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The rising rate of type 2 diabetes (T2D) has made it a major health burden. This can 

largely be attributed to high rates of obesity, one of the greatest contributing factors 

towards the development of T2D. Despite this, the majority of obese individuals are not 

diabetic. This raises the question of what mechanisms mediate differential susceptibility 

to T2D in the presence of obesity. This project seeks to address this question by studying 

the mechanisms of differential susceptibility to T2D in two rare obesity ciliopathies, 

Alström Syndrome (AS) and Bardet-Biedl Syndrome (BBS). Both of these ciliopathies 

are characterized by near-complete penetrance of early onset obesity, but they exhibit 

markedly different rates of T2D. AS patients are far more susceptible, with the majority 

developing T2D by age 20, compared to a much smaller subset of BBS patients that are 

afflicted. In light of the likely contribution of β-cells to T2D susceptibility, we set to 

identify mechanisms of β-cell production in them. Here we have shown β-cell loss in AS 

and increase in BBS as a likely contributor towards the discrepant rate of T2D. Next, 



RNA-Sequencing of these models identified several exocrine pancreas proteases that 

were differentially expressed between AS and BBS. Thus, we hypothesized that these 

proteases affect endocrine pancreas function. To test this, we overexpressed each 

protease in transgenic zebrafish embryos in which β-cells can be visualized. 

Overexpression significantly increased the β-cell number and rescued the loss of β-cells 

observed in animals depleted of alms1. We found ctrb1 overexpression led to increased 

β-cell proliferation in transgenic larvae and rescued the AS model reduction in 

proliferation. In addition, we found that the proteases are taken up by β-cells in vitro and 

induce proliferation in cultured β-cells and freshly isolated ex vivo islet cultures, 

suggesting this effect is conserved in mammalian systems. Finally, endogenous uptake of 

CTRB1 was found in both zebrafish and mouse models, suggesting a direct interaction 

between the exocrine and endocrine pancreas. These data support an important role for 

exocrine pancreatic enzymes in the modulation of β-cells in diabetes. 
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CHAPTER 1: INTRODUCTION 

1.1 Diabetes and public health 

 The rising rates of diabetes has made it a major health burden with an estimated 

cost of $327 billion a year in the United States alone [1]. Currently, more than 30 million 

Americans have diabetes and another 84 million are estimated to have prediabetes [2]. 

Complications of diabetes include: heart disease and stroke, hypertension, blindness and 

eye problems, kidney disease, nervous system disease, amputations, and dental disease 

[3]. Diabetes is one of the top 10 causes of death with the risk of death among diabetics 

twice that of non-diabetics of a similar age [2, 4]. 

 Diabetes is a group of diseases that are characterized by elevated blood glucose 

levels as a result of defects in insulin production, insulin action, or both [4]. In patients 

with the classic symptoms of hyperglycemia or a hyperglycemic crisis, diabetes is 

diagnosed by a random plasma glucose value of ≥200 mg/dL [5]. In the absence of 

hyperglycemia, diabetes is diagnosed by two abnormal test results from the same sample 

or in two separate samples from the following tests: (1) a fasting plasma glucose value of 

≥126 mg/dL, (2) a 2-hour plasma glucose value of ≥200 mg/dL during a 75g oral glucose 

tolerance test, or (3) A1C ≥6.5% [5]. Prediabetes is used when an individual's glucose 

levels are elevated beyond normal levels, but not high enough to meet the criteria for 

diabetes, and is associated with obesity. This is defined by impaired fasting glucose, a 

fasting plasma glucose level between 100-125 mg/dL, impaired glucose tolerance, a 2-

hour plasma glucose value between 140-199 mg/dL, and/or an A1C between 5.7-6.4% 

[5]. Prediabetes is not a clinical diagnosis but is used as an indicator of increased risk for 

development of diabetes and cardiovascular disease. Individuals with an A1C between 
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5.5-6.0% have a 5 year incidence of diabetes of 9-25% while individuals with an A1C 

between 6.0-6.4% have a 5 year incidence of 25-50% [5]. The most effective methods for 

the prevention of progression to type 2 diabetes (T2D) in individuals at high risk are 

through lifestyle interventions and treatment with metformin. Lifestyle interventions were 

found to reduce the incidence of T2D by 58%, while metformin reduced the incidence by 

31% [6]. 

 There are four main types of diabetes. Type 1 diabetes (T1D), or insulin-

dependent diabetes, is an autoimmune disease wherein the immune system destroys 

pancreatic β-cells, which produce the insulin needed to regulate blood glucose levels, 

usually resulting in an absolute insulin deficiency [5, 7, 8]. T1D was previously known as 

juvenile-onset diabetes as it typically develops in children and young adults, although 

onset can occur at any age depending on the rate of β-cell destruction [5, 7, 8]. Children 

with T1D are frequently diagnosed after presenting with polyuria and/or polydipsia. 

Approximately one-third will present with diabetic ketoacidosis as well [5]. Individuals 

with T1D become dependent on insulin for survival and have insulin delivered by 

injection or a pump. Approximately 5-10% of diagnosed cases of diabetes are type 1 [4, 

5].  

 T2D, or non-insulin-dependent diabetes, typically begins with insulin resistance 

followed by a gradual loss of the ability to produce insulin by β-cells and hyperglycemia 

[9]. As a result individuals generally have a relative insulin deficiency, as opposed to the 

absolute deficiency in T1D [5]. T2D often goes undiagnosed for years do to the gradual 

development of hyperglycemia in the early stages that makes it more unlikely to notice 

the classic symptoms [5]. Obesity is the largest contributing factor towards the 
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development of T2D, although age, race, physical activity, and genetics also play a role 

[3]. T2D was previously known as adult-onset diabetes as onset generally occurred in 

adulthood, however, it is being diagnosed more frequently in children as rates of 

childhood obesity continue to rise [4]. Treatment of T2D generally consists of 

combination of dietary changes, exercise, and medication. Type 2 diabetics make up the 

vast majority of all diabetics, representing 90-95% of all cases [3–5]. 

 Gestational diabetes is diabetes that is diagnosed in the second or third trimester 

that was not overt diabetes prior to the pregnancy [5]. It is characterized by glucose 

intolerance that occurs during pregnancy that requires treatment in order to regulate the 

maternal blood glucose levels and reduce the risk of complications in the infant [4]. 

There are two strategies for screening and diagnosing gestational diabetes. The first is a 

one-step strategy in which a 75g oral glucose tolerance test is performed at 24-48 weeks 

of gestation and plasma glucose is measured at fasting, 1hr, and 2hrs. Gestational 

diabetes is diagnosed with a fasting value of ≥92 mg/dL, a 1hr value of ≥180 mg/dL, or a 

2hr value of ≥153 mg/dL [5]. The second strategy is a two-step strategy. In the first step a 

50g glucose load test (nonfasting) is performed and plasma glucose levels are measured 

at 1hr. If the value is ≥130 mg/dL the second step is performed. The second step involves 

a 100g oral glucose tolerance test (fasted) and plasma glucose values measured at fasting, 

1, 2, and 3hrs. A diagnosis of gestational diabetes is made if two of the following values 

are met: ≥95 mg/dL fasting, ≥180 mg/dL 1hr, ≥155 mg/dL 2hr, and ≥140 mg/dL 3hr [5]. 

Gestational diabetes presents an increased risk for developing T2D after the pregnancy so 

women diagnosed with gestational diabetes are recommended to get lifelong screening 

for prediabetes and T2D [5].  
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 The fourth type of diabetes includes specific types of diabetes that are due to other 

causes such as, monogenic forms of diabetes, diseases of the exocrine pancreas, and drug 

or chemical induced diabetes [5]. The most common causes of monogenic diabetes are 

neonatal diabetes and maturity -onset diabetes of the young (MODY). Neonatal diabetes 

occurs during the first 6 months of age and is most often caused by mutation in the genes 

encoding the β-cell KATP channel or the insulin gene [5]. MODY is generally 

characterized by hyperglycemia at a young age along with impaired insulin secretion and 

little to no defects in insulin action. Mutations in 13 genes have been identified so far that 

cause MODY, the most common being mutations in the glucokinase, HNF1A, and 

HNF4A genes [5]. Cystic fibrosis is an exocrine pancreas disease commonly associated 

with diabetes. Cystic fibrosis-related diabetes (CFRD) occurs in approximately 20% of 

adolescents and 40-50% of adults with cystic fibrosis with insulin insufficiency being the 

primary cause. CFRD is connected with worse nutritional status, more severe 

inflammation in the lungs, and greater mortality than those with types 1 or 2 diabetes [5]. 

