where INS-1E cells were treated with GLT media and compounds 
for 48 hours. The decreased potency BRD6618 highlights the crucial role of stereochemistry in the activity 
of BRD4189. Statistical significance was evaluated using an unpaired, one-tailed t-test for each compound 
compared to GLT alone (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). 
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Table 3.5.6. Maximum recovered viability and EC50 (μM) values of structurally related spirocyclic 
azetidine-b-carbolines in the DOS library. 
 

 

 

Pictet-Spengler (PS) library members were more active than AMK members. BRD4189 (1), the 

most potent PS hit, recovered INS-1E viability a maximum of 51% of basal media control using 

the CellTiter-Glo reagent and about 100% of the AEA control using the HCFM assay (Table 3.5.6, 

Figure 3.5.5e). The identity of the R1 and R2 side chains of the azetidine (magenta) and piperidine 

(gold) spirocyclic Tetrahydroharmine (THH) cores drastically affected PS compound activity. For 

example, with the same S stereochemistry, 1 was 20% more active than 5 but only 3% more 

active than 6 (BRD2892) (Table 3.5.6). However, stereochemistry of the methylhydroxyl group on 
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the spirocyclic azetidine-THH cores had a significant effect on activity. While 1 (S 

stereochemistry) recovered INS-1E viability 51.3% of basal media control and 100% of the AEA 

control, BRD6618 (2) (R stereochemistry) recovered INS-1E viability 12.6% of basal media control 

and 50% of the AEA control (Table 3.5.6, Fig 3.5.5E). For spirocyclic piperidine-THH compounds, 

changing the stereochemistry of the methylhydroxyl group moderately affected activity. 8 (S 

stereochemistry) recovered INS-1E viability by 48%, while 9 (R stereochemistry) recovered INS-

1E viability by 42.9% (Table 3.5.7). One exception is made for compound 20, which when inverted 

to S stereochemistry (21) lost more than 25% activity (Table 3.5.7). The azetidine-THH scaffold 

BRD4189 (1) was the most GLT-protective small molecule of the DOS compounds tested and 

provides a promising novel compound class for future structure-activity relationship (SAR) and 

mechanism-of-action investigations. To rule out promiscuity, we also performed cross-reactivity 

analysis38 on BRD4189 and several other spirocyclic azetidine-THH compounds. We found these 

compounds were not frequent hits in other screening assays (Table 3.5.8). 
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Table 3.5.7. Maximum recovered viability and EC50 (μM) values of structurally related spirocyclic 
piperidine-b-carbolines in the DOS library. 
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Table 3.5.8. Summary of Cross-Reactivity Analysis. 
 

Compound  N_Tested N_Hit Promiscuity Probability 

BRD4189 (1) 12 1 0.031 
BRD6618 (2) 23 0 0 

3 21 3 0.054 
6 23 0 0 

 
DOS compounds BRD4189 and BRD6618 scored low promiscuity probabilities of 0.031 and 0.054 
respectively indicating they were not frequently identified as hits in other Broad Institute screens.   
 
 

Acetyl-CoA Carboxylase Inhibition Protects b-Cells From GLT. CP-640186 is here identified 

as a novel b-cell GLT-protective small molecule with nanomolar potency. We validated CP-

640186 as a potent GLT-protective small molecule that recovered INS-1E viability 97% of the 

control with an EC50 of 410 nM (Figure 3.5.9, Table 3.5.10).  

 

 

Figure 3.5.9. Validation of GLT-protective compounds in the Repurposing Library using the HCFM 
assay. INS-1E cells were treated with GLT media and compounds (n = 3). Numbers adjacent compound 
labels indicate EC50. Black dotted line (n = 24) represents percent viability of INS-1E cells incubated in 
basal culture media. Grey dotted line (n = 18) represents percent viability of INS-1E cells treated with GLT 
media and DMSO. See Table S2 for annotation of all compounds in this figure. 
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Table 3.5.10. EC50 values and maximum recovered viability for GLT-protective compounds in the 
Repurposing Library. 
 

Category Compound EC50 (µM) Max 
Viability (%) 

Targets and IC50 

Kinase Inhibitor ETP-45658 0.88 97.1 PI3Kα (22 nM), PI3Kδ (30 nM), DNA-PK (70.6 nM), PI3Kβ 
(129 nM), mTOR (152 nM), and PI3Kγ (710 nM)  

Kinase Inhibitor ETP-46464 0.28 91.6 mTOR (0.6 nM) and ATR (14 nM)  

Kinase Inhibitor PIK-93 1.00 89.1 PI3Kγ (16 nM), PI4KIIβ (19 nM), PI4K⍺ (39 nM), DNA-PK 
(64 nM), PI3Kδ (120 nM), PI3Kβ (590 nM) 

Kinase Inhibitor Taselisib  
(GDC-0032) 1.23 87.6 PI3Kδ (0.12 nM), PI3K⍺ (0.29 nM), and PI3Kγ (0.97 nM) 

Kinase Inhibitor GSK2126458 
(Omipalisib) 0.74 86.7 PI3K⍺ (0.019 nM), PI3Kδ (0.024 nM), PI3Kγ (0.06 nM), 

PI3Kβ (0.13 nM), and mTORC1/2 (0.18/0.3 nM)  

Kinase Inhibitor 
Duvelisib  
(IPI-145, 
INK1197) 

3.98 84.9 PI3Kδ (1 nM) and PI3Kγ (50 nM)  

Kinase Inhibitor KD025  
(SLx-2119) 6.48 84.7 ROCK2 (60 nM) 

Kinase Inhibitor LY2784544 1.47 82.6 JAK2 (3 nM), FLT3 (4 nM), and JAK1 (19.3 nM)  

Kinase Inhibitor Palbociclib 
(PD-0332991) 0.94 81.0 CDK4 (11 nM) and CDK6 (16 nM) 

Kinase Inhibitor Torin-2 4.51 79.8 mTOR (0.25 nM) 
Kinase Inhibitor AZD8186 0.89 78.8 PI3Kβ (4 nM) and PI3Kδ (12 nM) 

Kinase Inhibitor BMS-536924 3.15 77.3 Inuslin receptor (73 nM), IGF-1R (100 nM), FAK (150 nM), 
MEK (182 nM), LCK (341 nM) 

Kinase Inhibitor AT-9283 - 74.4 JAK3 (1.1 nM), JAK2 (1.2 nM), Aurora B (3 nM), and Abl1 
(4 nM) 

Kinase Inhibitor AZD5438 - 74.2 CDK2 (6 nM), CDK1 (16 nM), and CDK9 (20 nM)  

Kinase Inhibitor PF-03814735 4.69 70.9 Aurora A (0.8 nM), Aurora B (5 nM), FLT1 (10 nM), FAK 22 
nM), TrkA (30 nM), Met (100 nM), and FGFR1 (100 nM)  

Kinase Inhibitor TGX-221 0.95 70.3 PI3Kβ (5 nM) 
Misc. CP-640186 0.41 97.4 Acetyl-CoA carboxylase 1/2 (50 nM) 

 
The HCFM assay was used to generate these data. Annotation of the category, target and IC50 value for 
each compound were determined using www.selleckchem.com and the Broad Institute Repurposing Hub29. 
 

CP-640186 is an isozyme-nonselective acetyl-CoA carboxylase (ACC) inhibitor that inhibits fatty 

acid synthesis, fatty acid oxidation  and triglyceride synthesis39. The identification of CP-640186 

as GLT protective was an intriguing result in our study. This result was further validated in INS-

1E cells via reductions in GLT-induced mitochondrial depolarization and calcium influx (Figures 

3.5.12a, 3.5.13g). While we are not sure these are specific mechanisms of CP-640186 GLT-

protectivity, ample literature evidence indicates that decreasing calcium influx improves b-cell 

function and viability.14  CP-640186 was first identified for its ability to reduce fatty acid synthesis 

and increase fatty acid oxidation39. In the context of b-cell GLT, these activities likely decrease 
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fatty load in b-cells and allow them to circumvent the deleterious effects associated with fatty acid 

accumulation. There are currently no FDA approved ACC inhibitors, however given the crucial 

role fatty acid metabolism plays in cell viability, ACC inhibition is being explored as a potential 

therapeutic strategy in several diseases including nonalcoholic fatty liver disease (NAFLD) and 

non-alcoholic steatohepatitis (NASH). ACC inhibition is therefore a potentially beneficial 

therapeutic strategy for the treatment of T2D. 

 

Numerous Kinase Inhibitors Protect b-Cells From GLT. 

Several lead compounds from the Broad Repurposing Collection were annotated kinase inhibitors 

(Table 3.5.10). We found that 623 of the 4,829 compounds with annotated targets had at least 

one kinase as a target, and that of these, 58 were screening hits (nominal p-value 1.8 * 10-22). 

These included inhibitors of cyclin-dependent kinases (CDK) (AZD5438 and palbociclib), PI-3 

kinase (PI3K) (AZD8186, TGX-221, PIK-93, ETP-45658, taselisib (GDC-0032), GSK2126458 

(omipalisib), and duvelisib), mTOR (ETP-46464 and torin-2), Rho-associated kinase 2 (ROCK2) 

(KD025 (SLx-2119)), JAK2 (LY2784544 and AT-9283), and Aurora A/B kinase (PF-03814735). 

Using the HCFM assay, we calculated EC50 values for these kinase inhibitors and identified ETP-

45658, ETP-46464, PIK-93, taselisib, and GSK2126458 as potent compounds that recovered 

INS-1E viability >85% compared to control (Figure 3.5.9, Table 3.5.10). The kinase inhibitor 

neratinib was previously identified as GLT-protective in INS-1E and rodent models.13 The 

mechanism by which it was shown to be GLT-protective was via STK4/MST1 inhibition, a novel 

activity for the FDA-approved  dual HER2/EGFR inhibitor. Our study reveals that a wide selection 

of inhibitors against several kinase families are b-cell protective, suggesting a variety of kinases 

regulate β-cell viability and function. However, further studies will be needed to investigate 

whether these kinases are their b-cell relevant targets, or if like neratinib other novel targets are 

responsible. We also found that several of these kinases were able to partially restore Pdx1 



 77 

expression in INS-1E cells treated with GLT media (Figure 3.5.11). Pdx1 is a b-cell specific 

transcription factor and its expression is known to decrease in b-cells experiencing GLT.13,40 

Encouragingly, top hits ETP-45658, ETP-46464, PIK-93, and taselisib significantly restored Pdx1 

expression. 

 

Figure 3.5.11. Pdx1 expression in GLT treated INS-1E cells. 32 hours of GLT treatment decreases Pdx1 
expression. Several compounds significantly increase Pdx1 expression, namely: ETP-45658, ETP-46464, 
PIK-93, taselisib, duvelisib, torin, PF-03814735, LY2784544, KD025, and AT-9283. Statistical significance 
was evaluated using an unpaired, one-tailed t-test for each compound compared to GLT alone. (#, P < 
0.0001; *, P < 0.001; **, P < 0.0001).  
  
 

Decreased Calcium Flux and Mitochondrial Re-polarization Coincide with GLT-Protectivity. 

The significance of calcium flux and calcium signaling in b-cell survival and health has recently 

been implicated via the identification of compounds that protected INS-1E cells from GLT by 

decreasing cellular calcium content.14 GLT treatment impairs b-cell calcium flux, and specifically 

increases b-cell calcium content. Using the Calcium 6 dye that generates a fluorescent signal 

upon binding to intracellular calcium, we tested whether the kinase inhibitors decreased cellular 

calcium influx in INS-1E cells treated with GLT media.41 KD025 significantly decreased calcium 

influx to levels below the GLT control at all concentrations tested (2.5-10 μM) (Figure 3.5.12a). 

ETP-45658, ETP-46464, PIK-93, taselisib, duvelisib, palbociclib, TGX-221, and AZD8186 

moderately decreased calcium flux to levels below GLT control (2.5-10 μM) (Figure 3.5.12a). 