Posttransplantation diabetes is the presence of diabetes following an organ transplant 

with the immunosuppressive regiment being a major contributor towards development. It 

is diagnosed by an oral glucose tolerance test once the patient is stable on their 

immunosuppressive regimen due to the common occurrence of hyperglycemia 

immediately following transplantation that typically resolves by the time of discharge. 

Insulin therapy is the treatment of choice while in the hospital setting, treatment 

following discharge varies depending on the presence of hyperglycemia prior to 

transplantation [5].  
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1.2 Development of T2D 

 The rising rates diabetes can largely be attributed to high rates of obesity, one of 

the greatest contributing factors towards the development of T2D. Despite this, the 

majority of obese individuals are not diabetic [9]. This raises the question of what 

mechanisms mediate differential susceptibility to T2D in the presence of obesity. It is 

generally agreed that insulin resistance and hyperinsulinemia are the initial steps in the 

pathogenesis of T2D, however, which of these steps occurs first is still debated [10–12]. 

Irrespective of this, the resulting failure of the β-cells to adapt by increasing in mass and 

function is a critical moment in the development of the disease. The failure of the β-cells 

to adapt eventually results in β-cell death and, subsequently, hyperglycemia [13]. As the 

majority of obese individuals manifest insulin resistance, a key difference in 

susceptibility likely lies in the failure of β-cells to adapt.  

1.3 Pancreas development 

 The pancreas is essential for the production of digestive enzymes and glucose 

regulating hormones, and has both exocrine and endocrine compartments [14–16]. The 

exocrine compartment comprises the bulk of the pancreas, ~99%, and is composed of 

acinar, centroacinar, and ductal cells. The acinar and centroacinar cells secrete digestive 

enzymes including proteases, amylase, and lipase [14, 16]. Ductal cells create a 

compartmentalized network of the main duct and interlobular ducts that are connected to 

each other and to centroacinar cells, which link to the network of acinar cells. In addition, 

the ductal cells produce bicarbonate ions and electrolytes. Together, the digestive 

enzymes, bicarbonate ions, and electrolytes are transported through the main pancreatic 

duct into the duodenum where they contribute to digestion [14]. Proteases are produced 
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in the inactive, zymogen, state and become activated by enterokinase cleavage in the 

small intestine [17, 18]. The endocrine tissue is organized as small clusters of cells, called 

islets of Langerhans, that are distributed throughout the pancreas. The islets of 

Langerhans contain several different cell types including α, β, δ, ε, and pancreatic 

polypeptide (PP) cells which produce and secrete the hormones glucagon, insulin, 

somatostatin, ghrelin, and PP, respectively that maintain blood glucose homeostasis [14–

16]. 

 Pancreatic development is regulated by the interplay between several signaling 

pathways such as, Sonic Hedgehog (Shh), Wnt, TGF-β, Notch, and fibroblast growth 

factor (FGF) [14]. Development begins during early embryogenesis and is comprised of 

three major developmental processes: formation and patterning of the endoderm, 

specification of the pancreatic primordium, and differentiation of exocrine and endocrine 

cell types [14–16]. The formation and patterning of the endoderm begins with the 

anterior-posterior regionalization of the gut tube by concentration gradients of high FGF 

expression and low levels of canonical Wnt signaling in the anterior endoderm [14]. The 

specification of the pancreatic primordium occurs when FGF and TGF-β signaling from 

the notochord suppresses Shh expression in the dorsal pancreatic epithelium, which leads 

to the dorsal pancreatic bud formation [14]. This early pancreatic development is marked 

by expression of the transcription factors Pdx1 and Ptf1a in pancreatic progenitor cells. 

As the developing buds thicken, they become surrounded by the mesenchymal layer and 

expression of Ngn3 appears as a marker of pro-endocrine cells [15]. Further development 

leads to the secondary transition which is marked by the differentiation of exocrine and 

endocrine cell types. The cells closest to the extracellular matrix are exposed to the 
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highest levels of FGF, leading them to acquire an acinar cell fate through the activation of 

Wnt, Notch, and Ptf1a [14]. Cells in the trunk commit to either ductal or endocrine cell 

fates. Ngn3 expressing endocrine precursors begin expressing a core group of 

transcription factors necessary for development of all islet cells, Isl1, NeuroD, and Insm1 

[15]. Following expression of the core group of transcription factors, endocrine cells 

begin to differentiate accordingly with expression of transcription factors for the different 

cell types. These include Pax6, which contributes towards α-, β- and δ-cell fates, Pax4, 

which is essential for β- and δ-cell fates and suppresses α-cells, Arx, which is essential for 

α-cell fate and suppresses β- and δ-cell fates, Nkx2.2, which is essential for β-cell 

differentiation and contributes to PP-cell fates, Nkx6.1, which is essential for β-cell 

differentiation, Hlxb9, which contributes to β-cell fates, and Foxa2, which is critical for 

α-cell differentiation [15, 16]. 

1.4 Regulation of β-cell maintenance and proliferation 

 In mature islets, the β-cell mass is maintained primarily through proliferation of 

existing β-cells. However, mature islets exhibit very low rates of proliferation. β-cell 

proliferation hits a  high of 2-3% during a postnatal wave of proliferation before dropping 

below 1% by 6-12 months [13, 19]. β-cell mass growth during development is generally 

complete by 5 years of age [13]. In adults, the β-cell mass can adapt to increased 

workload through expansion of the by hypertrophy or proliferation of existing β-cells 

[13]. Rodent models have identified several different pathways through which β-cell 

proliferation occurs. Growth factors, such as insulin, IGF-1, and GLP-1, activate the 

IRS/PI3K pathways to activate Akt and Fox01 signaling. HGF binding leads to PDK1 

activation which in turn activates the PKCζ and mTORC1 signaling pathways. β-cell 
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proliferation pathways can also be activated by nutrients [20]. Glucose metabolism within 

β-cells generates metabolic signals that activate 3 downstream mitogenic pathways: (1) 

the mTOR pathway, which activates mTOR signaling, (2) the Carbohydrate response 

element-binding protein (ChREBP) pathway, which leads to the activation of cMyc, and 

(3) the NFATs pathways, which leads to an influx of calcium and subsequent activation 

of calmodulin and calcineurin [21]. Furthermore, growth factors, such as EGF, PDGF, 

and Wnt, and hormones, such as leptin, estrogen, and progesterone, have also been shown 

to regulate β-cell proliferation [21].  

 Interestingly, β-cell proliferation that occurs during recovery, such as after 

inflammation-induced injury, pancreatectomy, or ablation, utilize alternative pathways, 

such as TGF-β/smads 2, 3, and 7 signaling that is normally only seen during development 

and transdifferentiation from α-cells [19]. However, pathways regulating human β-cell 

proliferation and maintenance are not as well understood. 

1.5 Ciliopathies 

 Ciliopathies are a group of autosomal recessive disorders characterized by 

dysfunction of primary cilia, anchoring structures, basal bodies, or their function. A 

single, non-motile primary cilium is present on nearly all cell types and serves as a 

cellular antenna that coordinates an array of signaling pathways within the cell [22–26]. 

Due to this, there is a large phenotypic spectrum across the ciliopathies with a great deal 

of phenotypic overlap between them [26]. The primary cilium forms after mitosis when 

the mother centriole docks just below the cellular membrane with the assistance of 

centriole-derived transition fibers. From the mother centriole 9 microtubule doublets 

surrounding a hollow core extend outward to form the axoneme[26, 27]. The attachment 
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of the transition fibers to the membrane generates a barrier distinguishing the ciliary 

membrane from the cell membrane. This barrier later serves as part of a ciliary pore 

complex that allows only certain proteins to pass into the ciliary compartment[28]. 