Additionally, we found that the ACC1 inhibitor CP-640186, a non-kinase inhibitor, significantly 
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decreased GLT-induced calcium influx (Figure 3.5.12a). All other six compounds (torin-2, 

GSK2126458, LY2784544, AT-9283, BMS-536924, PF-03814735) either had no effect on 

calcium influx or increased calcium influx (Figure 3.5.12b). Since not all Repurposing Library hits 

decreased cellular calcium flux, we conclude b-cell protection from GLT can be achieved without 

lowering cellular calcium content. GLT is also known to affect mitochondrial function, therefore 

we investigated mitochondrial polarity using flow cytometry and the JC-1 dye.2,42 Mitochondria 

were depolarized in INS-1E cells treated with GLT media for 48 hours (Figure 3.5.13a–g). Several 

of our lead compounds (ETP-45658, ETP-46464, PIK-93, KD025, and CP-640186) reduced GLT-

induced mitochondrial depolarization (Figure 3.5.13c–g). The most potent reduction of 

mitochondrial depolarization was observed with ETP-45658 and CP-640186 (Figure 3.5.13c,g). 

 

 

Figure 3.5.12. Lead compounds protect against GLT via decreased calcium flux. a–b) INS-1E cells 
incubated with Calcium 6 dye to detect cellular calcium content (n=3). Relative to GLT treatment that 
increased fluorescent intensity in INS-1E cells (i.e., compare fluorescent intensity for basal media control 
and GLT control), there were a) compounds that significantly decreased GLT-induced calcium flux in a dose 
dependent manner as well as b) compounds that had little effect on decreasing GLT induced calcium flux. 
All compounds were treated at n=3. Black dotted line (n=72) represents fluorescent intensity of INS-1E cells 
incubated in basal culture media. Grey dotted line (n=32) represents fluorescent intensity of INS-1E cells 
treated with GLT media and DMSO. Statistical significance was evaluated using an unpaired, one-tailed t-
test for each compound compared to GLT alone (*, P < 0.0001). 
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Figure 3.5.13. Lead compounds protect against GLT via decreased mitochondrial depolarization. a–
g) INS-1E cells incubated with JC-1 dye to detect mitochondrial depolarization (n=3). For more gating 
details see Figure 3.4.14. a) JC-1 accumulates in polarized mitochondria and emits Red:Green 
fluorescence at a 1:1 ratio. b) Moderate mitochondrial depolarization in INS-1E cells as indicated by the 
decrease in Red:Green ratio. c–d) ETP-45658, ETP-46464, PIK-93, KD025, and CP-640186 improve GLT-
induced mitochondrial depolarization. Representative flow graphs from three experiments. h) Quantification 
of flow cytometry detection of mitochondrial depolarization (n=3). Statistical significance was evaluated 
using an unpaired, one-tailed t-test (#, P< 0.001 – Basal vs GLT; *, P < 0.0001 GLT vs Compound). 
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Figure 3.5.14. Gating details for mitochondrial depolarization detection via flowcytometry. a) – c) 
Gating used for basal, valinomycin, and GLT treatment conditions in INS-1E. b) Valinomycin is used as a 
positive control to induce mitochondrial depolarization (i.e. decrease in JC-1 Red:Green ratio). c) GLT 
treatment induces mitochondrial depolarization in INS-1E (i.e. decrease in JC-1 Red:Green ratio).  
 

GLT-Protective Compounds Can Decrease Cytokine Mediated b-Cell Death. We next sought 

to determine the specificity of GLT-protective compounds by measuring their effects on 

proinflammatory cytokine-induced stress. We treated INS-1E cells with a cocktail of IL-1b, IFN-g, 

and TNF-a without GLT for 48 hours and quantified viability using the HCFM assay. Several 

compounds (AT-9283, LY2784544, AZD5438, PF-03814735, and BMS-536924) significantly 
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recovered INS-1E viability in the presence of cytokines (Figure 3.5.15). AT-9283 and LY2784544 

are both JAK inhibitors and JAK inhibition is known to protect diabetic mice and b-cells from 

cytokine mediated stress.43,44 AZD5438 is a CDK 1,2, and 9 inhibitor. PF-03814735 and BMS-

536924 are multitarget kinase inhibitors with nanomolar potency against several kinase families. 

The compounds AZD8186, duvelisib, ETP-45658, ETP-46464, KD025, palbocilib, and PIK-93 

were toxic at concentrations above 1 μM. GSK2126458, taselib, and torin-2 were toxic at all 

concentrations tested with cytokine treatment. CP-640186 and TGX-221 though non-toxic, did not 

recover INS-1E viability. These results indicate that less than half of the seventeen GLT-protective 

hits were generally b-cell protective. 

 

 

Figure 3.5.15. Compounds variably protect against immune stress. INS-1E cells were treated with 
compounds and a cytokine cocktail (IL-1b, IFN-g, and TNF-a). Percent viability classified as DRAQ (-) cells 
(n=3). Black dotted line (n=24) represents percent viability of cells incubated in basal culture media. Grey 
dotted line (n=6) represents percent viability of cells treated with cytokine cocktail and DMSO. Statistical 
significance was evaluated using an unpaired, one-tailed t-test for each compound compared to cytokine 
treatment alone (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). 
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Validation in Human Islets. 

To further validate the Repurposing Library hits, we tested these compounds in human islets, 

pancreatic cells that include b-cells and exhibit reduced function in obesity and T2D. Induction of 

GLT decreased the percent of C-peptide-positive cells by 25% in dissociated islet cells acquired 

from three donors (Figure 3.5.16). C-peptide is produced in the maturation of insulin. 

Preproinsulin, translated from insulin mRNA, is cleaved into mature insulin in the ER via the 

excision of a signal peptide and its C-peptide domains.45 Therefore, there is a stoichiometric 

equivalence of C-peptide and mature insulin within b-cells and C-peptide can be used as an 

alternative insulin detection/quantification method. C-peptide staining is often used to quantify β-

cell abundance in patient islets or to quantify blood insulin levels.46 T2D islets are known to show 

decreased staining for C-peptide, indicating decreased b-cell mass in these patients. In a 

potentially therapeutic manner, several compounds (KD025, AZD5438, PF-03814735, ETP-

45658, CP-640186, torin-2, BMS-536924, ETP-46464, GSK2126458AT-9283, and AT-9283) 

significantly increased percent C-peptide-positive cells (Figure 3.5.16). KD025 increased percent 

C-peptide-positive cells to 110% of basal media (i.e., no evidence of GLT) in several donor 

samples. Likewise, the other lead compounds (AZD5438, PF-0314735, ETP-45658, CP-640186, 

torin-2, BMS-536924, ETP-46464) increased percent C-peptide-positive cells albeit these 

improvements varied between 85-90% compared to the control. CP-640186 was mildly beneficial 

in human islets increasing percent C-peptide positive cells to approximately 85% of control. The 

remaining compounds were found to be either inactive or toxic (Figure 3.5.16). Overall, these 

results in islets validate our results in b-cells and demonstrate these compounds are consistent 

with the therapeutic strategy of treating diabetes by decreasing b-cell loss in patients. 
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Figure 3.5.16. Compounds protective against GLT in INS-1E cells are also protective in human islets. 
Quantification of percent C-peptide positive cells relative to basal control revealed a) compounds active in 
INS-1E cells and human islets and b) compounds active in INS-1E cells but inactive or toxic in human islets 
(n=3 for all compounds). Black dotted line (n=10 or 18) represents normalized percent of C-peptide positive 
cells in dissociated human islets incubated in basal culture media for 48 hours. Grey dotted line (n=10 or 
18) represents normalized percent of C-peptide positive cells in dissociated human islets incubated in GLT 
media for 48 hours. These results are representative data from 1-3 donors (Table 3.5.17). Statistical 
significance was evaluated using an unpaired, one-tailed t-test for each compound compared to GLT alone 
(*, P < 0.05; **, P < 0.005; ***, P < 0.0005; ****, P < 0.00005). 
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Islet Preparation 1 2 3 
Unique identifier HP-20228-01 SAMN15851500 HP-20252-01 

Donor age (years) 36 33 59 

Donor sex (M/F) F F F 

Donor BMI (kg/m2) 25.8 44.2 28.3 
Donor HbA1c or other measure 
of blood glucose control 5.50% –  5.50% 

Donor Ethnicity White White Hispanic 

Origin/source of islets Prodo Labs IIDP Prodo Labs 

Islet isolation center Prodo Labs University of 
Wisconsin 

Scharp-Lacy 
Research Institute 

Donor history of diabetes?  
Yes/No No No No 

Donor cause of death Anoxic event Anoxia Stroke 

Estimated purity (%) 85-90% 85% 90% 

Estimated viability (%) 95% 98% 95% 
 
Table 3.5.17. Human Islet Donors. Background information on the three donors of islets used to validate 
lead compounds in this study. 
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3.6 Conclusion  

In summary, the results of our HTS screen in INS-1E cells and subsequent validation in islets 

provide new tool compounds for the investigation of b-cell biology in the context of T2D and GLT. 

Several secondary screening approaches enabled us to eliminate toxic compounds and false 

positives, which ultimately led to the identification of the herein described b-cell-protective small 

molecules. Previously validated compounds AEA, AM404, OEA, and SU9516 were identified as 

GLT protective in our primary screen, in addition to two DOS-derived chemical scaffolds, an ACC 

inhibitor, and sixteen kinase inhibitors. It was notable that we identified seven phosphoinositide 

3-kinase (PI3K) inhibitors as protective against GLT (Table 3.5.10). The PI3K/Akt/FoxO1 signaling 

pathway has long been implicated in the protection of b-cells from lipotoxic and glucolipoxic 

stress47,48. Our findings contrast with this view and suggest that PI3K signaling may be 

dispensable for b-cell survival. There are four isoforms of PI3K (a, b, d, and g) and partial inhibition 

of one over the other can have different cellular effects. PI3Kb inhibition, for example, is known 

to induce the differentiation and maturation of human embryonic stem cells to b-cells and increase 

insulin expression49. ETP-45658, PIK-93, taselisib, GSK2126458, duvelisib, and AZD8186 all 

share potent activity towards PI3Kd. It is thus possible that these annotated PI3K inhibitors are 

protective against GLT via specific PI3K isoforms and their cellular targets. Future studies 

examining kinase profiling and gene expression will help shed light on this uncertainty as well as 

reveal new mechanisms integral to the complex biology underlying the health and survival of b-

cells in obesity and T2D. 
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4.2 Abstract  

We previously identified KD025 as a glucolipotoxicity (GLT)-protective compound in INS-1E and 

dissociated human islets. KD025 is annotated as a ROCK2 inhibitor and we screened other pan-

ROCK inhibitors like SR3677 and H-1152 to determine whether ROCK2 inhibition was 

responsible for KD025 GLT-protectivity. We found that KD025 was the only ROCK inhibitor to be 

GLT-protective in INS-1E and Rock2 knockdown in GLT-treated INS-1E had no effect on viability. 

We then profiled the kinase targets for KD025, SR3677, and H-1152 to identify KD025 specific 

targets. We found that KD025 potently inhibited casein kinase 2 (CK2) subunits α (CK2α) and α’ 

(CK2α’). CX4945, a potent CK2 inhibitor, was equally as GLT-protective as KD025 in INS-1E. 

Knockdown experiments validated that CK2α but not CK2α’ loss improved INS-1E viability in GLT. 

Overexpression of CK2α in INS-1E ablated KD025 GLT-protectivity. We therefore concluded 

KD025 was GLT-protective due to CK2 inhibition. RNA-sequencing analysis of GLT-treated INS-

1E cells co-incubated with 10 μM KD025 for 6, 12, and 24hr hours revealed KD025 partially 

reverses the GLT-induced gene signature in INS-1E. KD025 treatment reverses genes found in 

the Hallmark Hypoxia, Hallmark Inflammatory Response, and Hallmark TNFα Signaling via NFκB 

gene sets. KD025 treatment also recovered the expression of Hallmark Pancreas Beta Cells 

genes decreased by GLT treatment.   
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4.3 Introduction  

The global obesity and type 2 diabetes (T2D) epidemics continue to grow.1 In 2045, it is estimated 

780 million adults will live with T2D.2 While there are several approved therapeutic strategies to 

treat T2D, none address the underlying issue of β-cell dysfunction, failure, and ultimate death in 

patients.3 The onset of obesity is associated with elevated free fatty acids (FFAs) due to reduced 

FFA clearance and expansion of adipose tissue, and these elevated FFAs are thought to 

contribute to T2D development by promoting insulin resistance and pancreatic β-cell 

dysfunction.4,5 Elevated plasma glucose in conjunction with elevated FFAs exert a synergistic 

effect on β-cell dysfunction known as glucolipotoxicity (GLT).6–9 GLT decreases insulin gene 

expression, impairs glucose-stimulated insulin secretion (GSIS), and activates β-cell apoptotic 

machinery.10 Motivated by the absence of strategies to suppress GLT-induced β-cell loss in T2D, 

we previously performed a phenotypic screen in INS-1E and identified KD025, also known as 

SLx-2119 and Belumosudi, as GLT-protective (Chapter 3).11,12 We showed that KD025 reversed 

several hallmarks of the GLT-response in β-cells, including decreasing mitochondrial 

depolarization, decreasing calcium influx, and increasing Pdx1 expression (Chapter 3). 

 

KD025 is a ROCK2 inhibitor with specificity that is rare among the Rho-associated kinase (ROCK) 

inhibitor class.13 When bound to GTP, RhoA activates ROCK1/2 which go on to phosphorylate 

several substrates.14 The isoforms ROCK1 and ROCK2 share ~90% sequence homology in their 

kinase domain, making it extremely challenging to develop isoform specific inhibitors.15 ROCK 

inhibition as a therapeutic strategy gained popularity with the discovery of Rho/ROCK pathway 

involvement in several diseases, including vascular disease, cancer, asthma, glaucoma, kidney 

failure, osteoporosis, and neuronal degenerative disease.14,16 The pan-ROCK inhibitor fasudil was 

the first to be clinically approved in Japan in 1995 for the treatment of cerebral vasospasm, but 

more recently, KD025 has been FDA-approved for the treatment of chronic graft-versus-host 

disease (GVHD).12 The ROCK2 specificity of this small molecule sets it apart from several family 
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members and therefore presented a fascinating hypothesis: was the ROCK2 inhibition of KD025 

responsible for its GLT-protective activity?   

 

ROCK inhibition with H-1152 was recently shown to promote maturation of human pluripotent 

stem cells (hPSCs) to β-like cells by increasing the expression of β-cell markers NKX6.1, INS, 

UCN3, G6PC2, and MAFA.17 RNA-sequencing analysis revealed H-1152 increased the 

expression of genes associated with improved glucose-sensitivity and β-cell maturation.17 

Knockdown experiments then showed ROCK2 but not ROCK1 loss phenocopied H-1152 

treatment, increasing insulin positive cells produced from differentiated hPSCs, increasing 

expression of β-cell maturity markers, and improving glucose stimulation.17  

 

Motivated to determine the mechanism of KD025 GLT-protectivity, we screened seven pan-

ROCK inhibitors in GLT-treated INS-1E to identify any that were GLT-protective. We found that 

KD025 alone recovered both INS-1E viability and percent C-peptide in dissociated human islets 

treated with GLT media. Additionally, Rock2 knockdown in GLT-treated INS-1E had no effect on 

viability. Hypothesizing that some other kinase target was responsible for KD025 GLT-protectivity, 

we kinase profiled KD025, SR3677, and H-1152 and found KD025 alone had potent inhibitory 

activity towards Csnk2a1, Csnk2a2, and Mrckb. Co-treatment of potent casein kinase 2 (CK2) 

inhibitor CX4945 improved GLT-treated INS-1E viability similarly as KD025 and knockdown 

studies revealed Csnk2a1, but not Csnk2a2 loss improved GLT-treated INS-1E viability. 

Overexpression of Csnk2a1 completely ablated INS-1E KD025 GLT-protectivity. We therefore 

concluded casein kinase 2α (CK2α) inhibition was the means through which KD025 was GLT-

protective. RNA-sequencing analysis of GLT-treated INS-1E showed that KD025 partially 

reversed the GLT-gene signature, recovering expression of Hallmark Pancreas Beta Cell genes 

and downregulating genes involved in hypoxia, inflammatory response, and TNFα signaling 

through NFκB. These results further clarify the role of casein kinase 2 in mediating β-cell 
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apoptosis in GLT and suggest casein kinase inhibition is a feasible therapeutic strategy for 

mitigating β-cell death in T2D.  

 

4.4 Methods 

Cell culture. INS-1E cells (generously provided by Claes Wollheim and Pierre Maechler, 

University of Geneva, Switzerland) were cultured in RPMI 1640 supplemented with 10% FBS, 1% 

Pen/Strep, 1% sodium pyruvate, and 50 μM β-mercaptoethanol. Cells were maintained in flasks 

precoated with diluted supernatant (1:10) from the rat 804G cell line (804G matrix). 804G cells 

are a rat cancer cell line known to secrete a laminin-5 rich extracellular matrix. 804G cells were a 

generous gift of Susan Bonner-Weir Lab, Joslin Diabetes Center. The 804G matrix induces 

spreading, improves glucose-stimulated insulin secretion, and increases survival and proliferation 

of rat pancreatic β-cells.18 GLT media for INS-1E consisted of RPMI 1640 supplemented with 1% 

FBS, 1% Pen/Strep, 1% fatty acid free BSA, 50 μM β-mercaptoethanol, 25 mM glucose, and 0.5 

mM sodium palmitate. Sodium palmitate was dissolved in warmed 4% BSA in PBS before being 

added to RPMI1650. 

 

Human islets. Islets were obtained from the Integrated Islet Distribution Program (IIDP) and 

Prodo Laboratories, and cultured in CMRL 1066 supplemented with 10% FBS, 1% Pen/Strep, 

and 2 mM GlutaMAX. Islets were washed with PBS, incubated with acutase for 20 minutes at 

37°C, and cell culture media added to terminate enzymatic dissociation. Cells were then strained, 

counted and plated on flasks pre-treated with conditioned media from the human bladder 

carcinoma cell line HTB-919. GLT media for human islets consisted of CMRL 1066 supplemented 

with 1% fatty acid free BSA, 1% FBS, 30 mM glucose and 1 mM sodium palmitate. 
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Compounds. Compounds were purchased commercially for ROCK1/2 and CK2 inhibition 

studies: CX4945 (Silimitasertib), KD025 (SLx-2119), Y-27632, Fasudil, (Selleckchem); Rho 

Kinase Inhibitor V, SR3677 (Sigma-Aldrich); and AS-1892802, GSK429286A, (S)-H-1152, RKI-

1447 (Cayman Chemical). Stock solutions were prepared in DMSO and stored as per 

manufacturer instructions. Compounds were added to 96- and 384-well plates using Tecan D300e 

drug printer. 

 

Microscopy.  

High-Content Fluorescent Microscopy (HCFM) Assay: Live INS-1E cells were stained with DNA 

dye Hoechst 33342 (all cells), Caspase 3/7 activation dye CellEvent™ Caspase-3/7 (apoptotic 

cells), and live cell impermeable DNA dye DRAQ7 (dead cells) all at 1:5000 dilution for 1.5 hours. 

Cells were imaged at the magnification 5X and 10X using an Opera Phenix High-Content Imaging 

Instrument (PerkinElmer). Caspase-negative/positive and DRAQ7-negative/positive cells were 

quantified using Harmony software (PerkinElmer). 

 

Immunofluorochemistry. INS-1E cells were fixed with 3% PFA for 20 minutes, permeabilized with 

0.2% Triton X-100 in PBS for 20 minutes and blocked with 2% BSA in PBS for 2-3 hours at room 

temperature with gentle shaking. Cells were incubated with Flag antibody (Sigma-Aldrich, Cat. 

no: F1804) overnight at 4°C. After thorough washing with PBS and 1% BSA in PBS, cells were 

incubated with secondary antibody conjugated to Alex Fluor 594 (Invitrogen, #A11037) and 

Hoechst 33342, all in 2% BSA in PBS for 1 hour at room temperature. Cells are washed five times 

with PBS and then stored at 4°C. Cells were imaged at the magnification 20X using an Opera 

Phenix High-Content Imaging Instrument (PerkinElmer).  
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Human Islet Staining: Human islets were fixed with 3% PFA for 20 minutes, permeabilized with 

0.2% Triton X-100 in PBS for 20 minutes, blocked with 2% BSA in PBS for 2-3 hours at room 

temperature with gentle shaking, and then incubated with C-peptide antibody (Developmental 

Studies Hybridoma Bank, GN-ID4) in 2% BSA in PBS overnight at 4°C. After thorough washing 

with PBS and 1% BSA in PBS, cells were incubated with secondary antibody conjugated to 

AlexaFluor 568 (Invitrogen) and Hoechst 33342, all in 2% BSA dissolved in PBS for 1 hour at 

room temperature. Cells are washed five times with PBS and then stored at 4°C. Cells were 

imaged at the magnification 10X and 20X using an Opera Phenix High-Content Imaging 

Instrument (PerkinElmer), and percent C-peptide positive cells quantified using Harmony software 

(PerkinElmer). 

 

Induction of ER Stress with Thapsigargin. INS-1E cells were plated at 5,000 cells/well in 384-

well plates pretreated with supernatant from 804G cells. After 24 hours in regular media 

conditions, media was removed from plates using a Multidrop Combi plate dispenser 

(ThermoFisher), and basal INS-1E media supplemented with 6.67 μM thapsigargin added at 35 

μL/well.   

 

Proinflammatory cytokine treatment. Immune stress was induced as previously described.20 

INS-1E cells were plated at 8,000 cells/well in a 384-well plate coated with 804G matrix and 

incubated at 37°C overnight. Basal media was then removed and replaced with media containing 

cytokines (R&D Systems) specifically RPMI media, 1% FBS, 10 ng/mL IL-1β, 100 ng/mL IFN-g , 

and 25 ng/mL TNFα. Working concentrations of compounds were printed into the 384-well plates 

using a Tecan D300e drug printer. Plates were incubated at 37°C for 48 hours and cell viability 

was detected using CellTiter-Glo (Promega).  
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Kinase Profiling. Kinase profiling of KD025, SR3677, and H-1152 was performed by Eurofins 

DiscoverX KINOMEscan™ scanMAX agains 468 targets.21 KD025, SR3677, and H-1152 were 

both screened at 1000 nM. Briefly, streptavidin-coated magnetic beads were treated with 

biotinylated small molecule ligands for 30 minutes at room temperature to generate affinity resins 

for kinase assays. Liganded beads were blocked with excess biotin and washed with blocking 

buffer to remove unbound ligand and reduce non-specific binding. Binding reactions were 

assembled by combining kinases, ligand affinity beads, and test compounds in binding buffer. 

Test compounds were prepared as 40x stocks in DMSO and directly diluted into assay. Assay 

reactions were performed in 384-well plate and incubated at room temperature. Beads were re-

suspended in elution buffer and incubated at room temperature with shaking for 30 minutes. The 

kinase concentration in the eluates was measured by qPCR and used to calculate percent kinase 

activity compared to control.  

 

siRNA Knockdown. Lipofectamine RNAiMAX was used for siRNA transfection in INS-1E. INS-

1E cells were plated 5,000 cells per well in 96-well plate format and transfected with 10 pmol of 

siRNA. Transfected cells were left to incubate for 72-96 hours at 37°C. For GLT treatment, basal 

media was removed, GLT media added and cells incubated for another 48 hours at 37°C. siRNA 

knockdown was validated via Western blotting and qPCR. siRNA was purchased from Sigma-

Aldrich: Rock2 (SASI_Rn01_00030374), Csnk2a1 (SASI_Rn01_00051446), and Csnk2a2 

(SASI_Rn02_00228536).  