 Alström Syndrome (AS) and Bardet-Biedl Syndrome (BBS) are uniquely 

characterized among the ciliopathies by highly penetrant early-onset obesity [22]. 

However, they have strikingly different rates of T2D. AS is caused by mutations in a 

single gene, ALMS1, and around 100 disease-causing mutations in the ALMS1 gene have 

been identified [22]. The ALMS1 protein localizes to the basal body of the primary cilia 

where it may be involved in intracellular trafficking and protein transport [22]. BBS is 

caused by mutations in any of 21 known BBS genes. The BBS proteins localize to the 

basal body and primary cilia of the cell and are involved in intracellular transport to the 

cilium [26, 29, 30]. A subset of them form a multiprotein complex called the BBSome 

that transports intracellular vesicles to the ciliary membrane [30, 31]. Both of these 

ciliopathies are characterized by near-complete penetrance of early onset obesity, but 

they exhibit markedly different rates of T2D. AS patients are far more susceptible, with 

the majority developing T2D by age 20, compared to a much smaller subset of BBS 

patients that are afflicted [22].  Recent evidence has suggested β-cell dysfunction in AS 

patients, and protection against β-cell and glucose homeostasis defects in BBS, as a 

possible mechanism for the different rates of T2D between these disorders, although their 

exact function in β-cells remains unknown [32]. 

1.6 Zebrafish model 

 The zebrafish offers a number of advantages that allows it to serve as a useful 

model for understanding human disease. The external development and optical clarity 
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during development allow for visual analyses of the early developmental process [33]. In 

addition, the availability of fluorescent transgenic lines allows for the visualization of 

specific cells of interest and to assess any changes that occur to those cells over time [34]. 

The zebrafish is highly accessible for genetic manipulations through microinjection of 

morpholinos to suppress gene expression, mRNA to overexpress genes, and genome 

modification systems such as CRISPR/Cas9 [34–36]. The high fecundity and short 

generation time facilitate more rapid genetic and chemical screens [35, 36]. This can 

allow the zebrafish to serve as a functional complement to large scale genome 

sequencing, such as the Human Genome Project, as well as providing a forward genetic 

approach for determining gene functions and identifying their roles in development and 

disease [33, 34].  

 In zebrafish, the development of the pancreas occurs in much the same way as in 

humans making them a good model to study β-cell production and maintenance [37]. A 

major difference, however, is that the dorsal pancreatic bud of the zebrafish produces 

only endocrine cells, whereas the ventral pancreatic bud produces mostly exocrine and 

some endocrine cells [37, 38]. The dorsal bud develops by 24hpf so that, by the end of 

the first day of development, a single primary islet is present consisting of α, β, δ, and ε 

cells [38]. The ventral bud develops by 32hpf. The dorsal and ventral bud fuse at about 

50hpf to form the mature pancreas. Upon pancreatic bud fusion, the primary islet 

becomes engulfed by exocrine tissue and is positioned at the core of the pancreas [38]. 

By 72hpf expression of digestive enzymes can be detected. After 120hpf, the population 

of ventral bud-derived β cells expands by proliferation and neogenesis from 
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intrapancreatic duct-associated endocrine precursors [38]. Finally, after the first week of 

development, multiple secondary islets appear. 

1.7 Gaps in our current knowledge: Exocrine pancreatic regulation of β-cells 

 The pancreas is composed of two separate but closely intertwined compartments, 

with the endocrine compartment being embedded within the exocrine compartment. 

However, these two compartments have been typically thought to not interact. There has 

been some evidence to suggest an islet-acinar axis through which the endocrine 

compartment influences the function of the exocrine compartment [39], but interaction in 

the opposite direction, exocrine to endocrine, remains unclear. Recent studies have begun 

to shed light onto this possibility with the discovery of exocrine cell types that can 

contribute b-cell progenitor cells [40] or be trans-differentiated into b-cells [41]. These 

findings suggest the possibility of an exocrine to endocrine interaction that may influence 

the development and production of β-cells and, as a result, contribute to the differential 

susceptibility to T2D observed in obese and insulin resistant individuals.  

 Exocrine pancreatic insufficiency as a result of diabetes mellitus is commonly 

found in both types 1 and 2 diabetes [42–44]. However, the role of exocrine pancreatic 

insufficiency, without any other underlying pancreatic disease, in the development of 

diabetes mellitus is unknown. Some insight was recently gained in the identification of a 

mutation in the pancreatic lipase gene, carboxyl ester lipase (CEL), which underlies a 

form of monogenic diabetes, MODY8. Evidence suggests that the mutated protein can be 

directly endocytosed into β-cells, resulting in cell death[45]. These observations were 

made in in vitro cultured cells, however, and the extent to which secreted exocrine 

pancreatic proteins interact directly with β-cells in vivo is unknown. Furthermore, the role 
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of the primary cilium and the ALMS1 and BBS proteins in the regulation of exocrine 

pancreas proteases is also unknown. Healthy exocrine pancreas function is required for 

regulating β-cell mass and insulin secretion. Conditions that affect the pancreatic tissue, 

such as chronic pancreatitis and cystic fibrosis, can lead to development of diabetes [42]. 

Additionally, exocrine insufficiency can result in impaired nutrient absorption, which can 

lead to diminished insulin secretion [46, 47]. Taken together, recent studies potentially 

implicate the exocrine pancreatic proteases in regulation of β-cell mass and insulin 

secretion, and the development of T2D, but a clear mechanistic link has yet to be made. 
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CHAPTER 2: DIFFERENTIAL EFFECTS ON β-CELL MASS BY DISRUPTION 
OF BARDET–BIEDL SYNDROME OR ALSTRÖM SYNDROME GENES1 

 
As second author on this manuscript I contributed the following: 

• Design and generation of CRISPR guide RNAs 

• Morpholino and CRISPR/Cas9 injections 

• Validation of efficacy of CRISPR guide RNAs by T7 endonuclease 

• β-cell counts, area, and intensity measurements in morphant and mutant models 

2.1 Abstract 

 Rare genetic syndromes characterized by early-onset T2D have revealed the 

importance of pancreatic β-cells in genetic susceptibility to diabetes. However, the role of 

genetic regulation of β-cells in disorders that are also characterized by highly penetrant 

obesity, a major additional risk factor, is unclear. In this study, we investigated the 

contribution of genes associated with two obesity ciliopathies, Bardet–Biedl Syndrome 

and AS, to the production and maintenance of pancreatic β-cells. Using zebrafish models 

of these syndromes, we identified opposing effects on production of β-cells. Loss of the 

AS gene, alms1, resulted in a significant decrease in β-cell production whereas loss of 

BBS genes, bbs1 or bbs4, resulted in a significant increase. Examination of the regulatory 

program underlying β-cell production suggested that these effects were specific to β-

cells. In addition to the initial production of β-cells, we observed significant differences 

in their continued maintenance. Under prolonged exposure to high glucose conditions, 

alms1-deficient β-cells were unable to continually expand as a result of decreased 

                                                
1 Lodh, S., Hostelley, T.L., Leitch, C.C., O'Hare, E.A. and Zaghloul, N.A. (2016) Differential effects on β-
cell mass by disruption of Bardet–Biedl syndrome or Alström syndrome genes. Hum. Mol. Genet., 25, 57–
68. 
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proliferation and increased cell death. Although bbs1-deficient β-cells were similarly 

susceptible to apoptosis, the overall maintenance of β-cell number in those animals was 

sustained likely due to increased proliferation. Taken together, these findings implicate 

discrepant production and maintenance of β-cells in the differential susceptibility to 

diabetes found between these two genetic syndromes. 
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2.2 Introduction 

 Genetic regulation of β-cell function has emerged as an important mechanism 

underlying susceptibility to diabetes, particularly when coupled with other risk factors 

such as obesity. Recently, genetic studies have revealed important roles for genes 

implicated in β-cell function in susceptibility to T2D [48–53]. In addition, defects in 

genes necessary for β-cell function are often the driver of more extreme early-onset 

diabetes, including monogenic forms of diabetes. While these observations provide 

evidence for the importance of β-cell maintenance in mediating diabetes susceptibility, 

the extent to which genes associated with obesity syndromes contribute to maintenance of 

β-cell mass and function is unclear. 

 The obesity ciliopathies, Bardet–Biedl syndrome (BBS) and AS, represent models 

of disorders exhibiting highly penetrant childhood obesity often compounded with 

diabetes. BBS and AS are autosomal recessive syndromes classified among the 

ciliopathies, diseases resulting from dysfunction in primary cilia [54–58]. As such, BBS 

and AS are thought to be caused by similar cellular etiologies and, therefore, exhibit 

similar phenotypes. For example, both are characterized by highly penetrant early-onset 

obesity, afflicting between 75 and 100% of patients [59, 60]. Interestingly, however, the 

two disorders exhibit vastly discrepant susceptibilities to childhood onset T2D. AS 

represents an extreme form of childhood diabetes with 75% of patients developing the 

disease usually by adolescence [22]. BBS patients, however, are less susceptible early in 

life as the majority of reported BBS cohorts report only 2–6% prevalence in childhood 

[22, 61–63]. These data suggest that the incidence of diabetes in these syndromes may 
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not be entirely caused by the presence of obesity and that other early-onset factors may 

determine risk. 

 Relatively little is known about the putative roles of BBS genes or the AS 

gene, ALMS1, in regulation of glucose homeostasis. Much of the focus has centered 

around insulin sensitivity. Severe, early-onset insulin resistance is characteristic of AS 

patients [64–66]. Reports in BBS patients also suggest that insulin resistance can be a 

common feature of that disorder [62]. Much less is known, however, about maintenance 

of pancreatic β-cell function in BBS and AS patients. Reports in AS patients indicate 

impaired β-cell function even without any further worsening of insulin resistance with 

age [59]. Similar studies of β-cell function in BBS patients, however, have not been 

reported. In light of these observations, it is possible that discrepancies in susceptibility to 

diabetes between BBS and AS are dictated, in part, by differences in the ability to 

produce and/or maintain β-cells. 

 Here, we investigated this possibility in zebrafish models of BBS and AS. In 

zebrafish, genes involved in pancreas development are highly conserved compared with 

mammalian systems [67–71]. We suppressed expression of either of two BBS 

genes, bbs1 or bbs4, as well as the sole AS gene, alms1, and assessed the impact on 

initial production of β-cells as well as their adaptive capacity in response to 

hyperglycemic conditions or to ablation. Our findings suggest that loss 

of alms1significantly depletes β-cell mass during development. In contrast, we observed 

a specific enhancement of β-cell mass with depletion of BBS genes. Investigation of the 

regulatory program governing β-cell specification suggested that these effects were 

specific to β-cells. In addition, loss of alms1 resulted in β-cells that do not expand in 
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response to glucose and do not regenerate efficiently, defects not observed in animals 

depleted of bbs genes. Further investigation into proliferation and apoptosis revealed 

increased susceptibility to cell death under high glucose conditions in both disease 

models, but compensatory increased proliferation was only present with loss 

of bbs1. Taken together, these observations suggest that alms1 is necessary for 

maintaining β-cell mass whereas loss of BBS genes enhances it. These findings indicate 

novel contrasting roles for these genes in β-cell survival. 
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2.3 Results 

Loss of Alms1 or BBS proteins results in opposing effects on initial β-cell production 

 To model BBS and AS in zebrafish, we targeted orthologs of genes underlying the 

two disorders. We first set out to investigate the effects of depletion of alms1 and 

either bbs1 or bbs4 on initial production of β-cells by suppressing their expression in 

zebrafish embryos. To do so, we used previously published translation-blocking 

morpholino antisense oligonucleotides (MOs) targeting bbs1 or bbs4 [25] or a splice-

blocking MO targeting alms1 transcript. For in vivo visualization of β-cells, we injected 

MOs into one- to two-cell stage embryos of a transgenic zebrafish line, 

Tg(insa:mCherry), expressing mCherry under the control of the preproinsulin promoter 

[72]. To create a broad picture of β-cell production during development, we examined the 

area of β-cell mass by fluorescence microscopy at two developmental stages: 48 hours 

post-fertilization (hpf), when β-cells and other endocrine cell types become organized 

into an islet, and 5 days post-fertilization (dpf) when the pancreas is morphologically 

mature [73]. Embryos injected with a control MO exhibited an average β-cell area of 8.60 

± 3.31 µm2 at 48 hpf (n = 29) and 7.71 ± 4 µm2 at 5 dpf (n = 41). As an additional 

indicator of β-cell production, we also assessed the intensity of the fluorescence signal. 

The average fluorescence intensity in control animals was 4.56 ± 3.31 at 48 hpf (n= 29) 

and 3.55 ± 2.44 at 5 dpf (n = 41). Both the area and intensity of mCherry expression were 

significantly reduced with depletion of alms1 expression at either time point (P < 0.0001; 

Fig. 2.1A-B). The effects with loss of either bbs1 or bbs4, however, were strikingly 

different. At 48 hpf both area and intensity of mCherry expression were increased relative 

to control when bbs1 expression was reduced (P < 0.0001), while loss of bbs4 resulted in  
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Figure 2.1. Loss of Alms1 or BBS proteins results in opposing effects on β-cell 
production. (A) insa:mCherry expression at 48 hpf. Brightfield image of representative 
animal shown, boxed area represents area of mCherry fluorescence in control and alms1, 
bbs1, bbs4 morphants. (B) Quantification of area and intensity of mCherry fluorescence 
of β-cell mass at 48 hpf and 5 dpf. Intensity represents fluorescence intensity per pixel as 
calculated by ImageJ software. (C) Visualization of individual β-cells in control and MO-
injected animals at 48 hpf and 5 dpf. (D) β-cell count in control and MO-injected animals 
at 48 hpf and 5 dpf. Student's t-test was performed on the dataset. Error bars represent 
standard deviation; **P < 0.0001 relative to control after adjustment for multiple testing 
using Bonferroni correction. n ≥ 20 per experiment. Scale bar = 100 µm. 
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β-cell area similar to controls (Fig. 2.1A-B). By 5 dpf, the increase in area and intensity 

in bbs1 morphants was still evident, although not significant. 

 Changes in β-cell area alone may not be indicative of changes in β-cell mass due 

to the possibility of general defects in pancreas development. To determine if the 

observed alterations in β-cell area indeed represented changes in β-cell mass, we 

measured both the exocrine pancreas and β-cell areas in alms1-, bbs1- and bbs4-depleted 

Tg(ptf1a:GFP/insa:mCherry) animals. Tg(ptf1a:GFP/insa:mCherry) is a double 

transgenic zebrafish line expressing GFP under the control of the exocrine pancreas 

marker ptf1a promoter in addition to mCherry expression in β-cells [74]. At 5 dpf, we 

imaged the exocrine pancreas and quantified the average area of GFP expression using 

ImageJ software. Although suppression of alms1resulted in reduced β-cell mass, exocrine 

pancreas area was similar to control (alms1 = 312.29 ± 74.18 µm2; control = 329.63 ± 

89.47 µm2; P = 0.24; Fig. 2.2A-B). Loss of bbs4 also did not impact the average area of 

GFP expression (328.45 ± 143.52 µm2; P = 0.99; Fig. 2.2A-B), although reduction 

of bbs1 caused a slightly smaller exocrine pancreas (Fig. 2.2A-B, P = 0.0078). Using 

these quantifications, we calculated the ratio of β-cell mass area to exocrine area. This 

ratio indicated a significant decrease in relative β-cell area in alms1 MO-injected animals 

at 5 dpf as well as a significant increase in bbs1 morphants (Fig. 2.2C, P < 0.0001), 

suggesting alterations in β-cell mass, relative to total pancreas. The relative β-cell mass 

area in bbs4-depleted embryos was not significantly different from that of controls 

(Fig. 2.1B and Fig. 2.2B). 