 

Overexpression. Lipofectamine RNAiMAX was used for transfection of INS-1E cells with 

Csnk2a1-Flag expression clone EX-Rn14990-M14 (Genecopoeia). INS-1E cells were plated 

5,000 cells per well in 96-well plate format and transfected with 300ng of EX-Rn14990-M14 

vector. Transfected cells were left to incubate for 72 hours at 37°C. For GLT treatment, basal 
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media was removed, GLT media added and cells incubated for another 48 hours at 37°C. CK2α 

overexpression was validated via Western blotting using anti-Flag.   

 

Gene Expression. Cellular RNA was isolated from INS-1E cells 72 hours after transfection using 

RNeasy Plus Mini Kit (Qiagen). qPCR was performed using purified RNA, TaqMan RNA-to-Ct 1-

Step Kit (ThermoFisher), and the following TaqMan probes (ThermoFisher): Hprt1 

(Rn01527840_m1), Mrpl19 (Rn01425270_m1), Pdx1 (Rn00755591_m1), Csnk2a1 

(Rn01535979_m1), and Csnk2a2 (Rn01574256_m1). qPCR samples were normalized to Hprt1 

and Mrpl19 expression levels. Pdx1 expression levels were normalized relative to basal treated 

INS-1E. 

 

Western Blotting. INS-1E cells transfected with siRNA or Csnk2a1-Flag vector were trypsinized, 

washed twice with cold PBS and pelleted for storage at -80°C. Thawed cell pellets were lysed in 

RIPA lysis buffer (Thermo Fisher) containing 25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1%NP-40, 

1% sodium deoxycholate, and 0.1% SDS. Protein concentration was quantified using BCA protein 

assay (Thermo Fisher). Approximately 20-35 μg of protein lysate was run on a Bolt 4-12% Bis-

Tris SDS-Page gel (Thermo Fisher) and electrically transferred to PVDF membranes either by 

wet transfer (ROCK2) using XCell II Blot Module (Thermo Fisher) or semi-dry transfer using iBlot 

2 system (Csnk2a1/2) (Thermo Fisher). PVDF membranes were washed with TBST and 

incubated with SuperBlock Blocking Buffer in TBS (ROCK2) (Thermo Fisher) or Intercept (TBS) 

Blocking Buffer (Csnk2a1/2) (Li-Cor) for 1 hour at room temperature. Primary antibody incubation 

was 1:1000 overnight at 4°C: mouse anti-ROCK2 (BD Biosciences, Cat no: 610623), rabbit anti-

actin-β (Cell Signaling, #4967), rabbit anti-Csnk2a1 (Thermo Fisher, Cat no: PA5-28686), rabbit 

anti-Csnk2a2 (Thermo Fisher, Cat no: PA5-109601), rabbit anti-Hprt1 (Thermo Fisher, Cat no: 

PA5-22281). Secondary antibody incubation was for 1 hour at room temperature: anti-Rabbit 
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HRP-linked (#7074), anti-Mouse HRP-linked (#7076) (Cell Signaling), anti-Rabbit IRDye 680 RD 

(Li-Cor), anti-Rabbit IRDye 800 CW (Li-Cor). Membranes incubated with HRP-linked antibodies 

were developed using Azure c600 imager (Azure Biosystems). Membranes incubated with Li-Cor 

antibodies developed using Odyssey DLx imager (Li-Cor). Uncropped scans of all Western blots 

available.  

 

RNA-sequencing analysis.  

Differential Expression. INS-1E cells were incubated with basal media, GLT media, or GLT media 

supplemented with 1 or 10 μM KD025 for 6, 12, or 24 hours. Cells were trypsinized, pelleted, and 

RNA extracted using RNeasy Mini Kit (Qiagen). RNA sequencing was performed by Genewiz 

using Illumina HiSeq paired-end sequencing.  FastQC (v.0.11.9) was used to quality check RNA-

sequencing results, which performed with an average of 35-42 million reads per sample. Paired-

end sequences where then trimmed with Trimmomatic (v.0.39) and RNA-sequencing reads 

aligned to the R. norvegicus genome (mRatBN7.2) using STAR (v.2.7.5c). An average of ~87% 

reads were uniquely mapped and quantified. Differential expression analysis was performed using 

DESeq2. DESeq2 analysis accounted for the experimental design of basal media and GLT 

treated INS-1E. Log transformed gene counts were converted to z-scores and visualized using R 

pheatmap function.     

 

Gene Set Enrichment Analysis. Normalized gene counts were loaded into GSEA (v.4.1.0) and 

analyzed using the h.all.v7.5.symbols.gmt gene set database, using 1000 permutations, and the 

Rat_ENSEMBL_Gene_ID_Human_Orthologs_MSigDB.v7.5.chip Chip platform.22 All other 

settings were left at default.  

 

Statistical Analysis. In vitro experiments were performed at least three times and quantitative 

data are presented as mean ± SD. Group means were compared using ANOVA assuming 



 102 

Gaussian distribution followed by a one-way t-test. Statistical analyses were performed using 

GraphPad Prism software version 8 (GraphPad Software). 

 
4.5 Results 

KD025 GLT-protectivity is not Dependent on ROCK2 Inhibition 

KD025 is a GLT-protective small molecule in both INS-1E and human islets (Figure 4.5.1a-c). To 

investigate whether KD025 GLT-protectivity was a result of its ROCK2 activity, we tested several 

pan-ROCK inhibitors including SR3677, H-1152, Y-27632, fasudil, Rho Kinase Inhibitor V, AS-

1892802, GSK429286A, and RKI-1447 in INS-1E and human islets treated with GLT media 

(Table 4.5.2). We found that KD025 alone preserved β-cell viability in GLT (Figure 4.5.1b-c). 

Additionally, we found that specific knockdown of Rock2 in INS-1E did not confer protection 

against glucolipotoxicity (Figure 4.5.1e-f). KD025 β-cell protectivity extended to thapsigargin 

treated INS-1E cells but not cytokine treated INS-1E, indicating it is not generally β-cell protective 

(Figure 4.5.3).     

 

Figure 4.5.1 
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Figure 4.5.1 (Continued). KD025 is GLT protective in INS-1E and human islets. a) Chemical structure 
of KD025. b) & c) KD025 recovers the viability of INS-1E cells and human islets treated with GLT media for 
48 hours (n=3). Black dotted line (n = 24) represents percent viability of INS-1E cells or human islets 
incubated in basal culture media. Grey dotted line (n = 24) represents percent viability of INS-1E cells or 
human islets treated with GLT media and DMSO. d) Validation of 72-hour Rock2 siRNA knockdown in INS-
1E. e) & f) Rock2 siRNA knockdown does not recover GLT-treated INS-1E viability (n=8), while 10 μM 
KD025 does. Statistical significance was evaluated using an unpaired, one-tailed t-test for each compound 
compared to GLT alone. (**, P < 0.01, ****, P < 0.0001). 
 
 
 
Table 4.5.2. Comparison of known ROCK1 and ROCK2 IC50 values. 
 

ROCK Inhibitor IC50 ROCK1 (nM) IC50 ROCK2 (nM) 

KD025 24000 105 

Fasudil 267 153 

Rho Kinase Inhibitor V NA 1.5 

AS-1892802 122 52 

GSK429286A 14 63 

H-1152 30 12 

RKI-1447 14.5 6.2 

SR3677 56 32 

Y-27632 Ki = 140 Ki = 300 

 
KD025 is the only ROCK2 specific inhibitor. NA: Rho Kinase Inhibitor V ROCK1 inhibition has not been 
tested. IC50 values were sourced from www.selleckchem.com. 
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Figure 4.5.3. KD025 is not generally β-cell protective. a) KD025 improves the viability of INS-1E cells 
treated with 6.7 μM of thapsigargin (ER-stress inducer) for 48 hours (n=4). b) KD025 does not improve the 
viability of INS-1E cells treated with cytokines for 48 hours (n=3). Statistical significance was evaluated 
using an unpaired, one-tailed t-test for each compound compared to GLT alone. (****, P < 0.0001).  
 

KD025 is a Casein Kinase Inhibitor  

We speculated some other target was responsible for KD025 activity and used kinase profiling to 

screen KD025, SR3677, and H-1152 against 468 kinase targets (Appendix 3.1). The results, 

summarized in Figure 4.5.4a, show KD025 has potent activity towards casein kinase 2 (CK2) 

subunits CSNK2A1 (CK2α) and CSNK2A2 (CK2α’) while pan-ROCK inhibitors SR3677 and H-

1152 do not. KD025 also had mild activity towards myotonic dystrophy protein kinase-like β 

(MRCKB). Kinase profiling revealed H-1152 is a non-selective kinase inhibitor with activity 

towards several kinase families (Figure 4.5.4b). SR3677 on the other hand had a cleaner 

inhibition profile than H-1152. To test whether other CK2 inhibitors could also be GLT protective, 

we tested CX4945 in INS-1E cells treated with 48-hour GLT. We found that potent CK2 inhibitor 

CX4945 (IC50 = 1 nM) was as effective as KD025 at restoring INS-1E viability (Figure 4.5.5).23 
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Figure 4.5.4. KD025 is a casein kinase 2 inhibitor. a) Summary of KD025 specific kinase targets from 
kinase profiling. KD025, SR3677, and H-1152 profiled at 1 μM. b) TREEspot visualization of kinase targets 
for KD025, SR3677, and H-1152. While KD025 and SR3677 are more specific compounds, H-1152 has 
activity towards several targets. Image generated using TREEspot™ Software Tool and reprinted with 
permission from KINOMEscan®, a division of DiscoveRx Corporation, © DISCOVERX CORPORATION 
2010. 
 

 

Figure 4.5.5. CK2 inhibition is GLT protective in INS-1E. a) & b) KD025 (10 μM) is GLT-protective in 
INS-1E treated with GLT media for 48-hours (n=6). c) & d) CX4945 (10 μM) is GLT protective in INS-1E 
treated with GLT media for 48-hours (n=6). Basal and GLT treatment alone (n=18). Percent viability was 
determined using the HCFM assay method described in Chapter 2. Statistical significance was evaluated 
using an unpaired, one-tailed t-test for each compound compared to GLT alone. (*, P < 0.0001).   
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Casein Kinase 2 inhibition Improves INS-1E Viability in GLT 

To validate whether casein kinase 2 (CK2) inhibition was responsible for KD025 GLT-protectivity, 

we knocked down both isoforms of the catalytically active kinase subunits of CK2 (Csnk2a1 and 

Csnk2a2) and found that Csnk2a1 but not Csnk2a2 knockdown improved INS-1E viability in the 

presence of GLT media for 48 hours (Figure 4.5.6). We validated Csnk2a1/2 knockdown down in 

INS-1E in via qPCR and Western blotting (Figure 4.5.6a,d). While Csnk2a1 knockdown was not 

able to increase GLT-treated INS-1E cell number to similar levels as KD025, Csnk2a1 knockdown 

improved INS-1E viability to ~65% compared to GLT control (~55%) (Figure 4.5.6b,c). KD025 

increased GLT-treated INS-1E viability to ~85% (Figure 4.5.6b,c). Interestingly, Csnk2a1 

knockdown plus 10 μM KD025 treatment improved the viability of GLT-treated INS-1E more than 

KD025 treatment alone, however, this was accompanied with a decrease in the total number of 

live cells (Figure 4.5.6c). The knockdown of Csnk2a2 had no effect on GLT-treated INS-1E 

viability (Figure 4.5.6e,f). Though Csnk2a2 knockdown slightly increased INS-1E cell number 

compared to GLT control, percent viability of these cells was similar to GLT control (Figure 

4.5.6e,f). These data suggest there may be differential functions for the two catalytic subunits of 

CK2 in β-cells.  
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Figure 4.5.6. Csnk2a1 knockdown improved GLT-treated INS-1E viability. a) qPCR validation of 72-
hour Csnk2a1 knockdown in INS-1E. b) Live cell number for INS-1E cells treated with basal or GLT media, 
with or without Csnk2a1 knockdown, and with or without 10 μM KD025 treatment (n=6). c) Percent viability 
for INS-1E cells treated with basal or GLT media, with or without Csnk2a1 knockdown, and with or without 
10 μM KD025 treatment (n=6). d) qPCR validation of 72-hour Csnk2a2 knockdown in INS-1E. e) Live cell 
number for INS-1E cells treated with basal or GLT media, with or without Csnk2a2 knockdown, and with or 
without 10 μM KD025 treatment (n=6). f) Percent viability for INS-1E cells treated with basal or GLT media, 
with or without Csnk2a2 knockdown, and with or without 10 μM KD025 treatment. Statistical significance 
was evaluated using an unpaired, one-tailed t-test for each compound compared to GLT alone. (*, P < 0.05; 
**, P < 0.01; ****, P < 0.0001). 
 