 These findings suggested opposing effects on β-cells as a result of loss 

of alms1 or the BBS genes. To more accurately clarify this possibility, we quantified β- 
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Figure 2.2. Quantification of exocrine pancreas area and relative βcell mass. (A) insa-
mCherry expression in β-cells and ptf1a-GFP expression in exocrine pancreas in 5dpf 
Tg(ptf1a:GFP/insa:mCherry) larvae. (B) Quantification of the area (µm2) of exocrine 
pancreas from 5 dpf larvae. (C) Quantification of β-cell mass area relative to area of 
exocrine pancreas in control and alms1-, bbs1-, bbs4-depleted embryos. (D) 
Quantification of β-cell number relative to area of exocrine pancreas in control and 
alms1-, bbs1-, bbs4-depleted embryos. * indicates p=0.008 and ** represents p≤0.0001 
relative to control after Bonferroni correction for multiple comparisons. n≥20 per 
experiment. 
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cell number. We fixed animals at both time points and mounted them on microscope 

slides such that individual β-cells could be evaluated. Control animals exhibited an 

average of 15 ± 3 β-cells at 48 hpf (n = 21) and an average of 35 ± 4 β-cells per animal in 

the principal islet at 5 dpf (n = 54) (Fig. 2.1C-D). Consistent with quantification of the 

area, we observed a significant reduction in the number of β-cells in alms1 morphants at 

48 hpf (10 ± 3 β-cells, n = 31, P < 0.0001) as well as at 5 dpf (26 ± 6 β-cells, n = 56, P < 

0.0001). Suppression of either bbs1 or bbs4, however, resulted in the opposite effect. At 

48 hpf, bbs1-deficient embryos exhibited an average of 27 ± 6 β-cells (n = 30, P < 

0.0001) and an average of 46 ± 8 β-cells in the principal islet at 5 dpf (n = 32, P < 

0.0001). Likewise, suppression of bbs4 resulted in an average of 19 ± 3 β-cells at 48 hpf 

(n = 32, P < 0.0001) and an average of 40 ± 6 β-cells per animal in the principal islet at 5 

dpf (n = 20, P < 0.0001). To further determine the specificity of the effect, we calculated 

the ratio of β-cell number relative to exocrine area (Fig. 2.2D). The ratio of β-cell number 

to exocrine area was significantly decreased in alms1-depleted embryos (P < 0.0001) and 

significantly increased in bbs1-depleted embryos (P < 0.0001) while bbs4-depleted 

embryos were increased (P < 0.01) but not to significant levels after Bonferroni 

correction for multiple comparisons. However, these results support our previous 

observations and indicate opposing effects between the two disease models. 

Validation of MO sensitivity and specificity 

 To ensure that the observed effects were attributable to suppression of each gene, 

we carried out multiple validations to verify the sensitivity and specificity of each 

morpholino. We first confirmed the reduction of each target protein by western blot (Fig. 

2.3A-C) corroborating our previously reported reduction for bbs1 and bbs4 MOs  



 24 

 
 



 25 

Figure 2.3. Validation of morpholino sensitivity and specificity. (A-C) Western blot 
analysis of 5 dpf zebrafish homogenates detecting the expression of Bbs1, Bbs4 or Alms1 
proteins. Blot images are representative of two separate experiments per protein. (D) 
qRT-PCR quantification of alms1 transcript relative to actin in control and alms1 
morpholino injected embryos at 48 hpf and 5 dpf. (E) Loss of wildtype alms1 transcript 
(2446 bp) and presence of shortened morphant transcript (528 bp) in alms1 morphants at 
2 dpf, 5 dpf and 6 dpf. (F) Expression of Δ113p 53 transcript relative to actin in control, 
alms1, bbs1 and bbs4 depleted embryos. Data were represented as percent relative to 
control. (G) β-cells in controls, bbs1 morphants co-injected with bbs1 mRNA, or bbs4 
morphants co-injected with bbs4 mRNA. (H) Quantification of β-cell count in control 
and rescued embryos. (I-J) Area and intensity of mCherry fluorescence in β-cells in 5 dpf 
F1 progeny of alms1 or bbs1 gRNA/Cas9-injected animals. Intensity represents 
fluorescence intensity per pixel as calculated by ImageJ. (K-L) T7-endonuclease 
treatment of PCR-amplified target region in alms1 (K) or bbs1 (L) gRNA/Cas9-injected 
embryos (F0) or their progeny (F1). Gel images representative of assays repeated two 
times. Double bands indicate the presence of mismatch. The arrows indicate the wild type 
band (top) and the mismatched cleaved band (bottom). * indicates p<0.001 and ** 
represents p≤0.0001 relative to control after Bonferroni correction for multiple 
comparisons. 
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([25], Fig. 2.3A-B). For alms1, we observed a significant decrease in the abundance of 

both mRNA and protein found in MO-injected animals (Fig. 2.3C-D). To ensure that this 

decrease was the result of targeting the alms1 transcript, we validated the efficacy of the 

splice-blocking alms1 MO by confirming disruption of transcript splicing via reverse 

transcription polymerase chain reaction (RT-PCR) at 2, 5 and 6 dpf (Fig. 2.3E). 

 To test the specificity of the observed phenotypes and to preclude the possible 

contribution of off-target toxicity induced by MOs, we examined expression of Δ113 

p53 mRNA, an isoform of p53 that has been reported as a diagnostic marker of MO-

induced off-target toxicity and cell death [75]. Quantification of the Δ113 p53 transcript 

revealed no significant changes between control morphants and those injected with 

either alms1 or bbs1 MO. A significantly increased level was detected in bbs4 morphants 

(P = 0.006) offering an explanation for the increased mortality in bbs4 MO-injected 

embryos (Fig. 2.3F). We therefore injected a second splice-blocking MO 

against bbs4 (bbs4 MO2, Fig. 2.4). Similar to the first bbs4 MO, this MO resulted in the 

expansion of β-cell number (Fig. 2.4D-E) without affecting the exocrine pancreas  

(Fig. 2.4F-G) validating that the effect on β-cells was not likely a result of off-target 

effects given the lack of increased Δ113 p53 (Fig. 2.4C). Consistent with our initial 

observations, the ratio of relative β-cell number over the area of exocrine pancreas was 

significantly increased (Fig. 2.4H, P < 0.0001) compared with control upon injection of 

the second MO. We further examined the specificity of the MO effects on β-cell number 

by assessing the ability of either bbs1 or bbs4 mRNA to rescue the increase imparted by 

MO alone. We found that co-injection of 50 pg of bbs1 mRNA and 100 pg 

of bbs4 mRNA encoding each gene restored the number of β-cells at 5 dpf to 36 ± 4 β- 
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Figure 2.4. Effects of a second splice-blocking bbs4 morpholino (bbs4 MO2). (A-B) 
Area and intensity of β-cell mass in control and bbs4 CRISPR-targeted animals. (C) 
Expression of Δ113p 53 transcript relative to actin in control and embryos injected with 
bbs4 MO2. Data represented as % relative to control. (D) mCherryexpressing β-cells in 
control and bbs4 MO2-injected animals at 48 hpf or 5 dpf. (E) Average β-cell counts in 
control and bbs4 MO2 animals at 48 hpf and 5 dpf. (F) ptf1aGFP expression in exocrine 
pancreas in 5dpf Tg(ptf1a:GFP/insa:mCherry) embryos. (G) Quantification of the 
average area (µm2 ) of exocrine pancreas from 5 dpf embryos. (H) Quantification of 
average β-cell number relative to area of exocrine pancreas in control and bbs4-depleted 
embryos. (I) mCherry-expressing β-cells in 5 dpf controls and morphants grown in the 
absence and presence of glucose. (J) Quantification of β-cell number at 48 hpf and 5 dpf 
under normal and high glucose conditions. Student t-test was performed on the data set. 
Error bars represent standard deviation. * represents p=0.0018 and ** represents 
p≤0.0001 relative to control after Bonferroni correction for multiple comparisons. n≥20 
per experimental group. Scale bars represent 100 µm. 
  



 28 

cells per principal islet (n = 32) and 35 ± 2 (n = 30), respectively. These numbers were 

statistically indistinguishable from controls (Fig. 2.3G-H). Despite the increased off-

target toxicity, the expression of bbs4 mRNA rescued the β-cell phenotype, suggesting 

that it is specific to that gene and not likely a result of off-target MO effects. 

 Finally, to validate the specificity of the β-cell phenotypes induced by each MO, 

we assessed the concordance of β-cell production in MO-injected embryos with mutant 

embryos engineered for disruption of the corresponding gene by CRISPR/Cas9 

approaches. We found that the β-cell mass and fluorescence intensity were significantly 

decreased in alms1 gRNA/Cas9-injected embryos, as well as their F1 progeny, while both 

characteristics were significantly increased in bbs1 and bbs4 gRNA/Cas9-injected 

embryos and their F1 progeny (Fig. 2.3I-J and Fig. 2.4A-B). The efficacy of 

CRISPR/Cas9 targeting was validated via the T7 endonuclease assay in F0 and F1 

embryos assessed for β-cell mass (Fig. 2.3K-L) [76]. 

Assessment of pancreatic progenitors and differentiated endocrine cells suggests β-

cell specific effects 

 The presence of normal exocrine pancreas in all morphants suggested that the 

beta-cell mass was specifically perturbed. To determine if effects were exclusive to β-

cells and to provide insight into the regulation of β-cell production by each gene, we 

carried out whole-mount in situ hybridization to examine the regulatory program during 

early and late pancreatic development. At 48 hpf, we examined markers of broad 

pancreatic progenitor (pdx1) and endocrine pancreatic progenitors (neuroD, islet1) 

(Fig. 2.5A). To assess the contributions to other differentiating and differentiated 

endocrine cell types, we assessed markers of α-cells (glucagon) and δ-cells  
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Figure 2.5. Effects of reduced alms1, bbs1 and bbs4 on pancreatic progenitor and 
endocrine cell populations. (A) Whole mount in situ hybridization in control, alms1 MO, 
bbs1 MO or bbs4 MO-injected embryos at 48 hpf using markers of broad pancreatic 
progenitors (pdx1) or endocrine progenitors (neuroD, islet1). (B) Detection of α-cell 
marker glucagon in 48 hpf and 5 dpf embryos. (C) Detection of δ-cell marker 
somatostatin (sst1) in 48 hpf and 5 dpf embryos. Scale bars shown at left panels represent 
100 µm. Scale bars in magnified areas represent 25 µm. Images representative of groups 
of 30 embryos used per probe in triplicated experiments. 
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(somatostatin) at 48 hpf and 5 dpf (Fig. 2.5B-C). Interestingly, loss of alms1 expression 

did not change either progenitor population or any other differentiated cell type at any 

stage (Fig. 2.5A–C), suggesting that the observed deficits in β-cells were specific to only 

those cells. However, the expression of both pdx1 and endocrine progenitor markers were 

reduced in bbs1 and bbs4morphants (Fig. 2.5A). In spite of this, suppression of either 

gene resulted in relatively normal expression of glucagon by 5 dpf, though in both cases 

it was initially reduced at 48 hpf (Fig. 2.5B). Expression of somatostatin exhibited a 

similar pattern in bbs1-depleted embryos, where expression was decreased relative to 

controls at 48 hpf, but returned to normal by 5 dpf (Fig. 2.5C). 

However, somatostatin expression continued to be reduced throughout development with 

loss of bbs4 (Fig. 2.5C), suggesting specific enhancement of the β-cell population 

potentially at the expense of other cell types. 

Alms1 is necessary for continued β-cell expansion in response to glucose 

 Production of β-cells during developmental stages may be relevant to the onset of 

T2D as a result of impaired β-cell reserve. It may also be indicative of the adaptive 

capacity of β-cells and the ability to produce and expand β-cells in response to 

hyperglycemic conditions. To analyze the potential contributions of alms1, 

bbs1 and bbs4 to the latter, we assessed expansion of the β-cell population in response to 

high glucose conditions, a treatment that significantly increases the number of β-cells in 

zebrafish larvae similar to mammals [77]. MO-injected Tg(insa:mCherry) embryos were 

transferred at 24 hpf to either 20 mM glucose media or glucose-free embryo media. To 

monitor the response to high glucose, we quantified the number of β-cells in each 

condition at 48 hpf and 5 dpf. Consistent with previous reports, the average β-cell number 
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in control embryos increased at both stages. Embryos cultured in control media exhibited 

an average of 15 ± 3 β-cells (n = 21) at 48 hpf and 35 ± 3 (n = 33) at 5 dpf. Under high 

glucose cultured conditions, those numbers increased significantly to 24 ± 3 (n = 21, P < 

0.0001) at 48 hpf and 44 ± 7 (n = 63, P < 0.0001) at 5 dpf (Fig. 2.6A–C). Suppression 

of alms1 impeded this response but only at the later stage. β-cells in alms1-deficient 

embryos were able to expand initially, showing a significant increase from 10 ± 3 β-cells 

in control medium (n = 31) at 48 hpf to 19 ± 6 β-cells in high glucose medium (n = 

29, P < 0.0001). This expansion was diminished with prolonged exposure to glucose; 

only an average of 24 ± 10 β-cells (n = 71) were present at 5 dpf (Fig. 2.6C). 

Surprisingly, no significant expansion was observed at either stage in animals depleted of 

either bbs1 or bbs4, though the significant increase in β-cell number relative to controls 

continued to be consistent for both genes at both stages (Fig. 2.6A–C). A similar response  

was observed in embryos injected with the second bbs4 MO and cultured under similar 

conditions (Fig. 2.4G-H). 

Alms1 and Bbs1 have opposing effects on β-cell proliferative capacity 

 Reduction of alms1 resulted in fewer β-cells even in response to high glucose 

conditions despite having no effect on progenitor populations. This suggests the 

possibility that alms1-depleted β-cells possibly have reduced ability to proliferate. 

Additionally, the ability to produce more β-cells from fewer progenitor cells in BBS 

gene-deficient embryos suggest enhanced proliferative capacity. To test this, we 

examined proliferation in the β-cell mass at 48 hpf and 5 dpf by immunofluorescence 

using anti-phospho-Histone H3 antibody. Because reduced bbs1 and bbs4 resulted in 

similar enhancement of β-cell mass, we assessed bbs1-depleted embryos. Only 10 and  
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Figure 2.6. Effects of hyperglycemic conditions on β-cell expansion with loss of AS or 
BBS genes. (A) Representative brightfield image of 5 dpf larva with boxed region 
indicating area shown in fluorescence images. mCherry-expressing β-cells in 5 dpf 
controls and morphants grown in the absence and presence of glucose. (B) Quantification 
of β-cell number at 48 hpf under normal and high glucose conditions. (C) Quantification 
of β-cell number at 5 dpf under normal and high glucose conditions. Student's t-test was 
performed on the dataset. Error bars represent standard deviation. **Significance (P < 
0.0001) post-Bonferroni correction for multiple comparisons, n ≥ 20 assessed per 
experimental group. 
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16.67% of alms1 morphants at 48 hpf and 5 dpf, respectively, exhibited proliferative β-

cells which was significantly less than controls at either stage (13.39% at 48 hpf, 28.57% 

at 5 dpf; P < 0.0001, Fig. 2.7A–D and M). In contrast, significantly higher percentages 

of bbs1morphants (46.43% at 48 hpf, P < 0.0001; 50% at 5 dpf, P = 0.001) displayed 

proliferative β-cells (Fig. 2.7E-F, and M). 

 We reasoned that exposure to high glucose media may enhance proliferation. 

Indeed, the proportion of control embryos with proliferative β-cells increased to 31.25% 

at 48 hpf and 46.43% at 5 dpf (Fig. 2.7G-H, and M). Interestingly, glucose treatment 

increased the percentage in alms1-deficient embryos initially (20% at 48 hpf, albeit at a 

rate significantly less than control, P < 0.0001), but this was completely ablated by 5 dpf 

(Fig. 2.7I-J, and M). bbs1 morphants continued to exhibit high levels of proliferation in  

β-cells at either stage in the presence of high glucose conditions (54.55% at 48 hpf, 

46.67% at 5 dpf) (Fig. 2.7K–M). 

Depletion of alms1 and bbs1 resulted in β-cell death 

 Our observations of β-cell response over a relatively long high-glucose treatment 

period indicated that alms1-deficient β-cells initially respond to glucose but lose the 

ability over prolonged exposure. In addition, bbs1-depleted β-cells did not increase in 

number overall, even though proliferation increased. In light of these observations, we 

asked whether these β-cells are susceptible to glucose toxicity and subsequent cell death. 