Casein Kinase 2 Overexpression Decreases KD025 activity in GLT 

We further investigated the role of CK2 inhibition in mediating KD025 GLT-protectivity activity by 

overexpressing Csnk2a1 in INS-1E. We transfected INS-1E with a C-terminal Flag Csnk2a1 
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vector and validated Csnk2a1-Flag overexpression via Western blotting and immunofluorescence 

(Figure 4.5.7a,d). Overexpression of Csnk2a1-Flag significantly decreased the viability of INS-1E 

treated with GLT media for 48 hours (Figure 4.5.7b,c). Csnk2a1-Flag expression also seemed to 

decrease the viability of basal media treated INS-1E, suggesting that overexpression of the kinase 

activates apoptotic signaling (Figure 4.5.7b,c). When INS-1E overexpressing Csnk2a1-Flag were 

treated with KD025 and GLT media, the GLT-protectivity of KD025 was totally eliminated 

confirming that Csnk2a1 inhibition is key to KD025 β-cell activity (Figure 4.5.7b,c).    

 

KD025 Partially Reverses GLT Gene Signature in INS-1E 

To investigate KD025 effect on GLT-induced gene expression we performed RNA-sequencing 

analysis on INS-1E treated with 10 μM KD025 and GLT media for 6, 12, and 24 hours (Figure 

4.5.8). We found that the ability of KD025 to reverse the INS-1E GLT-gene signature was 

dependent on time, with the most GLT-induced gene expression reversal occurring at 24 hours 

(Figure 4.5.8). GLT-treatment increased the expression of 443, 726, and 1110 genes at 6, 12, 

and 24 hours in INS-1E and decreased the expression of 157, 331, and 566 genes at 6, 12, and 

24 hours in INS-1E (Appendix 3.2.xlsx). GSEA analysis of the 1110 upregulated and 566 

downregulated genes at 24 hours revealed enrichment of several Hallmark gene sets involved in 

stress including: HALLMARK_PEROXISOME, HALLMARK_P53_PATHWAY, HALLMARK_ 

HYPOXIA, HALLMARK_TNFA_SIGNALING_ VIA_NFKB, HALLMARK_INTERFERON_ 

ALPHA_RESPONSE, HALLMARK_APOPTOSIS, HALLMARK_INFLAMMATORY_RESPONSE, 

and HALLMARK_REACTIVE_OXYGEN_ SPECIES_PATHWAY (Figure 4.5.9). 
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Figure 4.5.7. Csnk2a1 overexpression eliminates KD025 GLT-protectivity in INS-1E. a) Western blot 
confirmation of C-terminal Csnk2a1-Flag fusion overexpression in INS-1E. B) Csnk2a1 overexpression 
decreases the live cell number of basally- and GLT-treated INS-1E. INS-1E treated with GLT media for 48 
hours. Csnk2a1 overexpression eliminated KD025 GLT-protectivity in INS-1E (n=4). c) Csnk2a1 
overexpression decreases the percent viability of basally- and GLT-treated INS-1E. INS-1E treated with 
GLT media for 48 hours. Csnk2a1 overexpression eliminates KD025 activity in INS-1E (n=4). d) 
Representative images of immunofluorescence confirmation of Csnk2a1-CFlag overexpression in INS-1E 
treated with and without GLT media and 10 μM KD025. Scale bar: 20nm. Statistical significance was 
evaluated using an unpaired, one-tailed t-test for each compound compared to GLT alone. (#, P < 0.0001) 
(*, P < 0.05; **, P < 0.01; ****, P < 0.0001) 
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Figure 4.5.8. KD025 partially reverses GLT-induced gene expression signature in INS-1E. a-c) 
Visualization of RNA-sequencing data for top 300 genes with large variance between z-scores (relative 
expression) in the basal control and 6, 12, or 24-hour GLT control. N=3 for each treatment condition: basal, 
48-hour GLT, and 10 μM KD025. Gene z-score (relative expression) calculated by determining log 
transformed gene expression variance across each treatment condition. Gene hierarchical clustering 
represented on left of each figure.  
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Figure 4.5.9 
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Figure 4.5.9 (Continued). GSEA analysis of Hallmark gene sets enriched in 24-hour GLT-treated INS-
1E. GSEA Analysis performed by comparing GLT-treated INS-1E co-incubated with DMSO or 10 μM 
KD025. Gene counts normalized to INS-1E treated with basal media.   
 

We further investigated GLT-induce gene expression changes reversed by KD025 by computing 

overlaps between these genes and the Hallmark gene sets in the Molecular Signatures Database 

(MSigDB).22,24,25 

 

We found that GLT-induced gene expression changes reversed by KD025 included genes in the 

HALLMARK_HYPOXIA, HALLMARK_INFLAMMATORY_RESPONSE, and HALLMARK_TNFA_ 

SIGNALING_VIA_NFKB gene sets (Figure 4.5.10a). In the HALLMARK_HYPOXIA gene set 

KD025 decreased GLT-induced upregulation of Pfkfb3, Ppp1r3c, Efna3, Bhlhne40, and S100a4 

(Figure 4.5.10c). In the HALLMARK_INFLAMMATORY_RESPONSE gene set KD025 decreased 

GLT-induced upregulation of Prok2, Hbegf, Il2rb, Slc4a4, and Cd40 (Figure 4.5.10d). In the 

HALLMARK_TNFA_SIGNALING_VIA_NFKB gene set KD025 decreased GLT-induced 

upregulation of Klf10, Pfkfb3, G0s2, Bhlhe40, and Hbegf (Figure 4.5.10e). KD025 also decreased 

the expression of GLT-induced upregulated genes in the HALLMARK_P53_PATHWAY, 

HALLMARK_INTERFERON_GAMMA_RESPONSE, HALLMARK_ MTORC1_SIGNALING, AND 

HALLMARK_IL6_JAK_STAT3_ SIGNALING gene sets (Figure 4.5.10a). Of note is KD025-

dependent decrease in Slc7a11 and Txnip expression in GLT-treated INS-1E. Slc7a11 is a 

cysteine/glutamine antitransporter implicated in ferroptosis suppression and Txnip is upregulated 

in diabetes, where it promotes oxidative stress, inhibits insulin production, and facilitates β-cell 

apoptosis.26–29 KD025 also had an effect on a selection of genes that do not fall into any Hallmark 

data set and are here classified as the unique KD025 signature (Figure 4.5.10b). Encouragingly, 

we also found that KD025 recovered expression of several downregulated 

HALLMARK_PANCREAS_BETA_CELLS genes, including Pdx1, Nkx6.1, Isl1, Nkx2.2, Dpp4, 

Pax6, Dcx, Pax4, Neurod1, and Syt13 (Figure 4.5.11). 
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Figure 4.5.10. Hallmark gene set overlap of genes affected by KD025 treatment. a) Molecular 
Signatures Database (MSigDB) hallmark gene set overlap of GLT-upregulated genes reverted by KD025 
treatment in INS-1E after 24 hours. b) Genes which comprise the unique signature for KD025 treatment in 
GLT-treated INS-1E at 24 hours. c-d) Hallmark gene set overlaps of genes specifically downregulated by 
KD025 in 24-hour GLT-treated INS-1E.  
 

 

Figure 4.5.11. KD025 recovers downregulated Hallmark Pancreas Beta Cells genes. INS-1E cells 
treated with 24-hour basal media, GLT media, or GLT media supplemented with 10 μM KD025.  
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Of particular interest were those genes not affected by INS-1E KD025 treatment, including genes 

upregulated by GLT-treatment or downregulated by GLT treatment. We found that the largest 

Hallmark gene set overlap of genes unaffected by KD025 treatment was the 

HALLMARK_E2F_TARGETS gene set (4.5.12a,b). These genes, which encode cell cycle related 

targets of E2F transcription factors are upregulated in mitotic cells.25 We believe this gene 

signature is unique to the INS-1E insulinoma cell line which, when unstressed continues to grow. 

INS-1E cells treated with GLT media halt their growth phenotype and this was represented by the 

decrease in HALLMARK_E2F_TARGETS, HALLMARK_G2M_CHECKPOINT, and 

HALLMARK_MITOTIC_SPINDLE gene set expression in GLT treated INS-1E (Figure 4.5.12b-d). 

It was interesting to see 24-hour KD025 treatment did not return several HALLMARK_HYPOXIA 

genes back to basal levels (Figure 4.5.12e). Instead, some like Atf3, Stbd1, and Ddit3 were slightly 

decreased, while others like Fos, Pparg1a, Ppfia4, and Aldoc were increased. Similarly, 24-hour 

KD025 treatment did not return select HALLMARK_MTORC1_SIGNALING genes back to basal 

levels (Figure 4.5.12g). Other Hallmark gene sets largely unchanged include 

HALLMARK_GLYCOLYSIS and HALLMARK_KRAS _SIGNALING_UP (Figure 4.5.12f,g). There 

were also some hallmark gene set members decreased by 24-hour KD025 treatment that are 

upregulated in basal INS-1E, including HALLMARK_PI3K_AKT_MTOR_SIGNALING and 

HALLMARK_TNFA_SIGNALING_VIA_NFKB (Figure 4.5.12i,j). Finally, there remained a group 

of GLT-upregulated genes that were not affected by 24-hour KD025 treatment and did not overlap 

with any Hallmark gene sets (Figure 4.5.13).   
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Figure 4.5.12. Hallmark gene set overlap of INS-1E genes not returned to basal levels by KD025 
treatment. a) Molecular Signatures Database (MSigDB) hallmark gene set overlap of GLT-upregulated 
genes that did not return to basal INS-1E levels by 24-hour KD025 treatment. b-j) Visualization of Hallmark 
gene set overlaps of genes not returned to basal INS-1E levels after 24-hour KD025 treatment in GLT-
treated INS-1E. 
 

 

Figure 4.5.13. Genes not returned to basal levels by KD025, absent Hallmark gene set overlap. 10 
μM KD025 24-hour co-treatment in GLT-treated INS-1E does not return the expression of these genes to 
back to basal levels.  
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4.6 Discussion 

The discovery of KD025 as GLT-protective suggested a role for ROCK2 inhibition in GLT-

mediated death in β-cells. However, by screening several pan-ROCK inhibitors and knocking 

down Rock2 in INS-1E, we showed that ROCK2 inhibition was not the GLT-relevant target for 

KD025 (Figure 4.5.1). We also showed that KD025 was not generally β-cell protective. KD025 

does not protect against cytokine-mediated death and moderately protects against thapsigargin-

induced ER stress (Figure. 4.5.3). This suggested to us KD025 activity was specific to the GLT-

response, possibly through decreasing GLT-induced ER stress in combination with reducing 

previously described mitochondrial depolarization and calcium influx (Chapter 3). By kinase 

profiling KD025, SR3677, and H-1152 we were able to directly compare the kinase targets for 

these three ROCK inhibitors and discover that KD025 had unique targets (Table 4.5.2). These 

were Csnk2a1, Csnk2a2, and Mrckb. Csnk2a1 and Csnk2a2 encode the α and α’ catalytic 

subunits for casein kinase 2 (CK2), a previously suggested target for diabetes treatment.30 CK2 

expression is increased in β-cells isolated from human T2D donors compared to nondiabetic 

donors and treatment of rat and human islets exposed to elevated glucose and fatty acids with 

potent CK2 inhibitor, CX4945, improved insulin secretion.31,32 We therefore tested if CX4945 could 

recover GLT-treated INS-1E viability and found that at 10 μM the compound was just as effective 

as KD025 (Figure 4.5.5). To further probe the role of CK2α and CK2α’ inhibition in β-cell viability, 

we knocked down Csnk2a1 and Csnk2a2 and showed that Csnk2a1, but not Csnk2a2, 

knockdown improved GLT-treated INS-1E viability (Figure 4.5.6). CK2α and CK2α’ share high 

sequence homology but do differ in their C-termini, suggesting there may be differential targets 

or functions for the two subunit isoforms in the cell.33 Overexpression of a C-terminally flagged 

Csnk2a1 in GLT-treated INS-1E completely ablated KD025 GLT-protectivity, confirming CK2α as 

the GLT-relevant target for KD025 in β-cells (Figure 4.5.7).  
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We RNA-sequenced INS-1E cells treated with KD025 in the presence of GLT media to further 

probe KD025 mechanism of action and how CK2α inhibition affected GLT-treated INS-1E cells. 