To test this, we performed immunofluorescence using anti-active Caspase-3 antibody, a 

marker of apoptotic cells. We first examined embryos cultured in normal embryo 

medium without the addition of glucose. At 48 hpf, no embryos in any group 

(control, alms1 or bbs1) exhibited apoptotic β-cells (Fig. 2.8A, C, E and M). However, by  
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Figure 2.7. alms1 and bbs1 have opposing effects on β-cell proliferative capacity. Whole 
mount immunofluorescent staining with anti-phospho histone H3 antibody to label 
proliferative cells (green) in β-cell mass (mCherry) in control, alms1- or bbs1-depleted 
embryos grown in normal embryo medium (A–F) or with high glucose (G–L) at 48 hpf 
or 5 dpf. (M) Quantification of the percentage of control, alms1- or bbs1-depleted 
embryos with proliferative β-cells at either stage. Student's t-test was performed on the 
dataset. Error bars represent standard deviation. **Significance (P < 0.0001) and 
*significance P = 0.001 after correcting for multiple comparisons. n ≥ 20 assessed per 
experimental group. 
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Figure 2.8. Depletion of alms1 and bbs1 leads to apoptosis of β-cells. Whole mount 
immunofluorescent staining with anti-active caspase-3 antibody labeling apoptotic cells 
(green) in β-cell mass (red) in control, alms1- or bbs1-depleted embryos grown in normal 
embryo medium (A–F) or grown in 20 mm glucose (G–L). (M) Quantification of 
percentage of total control, alms1- and bbs1-depleted embryos with apoptotic β-cells. 
Student's t-test was performed on the dataset. Error bars represent standard deviation. 
**Significance (P < 0.0001) after Bonferroni correction for multiple comparisons. n ≥ 20 
assessed per experimental group. 
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5 dpf 16.67% of alms1-depleted embryos exhibited apoptotic β-cells, which was 

significantly increased (P < 0.0001) over the complete lack of apoptosis observed in 

control β-cells (Fig. 2.8B and M). Surprisingly, 42.85% of bbs1-depleted embryos 

exhibited apoptotic β-cells at 5 dpf, a striking increase (P < 0.0001) relative to controls 

(Fig. 2.8E-F, and M). 

 To assess the contribution of glucose toxicity in β-cell apoptosis, we assessed cell 

death in embryos cultured in high glucose. Under these conditions, at either 48 hpf or 5 

dpf, 11.11% of control embryos had apoptotic β-cells (Fig. 2.8G-H, and M). Similar to 

controls, 16.66% of alms1-deficient embryos exhibited β-cell death when supplemented 

with glucose at 48 hpf. This number increased to 41.43% at 5 dpf (Fig. 2.8I-J, and M). 

Interestingly, bbs1-depleted embryos were the most tolerant of the high glucose  

conditions initially, as no apoptotic β-cells at 48 hpf could be detected. However, with 

prolonged exposure to glucose 50% of larvae exhibited β-cell death (Fig. 2.8K–M). 

Alms1 is required for β-cell regenerative capacity 

 We observed an initial increase in glucose-induced expansion and proliferation 

of alms1-deficient β-cells that was followed by cell death after prolonged exposure. This 

suggested that loss of alms1 renders β-cells more susceptible to glucose toxicity without 

compensatory increases in proliferation. In light of this, we set out to determine whether 

these cells would be able to regenerate after apoptosis. We reasoned that an overall 

deficiency in β-cell mass and potentially function may be the result of increased 

susceptibility to cell death and an inability to replenish lost β-cell mass. To test this 

possibility we suppressed alms1expression in a previously reported transgenic line, 

Tg(insa:nsfB-mCherry), in which β-cells are specifically ablated upon treatment with the 
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prodrug metronidazole [72]. At 48 hpf, embryos were incubated in metronidazole for 48 

hrs to completely ablate β-cells (Fig. 2.9A). Twenty-four hours after transfer to normal 

embryo media, control larvae regenerated β-cells as previously reported [72] and 

produced an average of 9 ± 3 β-cells (n = 36, Fig. 2.9A-B). At 5 dpf, alms1-depleted 

embryos regenerated significantly less β-cells after ablation (6 ± 3, n = 26, P = 0.0003; 

Fig. 2.9A-B). However, bbs1-depleted β-cells regenerated at a rate similar to control (10 

± 3, n = 20, P = 0.24; Fig. 2.9A-B) consistent with their ability to proliferate. 

Glucose homeostasis in alms1 and bbs-depleted larvae is consistent with β-cell 

defects 

 To determine if changes in β-cell mass correlate with functional discrepancies in 

glucose regulation, we assessed the ability of alms1-, bbs1- or bbs4-deficient larvae to 

maintain glucose levels. Furthermore, 5 dpf larvae were fed a larval diet supplemented  

with 40 mM glucose for 48 hrs followed by homogenization and measurement of total 

glucose. The average glucose levels of pooled homogenates of 20 larvae were 

significantly higher in larvae with reduced alms1 expression (P < 0.0001, Fig. 2.10), 

consistent with reduced β-cell mass. In contrast, bbs1-deficient larvae exhibited 

significantly lower glucose levels (P < 0.0001) and bbs4 morphants were able to maintain 

glucose levels similar to controls (P = 0.3326) when challenged with high glucose 

(Fig. 2.10). This suggested that the increased β-cell mass was functional and able to 

maintain glucose homeostasis. 
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Figure 2.9. Alms1 is required for regeneration of β-cells. (A) Ablation of β-cells in 
Tg(insa:nsfB-mCherry) larvae at 4 dpf after treatment with metronidazole (post-ablation), 
followed by β-cell regeneration (post-recovery) until 5 dpf. Untreated transgenic larvae 
cultured in embryo medium only over 5 dpf. (B) Quantification of β-cell number at 5 dpf 
following ablation and regeneration. Student's t-test was performed on the dataset. Error 
bars represent standard deviation. **Significance (P < 0.0001) after multiple comparisons 
adjustment using Bonferroni correction, n ≥ 20 per treatment. 
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Figure 2.10. alms1 but not bbs1 or bbs4 is necessary for proper glucose regulation. 
Glucose levels in whole larvae homogenates from control or alms1-, bbs1- or bbs4-
deficient larvae given larval diet supplemented with 40 mm glucose. Student's t-test was 
performed on the dataset. **P < 0.001 relative to control after adjustment for multiple 
comparisons using Bonferroni correction. Error bars represent standard deviation. 
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2.4 Discussion 

 In this study, we characterized the production and maintenance of pancreatic β-

cells in models of two ciliopathies associated with obesity and varying rates of diabetes. 

Our findings suggest stark differences between the abilities of BBS gene-depleted β-cells 

and Alms1-depleted β-cells in production and maintenance after prolonged exposure to 

glucose. Our observations suggest that the initial discrepancies in production of β-cells 

between the two models are likely β-cell specific as a result of divergent developmental 

programs. This is supported by our observations of markers of other endocrine cell types 

and progenitor populations. While alms1-deficient embryos exhibited relatively normal 

progenitor pools compared with controls, only β-cells appear to be affected suggesting 

that those cells are specifically impacted (Fig. 2.11). Animals deficient in BBS gene 

expression, however, showed significantly reduced areas of progenitor marker 

expression. Furthermore, production of β-cells was increased but was accompanied by a 

decrease in other endocrine cell types, namely glucagon expressing α-cells 

and somatostatin-expressing δ-cells during early developmental stages. This suggests that 

an initially depleted progenitor pool becomes skewed toward the production of β-cells at 

the expense of other cell types with loss of BBS (Fig. 2.11). This possibility is also 

supported by the initial increase in proliferation observed in bbs1-deficient β-cells which 

might suggest an expansion of early β-cell mass perhaps at the expense of other cell 

types. 