We found that 10 μM KD025 was able to time-dependently reverse several aspects of the GLT-

gene signature, with maximum reversal being observed at 24-hours (Figure 4.5.8). Querying the 

list of genes KD025 returned to basal INS-1E levels of expression, we found the highest 

enrichment in Hallmark Hypoxia, Hallmark Inflammatory Response, and Hallmark TNFα Signaling 

via NFκB gene sets (Figure 4.5.10a). Within the Hallmark Hypoxia gene set, KD025 reversed the 

upregulation of Pfkfb3, Ppp1r3c, Efna3, Bhlhe40, and S100a4 (Figure 4.5.10c). Upregulation of 

Pfkfb3 is observed in the β-cells of type 1 diabetes (T1D) patients and in response to cytokine 

treatment.34 The upregulation of Pfkfb3 by GLT-treatment suggests shared processes with 

cytokine-induced β-cell death. Ppp1r3c is an activator of glycogen synthase and is strongly 

upregulated in βV59M mice 24-hours after induction of diabetes.35 The upregulation of this gene 

by GLT-treatment and subsequent downregulation by KD025, suggest it is a contributor to GLT-

mediated β-cell death. Efna3 is upregulated in T2D patients and is required for insulin secretion, 

suggesting this gene encoding the Ephrin A3 protein kinase could be upregulated to offset insulin 

resistance or diminished insulin response.31 S100a4 encodes a calcium binding protein regulated 

by β-cell membrane depolarization agents and is a marker for β-cell excitotoxicity.36 The 

upregulation of S100a4 by GLT-treatment suggests β-cell excitotoxicity may play a role in GLT. 

Enrichment of the Hallmark Inflammatory Response gene set in GLT harkens to the observation 

that obesity-induced chronic inflammation is a risk factor for T2D.37 For example, Hbegf 

expression is upregulated in β-cells in response to glucose and infusing rats with lipids increase 

Hbegf mRNA expression.38,39 Slc4a4 is overexpressed in the β-cells of T2D patients and is 

associated with loss of β-cell transcriptional identity and β-cell dysfunction.40,41 Slc4a4 knockout 

mice were protected from high-fat-diet-induced glucose intolerance and β-cell dysfunction, and 

showed improved mitochondrial function and β-cell gene expression.40,41 Cd40 is known to be 

upregulated by proinflammatory cytokines and is a means by which GLT initiates β-cell death 
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through TNFR5/CD40-mediated STAT1 and NF-κB activation.42  KD025 treatment downregulates 

the expression of Hbegf, Slc4a4, and Cd40 (Figure 4.5.10d). In the enriched Hallmark p53 

pathway, it was interesting to find Slc7a11 and Txnip upregulated in GLT-treatment (Figure. 

4.5.10f). Slc7a11 is a cystine/glutamate transporter known to suppress the activation of 

ferroptosis.26 The involvement of ferroptosis in β-cell mediated death in T2D remains to be 

investigated, however, overexpression of Slc7a11 could be in response to lipid peroxidation in 

INS-1E cells. Txnip is also upregulated by GLT-treatment and is known to be upregulated in T2D, 

where it inhibits insulin production and β-cell function and promotes oxidative stress and induction 

of apotosis.29 Txnip deficiency is known to protect against T2D by promoting β-cell survival and a 

recently developed small molecule which decreases Txnip expression lowers blood glucose in 

obesity-induced diabetes in mice.43,44  RNA-sequencing also revealed a selection of genes not 

enriched in any Hallmark gene set which are downregulated by 24-hour KD025 treatment (Figure 

4.5.10b). Interestingly, KD025-treatment lowers the expression of some of these genes even 

lower than basal media treated INS-1E. Future investigations will determine whether this is to the 

benefit or detriment of overall β-cell function. We also observed that KD025 treatment increased 

the expression of Hallmark Pancreas Beta Cell genes downregulated by GLT-treatment including 

Pdx1, Nkx6.1, Isl1, Nkx2.2, Dpp4, Pax6, Dcx, Pax4, Neurod1, and Syt13 (Figure 4.5.11). These 

results suggest that KD025 is able to improve β-cell identity lost by GLT-treatment and conform 

with previous results that KD025 increases GLT-reduced Pdx1 expression (Chapter 3).   

 

KD025 was not able to revert to basal the expression of several genes involved in the Hallmark 

E2F Targets gene set; however this was less concerning as these genes are associated with a 

mitotic phenotype and are less relevant in post-mitotic human islets (Figure 4.5.12, 4.5.13). When 

grown in basal media, INS-1E cells maintain a growth state, doubling approximately every 36 

hours. This mitotic phenotype is lost with GLT-treatment and the onset of apoptosis reduces cell 

number. KD025 does not appear to increase these genes associated with proliferation, 
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suggesting it does not reactivate the INS-1E mitotic phenotype. As human islets rarely divide, this 

may suggest KD025 treatment is pushing INS-1E towards a more β-cell, non-mitotic phenotype.  

 

Together, these data show KD025 is GLT-protective because of its CK2α inhibition and that CK2α 

inhibition protects against GLT-mediated death by upregulating markers of β-cell function, and 

decreasing markers of hypoxia, inflammation response, and TNFα/NFκB signaling. Future 

research will benefit from investigating which CK2 phosphorylation substrates are most essential 

for mediating β-cell dysfunction and death and how CK2 inactivation alters these signaling 

pathways.  
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Chapter 5 

Conclusions and Future Directions 

 

Chapter 5: Conclusions and Future Directions  
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The global obesity and diabetes epidemics show no end in sight. While current type 2 diabetes 

treatments enable management of the disease, there are no therapeutics that address β-cell loss. 

Current treatments are therefore palliative not curative. We lack complete understanding of the 

mechanistic underpinnings of β-cell dysfunction and death in obesity and type 2 diabetes, and 

this is limiting the development of therapies. Phenotypic screening in β-cell models of death like 

glucolipotoxicity (GLT) offer new small molecules to probe the molecular biology of β-cell 

dysfunction and death, possibly identifying disease relevant targets for further therapeutics 

development.  

 

Chapter 2 describes the development of a high-throughput fluorescent microscopy (HCFM) 

method to quantify cell number and percent viability. This method is highly reproduceable and 

can be applied to numerous assay systems to detect cell viability. This method was employed to 

validate hit compounds from the primary GLT screen. Also described in this chapter are methods 

to assay β-cell functionality in GLT conditions. These include a flow cytometry method to detect 

mitochondrial depolarization and a confocal microscopy method to detect calcium influx in INS-

1E cells. Future assay development should aim at developing a method for quantifying glucose 

stimulated insulin secretion (GSIS) from GLT-treated cells in a reproduceable manner. Attempts 

were made to generate such an assay but faced challenges due to the low attachment properties 

of GLT-treated cells. This future assay should utilize limited to no wash steps to enable 

quantification and normalization of insulin secretion by cell number. In the absence of a robust 

GSIS assay, Chapter 2 details the quantification of Pdx1 expression in INS-1E cells treated with 

GLT to further assay β-cell function. Further GLT screening efforts would also benefit from the 

development of a high-throughput means of assess endoplasmic reticulum (ER) stress in cells. 

Western blotting for markers of ER stress and the unfolded protein response is the current 

standard in the field and this limits the throughput for testing whether compound reduce ER stress.  
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Chapter 3 summarizes the result of the primary GLT screen in INS-1E and the identification of 17 

Repurposing library hit compounds and 2 Diversity-Oriented Synthesis (DOS) scaffolds with 

potent GLT-protective activity. We found an enrichment of kinase inhibitors in our Repurposing 

library hits, suggesting several pathways of the β-cell GLT response are governed by overactive 

kinases which activate cell stress and apoptotic pathways. The 17 Repurposing library hits were 

tested in several assays to investigate their effect on Pdx1 expression, mitochondrial 

depolarization, and calcium flux in GLT-treated INS-1E cells. The general β-cell protectivity of 

these compounds was also tested by applying them to cytokine treated INS-1E cells. We found 5 

out of the 17 hits were cytokine protective as well. These 17 small molecules, all but one 

annotated as a kinase inhibitor, will serve as excellent probes for future studies interrogating the 

mechanisms of β-cell GLT. Mechanism of action studies to identify the β-cell relevant targets of 

these compounds may well likely identify new molecular pathways for the treatment of β-cell death 

and dysfunction in T2D. These studies may include pull-down experiments, in vivo validation of 

antidiabetic effects, and RNA-sequencing to investigate how gene expression changes with and 

without treatment.  

 

Chapter 4 describes efforts to identify the KD025 target responsible for β-cell GLT-protectivity. 

KD025 was identified in chapter 3 as a GLT-protective compound that decreased mitochondrial 

depolarization and calcium influx, increased Pdx1 expression, and recovered GLT-treated INS-

1E viability. KD025 is annotated as a ROCK2 inhibitor and screening of other pan-ROCK inhibitors 

revealed only KD025 alone was GLT-protective. Additionally, knockdown of Rock2 in INS-1E had 

no effect on GLT-treated INS-1E viability. Kinase profiling of KD025 and non-GLT-protective pan-

ROCK inhibitors SR3677 and H-1152 revealed KD025 inhibits the α and α’ subunits of casein 

kinase 2 (CK2). These subunits are the catalytic domains of CK2 and mediate its kinase activity. 

Knockdown of CK2α and CK2α’ revealed siCsnk2a1 (CK2α) improved GLT-treated INS-1E 

viability, while siCsnk2a2 (CK2α’) loss had no effect. Overexpression of a C-terminal flagged 
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CK2α fusion in INS-1E completely ablated KD025 GLT-protectivity. I therefore concluded KD025 

GLT-protectivity is mediated by CK2 inhibition. RNA-Sequencing analysis of GLT-treated INS-1E 

revealed that KD025 also partially reverses the GLT-gene signature. Several Hallmark gene sets 

involved in stress were upregulated in GLT-treated INS-1E and were downregulated by KD025 

treatment. This implicates CK2 inhibition in the regulation of several stress pathways in β-cells. 

Future experiments should aim to dissect which casein kinase 2 substrates are relevant to β-cell 

function and viability and how CK2 activity in β-cells changes in response to different stressors. 

KD025 experiments indicate CK2 activity is crucial only to GLT-treated β-cells. Future 

experiments should aim to understand what differentiates GLT from other β-cell stressors like 

cytokine stress, oxidative stress, and ER stress.  
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Appendix 1: Native Zinc Catalyzes Selective and Traceless Release of Small 

Molecules in β-Cells 

 
Attribution:  

Miseon Lee7, Basudeb Maji7, Debasish Manna7, Sevim Kahraman, Ruth M. Elgamal, Jonnell 

Small, Praveen Kokkonda, Amedeo Vetere, Jacob M. Goldberg, Stephen J. Lippard, Rohit N. 

Kulkarni, Bridget K. Wagner, and Amit Choudhary*  

 

7These authors contributed equally to this work  

Author Contributions: 

JS optimized cell culture methods for INS-1E, alphaTC.6, and PANC-1. JS performed the 

experiment to characterize the dose and time dependent beta-cell specific hydrolysis of DA-ZP1 

in INS-1E (Figure S1).  
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Appendix 2: Harnessing reaction-based probes to preferentially target pancreatic 

β-cells and β-like cells 

 
Attribution:  

Sevim Kahraman, Debasish Manna, Ercument Dirice, Basudeb Maji, Jonnell Small, Bridget K 

Wagner, Amit Choudhary, Rohit N Kulkarni* 

 
 
 
Author Contribution:  
 
JS designed the confocal microscopy imaging protocol for quantifying DA-ZP1 in EndoC-bH1 

cells, and assisted in the writing and editing of the manuscript.   

 
 
 
Reprinted with permission from Life Science Alliance  

Copyright © 2021, Life Science Alliance 
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Appendix 3: Supplementary Material for Chapter 4 

A3.1. Full Kinase Profiling Results Table 

DiscoveRx Gene Symbol Entrez Gene 
Symbol 

Percent 
Control 
(KD025) 

Percent 
Control 

(SR3677) 

Percent 
Control 
(H1152) 

AAK1 AAK1 100 95 55 
ABL1-nonphosphorylated ABL1 92 95 58 
ABL1-phosphorylated ABL1 98 100 100 
ABL1(E255K)-phosphorylated ABL1 98 86 77 
ABL1(F317I)-nonphosphorylated ABL1 100 100 86 
ABL1(F317I)-phosphorylated ABL1 99 89 51 
ABL1(F317L)-nonphosphorylated ABL1 96 89 41 
ABL1(F317L)-phosphorylated ABL1 100 80 55 
ABL1(H396P)-nonphosphorylated ABL1 87 99 61 
ABL1(H396P)-phosphorylated ABL1 100 100 70 
ABL1(M351T)-phosphorylated ABL1 100 100 67 
ABL1(Q252H)-nonphosphorylated ABL1 100 96 82 
ABL1(Q252H)-phosphorylated ABL1 100 100 37 
ABL1(T315I)-nonphosphorylated ABL1 100 100 62 
ABL1(T315I)-phosphorylated ABL1 100 91 74 
ABL1(Y253F)-phosphorylated ABL1 100 77 55 
ABL2 ABL2 100 100 97 
ACVR1 ACVR1 100 100 91 
ACVR1B ACVR1B 94 99 53 
ACVR2A ACVR2A 100 85 82 
ACVR2B ACVR2B 100 88 90 
ACVRL1 ACVRL1 99 80 100 
ADCK3 CABC1 100 100 100 
ADCK4 ADCK4 100 100 100 
AKT1 AKT1 100 93 100 
AKT2 AKT2 100 100 100 
AKT3 AKT3 100 35 78 
ALK ALK 75 76 37 
ALK(C1156Y) ALK 100 100 48 
ALK(L1196M) ALK 100 100 100 
AMPK-alpha1 PRKAA1 100 87 45 
AMPK-alpha2 PRKAA2 100 75 86 
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A3.1. Full Kinase Profiling Results Table 

ANKK1 ANKK1 100 100 100 
ARK5 NUAK1 100 100 75 
ASK1 MAP3K5 100 100 100 
ASK2 MAP3K6 100 97 88 
AURKA AURKA 94 82 23 
AURKB AURKB 97 97 6.9 
AURKC AURKC 79 96 4.2 
AXL AXL 100 100 99 
BIKE BMP2K 52 99 19 
BLK BLK 51 70 51 
BMPR1A BMPR1A 62 80 54 
BMPR1B BMPR1B 100 100 36 
BMPR2 BMPR2 100 100 100 
BMX BMX 100 100 100 
BRAF BRAF 100 100 100 
BRAF(V600E) BRAF 100 100 100 
BRK PTK6 100 100 100 
BRSK1 BRSK1 100 100 70 
BRSK2 BRSK2 100 100 39 
BTK BTK 85 85 89 
BUB1 BUB1 96 77 61 
CAMK1 CAMK1 100 98 100 
CAMK1B PNCK 44 94 89 
CAMK1D CAMK1D 100 100 85 
CAMK1G CAMK1G 100 96 100 
CAMK2A CAMK2A 100 86 43 
CAMK2B CAMK2B 100 100 100 
CAMK2D CAMK2D 100 96 61 
CAMK2G CAMK2G 100 92 90 
CAMK4 CAMK4 100 83 10 
CAMKK1 CAMKK1 100 91 82 
CAMKK2 CAMKK2 100 94 75 
CASK CASK 100 97 96 
CDC2L1 CDK11B 100 100 100 
CDC2L2 CDC2L2 100 100 100 
CDC2L5 CDK13 82 87 27 
CDK11 CDK19 100 100 66 
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A3.1. Full Kinase Profiling Results Table 

CDK2 CDK2 100 100 99 
CDK3 CDK3 100 100 100 
CDK4 CDK4 100 100 100 
CDK4-cyclinD1 CDK4 81 70 65 
CDK4-cyclinD3 CDK4 100 94 81 
CDK5 CDK5 90 80 91 
CDK7 CDK7 81 53 26 
CDK8 CDK8 100 100 69 
CDK9 CDK9 100 100 100 
CDKL1 CDKL1 83 89 75 
CDKL2 CDKL2 100 100 76 
CDKL3 CDKL3 99 100 100 
CDKL5 CDKL5 98 100 100 
CHEK1 CHEK1 100 99 100 
CHEK2 CHEK2 100 100 89 
CIT CIT 98 97 90 
CLK1 CLK1 100 30 26 
CLK2 CLK2 94 54 35 
CLK3 CLK3 100 100 98 
CLK4 CLK4 74 4.8 37 
CSF1R CSF1R 100 100 100 
CSF1R-autoinhibited CSF1R 80 81 86 
CSK CSK 100 100 100 
CSNK1A1 CSNK1A1 79 76 80 
CSNK1A1L CSNK1A1L 94 92 82 
CSNK1D CSNK1D 90 99 94 
CSNK1E CSNK1E 100 100 100 
CSNK1G1 CSNK1G1 100 100 100 
CSNK1G2 CSNK1G2 91 75 97 
CSNK1G3 CSNK1G3 100 100 100 
CSNK2A1 CSNK2A1 8.5 67 62 
CSNK2A2 CSNK2A2 18 91 100 
CTK MATK 99 100 99 
DAPK1 DAPK1 99 100 57 
DAPK2 DAPK2 100 100 93 
DAPK3 DAPK3 100 100 96 
DCAMKL1 DCLK1 100 98 20 
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DCAMKL2 DCLK2 100 100 41 
DCAMKL3 DCLK3 100 77 16 
DDR1 DDR1 42 100 100 
DDR2 DDR2 86 97 90 
DLK MAP3K12 100 100 92 
DMPK DMPK 100 83 91 
DMPK2 CDC42BPG 63 97 100 
DRAK1 STK17A 98 98 100 
DRAK2 STK17B 98 100 100 
DYRK1A DYRK1A 100 100 100 
DYRK1B DYRK1B 72 78 72 
DYRK2 DYRK2 100 87 100 
EGFR EGFR 99 96 92 
EGFR(E746-A750del) EGFR 81 90 79 
EGFR(G719C) EGFR 90 89 84 
EGFR(G719S) EGFR 100 99 95 
EGFR(L747-E749del, A750P) EGFR 95 92 79 
EGFR(L747-S752del, P753S) EGFR 97 92 74 
EGFR(L747-T751del,Sins) EGFR 90 83 85 
EGFR(L858R,T790M) EGFR 93 95 87 
EGFR(L858R) EGFR 93 99 63 
EGFR(L861Q) EGFR 93 96 96 
EGFR(S752-I759del) EGFR 83 86 80 
EGFR(T790M) EGFR 89 84 70 
EIF2AK1 EIF2AK1 97 96 81 
EPHA1 EPHA1 100 100 20 
EPHA2 EPHA2 100 100 95 
EPHA3 EPHA3 95 100 75 
EPHA4 EPHA4 100 100 84 
EPHA5 EPHA5 98 84 90 
EPHA6 EPHA6 100 93 83 
EPHA7 EPHA7 100 100 100 
EPHA8 EPHA8 97 100 100 
EPHB1 EPHB1 100 100 81 
EPHB2 EPHB2 100 96 100 
EPHB3 EPHB3 100 100 83 
EPHB4 EPHB4 100 97 88 
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EPHB6 EPHB6 100 97 96 
ERBB2 ERBB2 97 96 56 
ERBB3 ERBB3 96 100 93 
ERBB4 ERBB4 92 100 69 
ERK1 MAPK3 100 93 94 
ERK2 MAPK1 97 86 100 
ERK3 MAPK6 100 100 100 
ERK4 MAPK4 100 100 99 
ERK5 MAPK7 100 100 100 
ERK8 MAPK15 100 100 100 
ERN1 ERN1 100 100 95 
FAK PTK2 91 100 65 
FER FER 100 100 100 
FES FES 96 100 86 
FGFR1 FGFR1 100 100 46 
FGFR2 FGFR2 100 100 95 
FGFR3 FGFR3 100 100 98 
FGFR3(G697C) FGFR3 100 100 96 
FGFR4 FGFR4 100 100 98 
FGR FGR 100 100 78 
FLT1 FLT1 98 97 95 
FLT3 FLT3 98 80 100 
FLT3-autoinhibited FLT3 89 86 57 
FLT3(D835H) FLT3 81 71 29 
FLT3(D835V) FLT3 73 100 77 
FLT3(D835Y) FLT3 100 96 82 
FLT3(ITD,D835V) FLT3 89 92 45 
FLT3(ITD,F691L) FLT3 99 100 25 
FLT3(ITD) FLT3 93 100 79 
FLT3(K663Q) FLT3 83 88 62 
FLT3(N841I) FLT3 70 100 91 
FLT3(R834Q) FLT3 100 100 80 
FLT4 FLT4 90 94 80 
FRK FRK 100 100 94 
FYN FYN 90 96 72 
GAK GAK 69 94 86 
GCN2(Kin.Dom.2,S808G) EIF2AK4 100 100 100 
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GRK1 GRK1 96 98 16 
GRK2 ADRBK1 100 95 39 
GRK3 ADRBK2 90 96 65 
GRK4 GRK4 49 100 14 
GRK7 GRK7 83 70 7 
GSK3A GSK3A 96 92 100 
GSK3B GSK3B 100 91 85 
HASPIN GSG2 99 19 67 
HCK HCK 100 100 90 
HIPK1 HIPK1 81 79 84 
HIPK2 HIPK2 100 85 90 
HIPK3 HIPK3 100 93 93 
HIPK4 HIPK4 92 100 94 
HPK1 MAP4K1 91 89 57 
HUNK HUNK 97 100 100 
ICK ICK 94 85 81 
IGF1R IGF1R 90 83 92 
IKK-alpha CHUK 98 92 95 
IKK-beta IKBKB 100 89 99 
IKK-epsilon IKBKE 69 85 82 
INSR INSR 79 70 75 
INSRR INSRR 100 100 100 
IRAK1 IRAK1 100 100 57 
IRAK3 IRAK3 100 100 70 
IRAK4 IRAK4 100 92 93 
ITK ITK 100 100 100 
JAK1(JH1domain-catalytic) JAK1 100 100 100 
JAK1(JH2domain-pseudokinase) JAK1 56 72 75 
JAK2(JH1domain-catalytic) JAK2 100 100 11 
JAK3(JH1domain-catalytic) JAK3 100 100 1.9 
JNK1 MAPK8 99 95 82 
JNK2 MAPK9 100 94 94 
JNK3 MAPK10 100 100 96 
KIT KIT 100 92 100 
KIT-autoinhibited KIT 97 100 78 
KIT(A829P) KIT 100 100 73 
KIT(D816H) KIT 92 100 82 
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KIT(D816V) KIT 100 99 100 
KIT(L576P) KIT 100 100 100 
KIT(V559D,T670I) KIT 100 100 100 
KIT(V559D,V654A) KIT 97 100 90 
KIT(V559D) KIT 98 100 100 
LATS1 LATS1 93 100 81 
LATS2 LATS2 95 61 82 
LCK LCK 100 100 73 
LIMK1 LIMK1 100 100 100 
LIMK2 LIMK2 100 100 100 
LKB1 STK11 100 100 100 
LOK STK10 94 100 65 
LRRK2 LRRK2 99 100 11 
LRRK2(G2019S) LRRK2 100 100 8.7 
LTK LTK 100 99 100 
LYN LYN 100 95 98 
LZK MAP3K13 100 100 93 
MAK MAK 100 99 68 
MAP3K1 MAP3K1 100 96 77 
MAP3K15 MAP3K15 93 80 70 
MAP3K2 MAP3K2 100 100 100 
MAP3K3 MAP3K3 81 69 75 
MAP3K4 MAP3K4 90 90 69 
MAP4K2 MAP4K2 100 100 28 
MAP4K3 MAP4K3 100 100 76 
MAP4K4 MAP4K4 95 85 62 
MAP4K5 MAP4K5 99 85 79 
MAPKAPK2 MAPKAPK2 100 100 100 
MAPKAPK5 MAPKAPK5 100 100 94 
MARK1 MARK1 100 100 97 
MARK2 MARK2 95 97 24 
MARK3 MARK3 100 86 27 
MARK4 MARK4 100 100 92 
MAST1 MAST1 66 73 55 
MEK1 MAP2K1 100 100 92 
MEK2 MAP2K2 100 100 97 
MEK3 MAP2K3 92 86 52 
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MEK4 MAP2K4 97 96 90 
MEK5 MAP2K5 91 85 58 
MEK6 MAP2K6 100 98 97 
MELK MELK 85 84 31 
MERTK MERTK 100 90 83 
MET MET 72 78 78 
MET(M1250T) MET 89 100 91 
MET(Y1235D) MET 100 100 100 
MINK MINK1 98 87 54 
MKK7 MAP2K7 100 99 99 
MKNK1 MKNK1 83 95 85 
MKNK2 MKNK2 100 100 9.7 
MLCK MYLK3 100 100 100 
MLK1 MAP3K9 92 98 79 
MLK2 MAP3K10 100 98 87 
MLK3 MAP3K11 100 86 100 
MRCKA CDC42BPA 100 100 100 
MRCKB CDC42BPB 21 88 100 
MST1 STK4 100 91 87 
MST1R MST1R 100 94 68 
MST2 STK3 92 72 36 
MST3 STK24 100 100 85 
MST4 MST4 100 100 62 
MTOR MTOR 100 100 100 
MUSK MUSK 100 100 100 
MYLK MYLK 84 88 81 
MYLK2 MYLK2 97 100 73 
MYLK4 MYLK4 99 100 68 
MYO3A MYO3A 81 87 73 
MYO3B MYO3B 84 100 100 
NDR1 STK38 100 97 91 
NDR2 STK38L 100 100 100 
NEK1 NEK1 100 100 100 
NEK10 NEK10 61 68 78 
NEK11 NEK11 95 100 100 
NEK2 NEK2 100 97 95 
NEK3 NEK3 73 62 65 
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NEK4 NEK4 98 100 100 
NEK5 NEK5 100 100 100 
NEK6 NEK6 88 87 98 
NEK7 NEK7 100 100 100 
NEK9 NEK9 70 57 53 
NIK MAP3K14 100 100 100 
NIM1 MGC42105 97 91 100 
NLK NLK 100 100 100 
OSR1 OXSR1 97 99 75 
p38-alpha MAPK14 100 100 100 
p38-beta MAPK11 99 100 83 
p38-delta MAPK13 100 98 81 
p38-gamma MAPK12 100 85 80 
PAK1 PAK1 100 100 100 
PAK2 PAK2 91 89 78 
PAK3 PAK3 100 86 43 
PAK4 PAK4 100 99 100 
PAK6 PAK6 100 100 100 
PAK7 PAK7 100 99 89 
PCTK1 CDK16 99 100 97 
PCTK2 CDK17 85 100 100 
PCTK3 CDK18 100 100 100 
PDGFRA PDGFRA 93 99 82 
PDGFRB PDGFRB 100 100 98 
PDPK1 PDPK1 93 76 98 
PFCDPK1(P.falciparum) CDPK1 85 73 68 

PFPK5(P.falciparum) 
MAL13P1.27
9 100 97 94 

PFTAIRE2 CDK15 95 93 89 
PFTK1 CDK14 100 100 100 
PHKG1 PHKG1 4.4 100 25 
PHKG2 PHKG2 100 100 26 
PIK3C2B PIK3C2B 98 96 100 
PIK3C2G PIK3C2G 59 53 57 
PIK3CA PIK3CA 97 96 96 
PIK3CA(C420R) PIK3CA 98 100 100 
PIK3CA(E542K) PIK3CA 95 89 90 
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PIK3CA(E545A) PIK3CA 100 97 100 
PIK3CA(E545K) PIK3CA 87 80 83 
PIK3CA(H1047L) PIK3CA 94 85 87 
PIK3CA(H1047Y) PIK3CA 83 58 71 
PIK3CA(I800L) PIK3CA 100 100 100 
PIK3CA(M1043I) PIK3CA 86 81 85 
PIK3CA(Q546K) PIK3CA 83 80 73 
PIK3CB PIK3CB 100 100 100 
PIK3CD PIK3CD 84 77 78 
PIK3CG PIK3CG 100 100 100 
PIK4CB PI4KB 97 94 89 
PIKFYVE PIKFYVE 92 100 100 
PIM1 PIM1 100 100 100 
PIM2 PIM2 100 100 100 
PIM3 PIM3 85 85 78 
PIP5K1A PIP5K1A 31 90 9.7 
PIP5K1C PIP5K1C 100 73 92 
PIP5K2B PIP4K2B 100 98 94 
PIP5K2C PIP4K2C 99 100 100 
PKAC-alpha PRKACA 100 63 41 
PKAC-beta PRKACB 100 62 39 
PKMYT1 PKMYT1 100 97 100 
PKN1 PKN1 100 88 16 
PKN2 PKN2 100 55 31 
PKNB(M.tuberculosis) pknB 88 86 77 
PLK1 PLK1 99 90 96 
PLK2 PLK2 95 75 91 
PLK3 PLK3 100 95 95 
PLK4 PLK4 83 75 12 
PRKCD PRKCD 100 100 17 
PRKCE PRKCE 100 100 0 
PRKCH PRKCH 84 70 0 
PRKCI PRKCI 98 93 61 
PRKCQ PRKCQ 79 100 26 
PRKD1 PRKD1 97 85 100 
PRKD2 PRKD2 100 96 100 
PRKD3 PRKD3 100 60 52 
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PRKG1 PRKG1 100 76 34 
PRKG2 PRKG2 100 86 7.1 
PRKR EIF2AK2 100 88 97 
PRKX PRKX 100 100 21 
PRP4 PRPF4B 98 99 100 
PYK2 PTK2B 90 92 75 
QSK KIAA0999 100 100 83 
RAF1 RAF1 100 100 100 
RET RET 99 99 62 
RET(M918T) RET 100 95 64 
RET(V804L) RET 100 90 78 
RET(V804M) RET 100 93 91 
RIOK1 RIOK1 77 91 48 
RIOK2 RIOK2 91 87 95 
RIOK3 RIOK3 88 100 55 
RIPK1 RIPK1 100 100 100 
RIPK2 RIPK2 100 100 100 
RIPK4 RIPK4 64 56 47 
RIPK5 DSTYK 100 100 100 
ROCK1 ROCK1 79 0 0 
ROCK2 ROCK2 2 0 0 
ROS1 ROS1 100 100 69 
RPS6KA4(Kin.Dom.1-N-terminal) RPS6KA4 100 96 86 
RPS6KA4(Kin.Dom.2-C-terminal) RPS6KA4 100 96 93 
RPS6KA5(Kin.Dom.1-N-terminal) RPS6KA5 100 98 97 
RPS6KA5(Kin.Dom.2-C-terminal) RPS6KA5 100 100 100 
RSK1(Kin.Dom.1-N-terminal) RPS6KA1 79 100 100 
RSK1(Kin.Dom.2-C-terminal) RPS6KA1 100 100 11 
RSK2(Kin.Dom.1-N-terminal) RPS6KA3 97 100 63 
RSK2(Kin.Dom.2-C-terminal) RPS6KA3 88 95 45 
RSK3(Kin.Dom.1-N-terminal) RPS6KA2 100 100 95 
RSK3(Kin.Dom.2-C-terminal) RPS6KA2 100 100 27 
RSK4(Kin.Dom.1-N-terminal) RPS6KA6 95 94 49 
RSK4(Kin.Dom.2-C-terminal) RPS6KA6 100 100 24 
S6K1 RPS6KB1 100 94 78 
SBK1 SBK1 62 98 87 
SGK SGK1 97 73 74 
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SgK110 SgK110 92 100 100 
SGK2 SGK2 90 97 71 
SGK3 SGK3 98 87 65 
SIK SIK1 95 97 77 
SIK2 SIK2 96 92 45 
SLK SLK 100 100 70 
SNARK NUAK2 99 65 8.2 
SNRK SNRK 96 89 77 
SRC SRC 100 100 98 
SRMS SRMS 100 100 100 
SRPK1 SRPK1 92 82 36 
SRPK2 SRPK2 90 90 27 
SRPK3 SRPK3 85 100 22 
STK16 STK16 100 100 100 
STK33 STK33 100 88 67 
STK35 STK35 100 100 98 
STK36 STK36 98 97 100 
STK39 STK39 79 90 65 
SYK SYK 100 100 100 
TAK1 MAP3K7 98 85 74 
TAOK1 TAOK1 100 100 11 
TAOK2 TAOK2 89 90 75 
TAOK3 TAOK3 100 100 42 
TBK1 TBK1 94 94 88 
TEC TEC 100 100 100 
TESK1 TESK1 100 100 100 
TGFBR1 TGFBR1 100 100 100 
TGFBR2 TGFBR2 99 76 64 
TIE1 TIE1 100 100 100 
TIE2 TEK 96 100 66 
TLK1 TLK1 100 100 100 
TLK2 TLK2 100 98 100 
TNIK TNIK 89 100 72 
TNK1 TNK1 100 100 65 
TNK2 TNK2 100 100 94 
TNNI3K TNNI3K 94 100 98 
TRKA NTRK1 100 100 52 
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TRKB NTRK2 100 100 64 
TRKC NTRK3 100 85 70 
TRPM6 TRPM6 80 86 79 
TSSK1B TSSK1B 95 100 100 
TSSK3 TSSK3 81 95 66 
TTK TTK 100 96 100 
TXK TXK 100 100 93 
TYK2(JH1domain-catalytic) TYK2 100 100 16 
TYK2(JH2domain-pseudokinase) TYK2 98 100 93 
TYRO3 TYRO3 100 100 100 
ULK1 ULK1 100 98 2.1 
ULK2 ULK2 100 100 18 
ULK3 ULK3 100 100 98 
VEGFR2 KDR 88 97 67 
VPS34 PIK3C3 70 84 73 
VRK2 VRK2 100 100 66 
WEE1 WEE1 98 90 99 
WEE2 WEE2 81 87 79 
WNK1 WNK1 100 100 100 
WNK2 WNK2 100 100 100 
WNK3 WNK3 97 89 95 
WNK4 WNK4 99 100 94 
YANK1 STK32A 97 98 38 
YANK2 STK32B 100 99 100 
YANK3 STK32C 100 100 100 
YES YES1 100 100 100 
YSK1 STK25 100 98 92 
YSK4 MAP3K19 100 70 100 
ZAK ZAK 100 100 99 
ZAP70 ZAP70 100 100 100 

 
 