 In addition to the initial production of β-cells, our findings also support significant 

differences in the continued maintenance of those cells. Exposure to high glucose 

conditions, reminiscent of the increased demand imparted by insulin resistance, revealed  
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Figure 2.11. BBS and AS genes specifically alter β-cell production. In wild-type 
pancreatic development, pancreatic progenitors (pdx1, blue) give rise to endocrine 
progenitors (neuroD and islet1, green), which then differentiate into endocrine cell types. 
Animals depleted of BBS genes exhibit fewer pancreatic progenitors, which in turn give 
rise to fewer endocrine progenitor cells. β-cell production from these progenitors is 
increased, potentially at the expense of other differentiated cell types. Loss of Alms1 
does not alter progenitor populations but specifically and significantly decreases β-cell 
mass. 
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that alms1-deficient β-cells are more susceptible to loss through cell death and glucose 

toxicity. The number of β-cells was reduced over prolonged exposure to high glucose 

conditions accompanied by a concomitant increase in markers of apoptosis and a 

decrease in cell proliferation. Surprisingly, we observed a similar increase in cell death in 

β-cells deficient in bbs1; however, the overall maintenance of β-cell number in those 

animals is likely due to an increase in proliferation, which was maintained throughout the 

glucose exposure period. These observations indicate that although BBS gene-deficient 

β-cells may become susceptible to glucose toxicity, the total β-cell mass is able to 

compensate at least for some time due to increased proliferation. These data may offer a 

mechanism by which BBS patients are better able to stave off onset of diabetes at least 

until later in life whereas AS patients are not. 

 These findings are the first comprehensive analysis of production and 

maintenance of β-cell mass in models of the ciliopathies. Importantly, we have not 

investigated the potential roles of these genes in β-cell function, specifically insulin 

secretion. Although a role for ALMS1 has not been previously reported, two studies have 

investigated the role of BBS genes in insulin secretion. Suppression of Bbs5, 

Bbs7 and Bbs9in cultured MIN6 cells were reported to result in insulin hypersecretion 

[78]. This is in contrast with a recent report demonstrating deficiencies in first-phase 

insulin release as a result of decreased Bbs4, potentially through regulation of insulin 

receptor signaling [79]. Our study may offer a mechanism to reconcile these differences. 

Given the importance of β-cell number in overall function of β-cell mass [80], our 

findings suggest a role for proliferation and continued replenishment of β-cells as an 

important factor in glucose regulation in obesity ciliopathies. 
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 This raises the question of glucose regulation and β-cell function over time in 

models of BBS and AS. Due to the technical limitations of this study and to the time 

window for transparency of zebrafish embryos, our observations were limited to early 

stages of life. However, β-cell dysfunction in ciliopathies and other similar models of 

young onset diabetes occur during childhood and juvenile stages. It is possible that 

continued examination over later periods of life would begin to reveal even more striking 

contrasts between these two models. For example, over longer periods of hyperglycemia 

due to the insulin resistance that is often present in BBS or AS [62, 64–66], more 

dramatic depletion of β-cell mass and subsequent changes in function may be observed. 

Our findings suggest the possibility that BBS gene-deficient β-cells are perhaps better 

able to cope with prolonged periods of demand for insulin although they may eventually 

become exhausted as a result of an inability to compensate for the high degree of cell 

death. 

 These findings underscore the utility of rare syndromes for the understanding of 

genetic susceptibility in more common forms of diabetes. Our observations here suggest 

that the ciliopathies may represent useful genetic models for the study of β-cell 

deficiencies and subsequent onset of diabetes. Excitingly, these findings potentially 

implicate primary cilia as important regulators of β-cell production and maintenance. 

Indeed, cilia have been implicated in the regulation of many pathways that are important 

for β-cell regulation, including developmental pathways such as Wnt, Notch and Shh [25, 

81–84]as well as metabolic pathways that may also influence production of β-cells such 

as IGF-1, insulin receptor and mTOR signaling [79, 85–87]. While the mechanisms by 

which BBS or AS genes may contribute to β-cell production are not clear, these 
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observations raise the possibility of identification of novel pathways contributing to the 

regulation of β-cell mass and function. 
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2.5 Materials and Methods 

Zebrafish lines 

 Experiments were carried out using the following zebrafish lines: Tubingen (WT), 

Tg(ptf1a:GFP;insa:mCherry) kindly received from Steve Leach (JHU/Mount Sinai), and 

Tg(insa:mCherry) and Tg(insa:nsfB-mCherry) kindly received from Michael Parsons 

(JHU). Adult zebrafish were housed and naturally mated according to standard protocol. 

All zebrafish work was conducted in accordance with University of Maryland IACUC 

guidelines. 

Morpholinos 

 MOs that block translation (TB) or splicing (SB) of targeted mRNAs were 

injected into one- to two- cell stage embryos. We used previously validated MOs to 

target bbs1 (SB) and bbs4 (TB) [25] and designed SB MO (e4i45′-

TTAAGTGCTGAACTTACCGGGATTC-3′) to target alms1 transcript. A second splice-

blocking bbs4 MO was designed to confirm β-cell phenotype (5′-

TGTGTATTGAGACCTACTCCACAGC-3′). A control non-specific MO was used (5′-

CCTCTTACCTCAGTTACAATTTATA-3′). The embryos were grown at 28°C until 

harvesting for analyses. 

β-cell analysis 

 The Tg(insa:mCherry) line which labels β-cells specifically by expressing 

mCherry under the control of the preproinsulin (insa) promoter and 

Tg(ptf1a:GFP;insa:mCherry) which expresses GFP under the control of exocrine 

pancreas marker ptf1a along with mCherry under the control of the insa promoter were 

used to quantify: (1) the size of the β-cell mass (area of mCherry expression), (2) the 



 46 

level of insa expression (intensity of fluorescence/pixel) and (3) the size of exocrine 

pancreas (area of GFP expression) by imaging embryos using a Zeiss Lumar v12 

stereomicroscope and ImageJ software. 

 The number of β-cells was determined according to published protocol [77]. 

Embryos were fixed in 4% paraformaldehyde (PFA), washed in phosphate-buffered 

saline, 0.1% Tween 20 (PBST) and flat mounted in ProLong®Gold antifade (Life 

Technologies) with the right lateral side facing the coverslip. Sufficient pressure was 

applied to disrupt the islets in order to visualize individual cells. The number of β-cells 

was counted manually under a Zeiss Lumar v12 stereomicroscope. The yolk mass was 

removed prior to flat mounting from the embryos analyzed at 48 hpf. The analysis of β-

cells was performed on embryos collected from three different injections of either control 

or test morpholinos. 

Whole-mount immunofluorescence 

 Embryos, collected from two separate injections were fixed in 4% PFA overnight, 

dehydrated in cold methanol at −20°C for 2 hrs, rehydrated and permeablized in acetone 

at −20°C for 30 min. Embryos were then washed in PBST, blocked in PBST 

supplemented with 1% dimethyl sulfoxide, 1% bovine serum albumin (BSA) and 10% 

goat serum for 1 hr at room temperature followed by overnight incubation in primary 

antibodies and a 2 hr incubation in secondary antibodies following washes. The 

immunostained embryos were then washed and kept in PBST with 1% BSA until 

analyzed. Primary antibodies used included rabbit anti-Histone H3 (phospho S10) (1:200, 

Abcam) and rabbit anti-Active Caspase3 (1:500, BD Pharmingen). Species-specific 

secondary antibodies (AlexaFluor®, Invitrogen) were used at 1:1000. 
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In situ hybridization 

 Whole-mount in situ hybridization was performed as per standard protocol [88] 

using riboprobes against pdx1 (Saulium Sumanas, Cincinnati Children's Hospital Medical 

Center), islet1 (Steve Seredick, University of Oregon), neuroD (Marc Ekker, University 

of Ottawa), glucagon (Marianne Voz, University of Liege) and somatostatin (Wolfgang 

Driever, University of Freiburg). A minimum of 30 embryos were collected from three 

different injections and were analyzed for each probe. 

alms1 MO validation 

 alms1 MO-injected embryos were harvested at 48 hpf, 5 dpf and 6 dpf. RNA was 

isolated using Trizol reagent (Life Technologies) and purified using the RNeasy kit 

(Qiagen) according to manufacturer's protocol. cDNA was generated (Fermentas First 

Strand cDNA transcription kit; Thermo Scientific) according to manufacturer's protocol 

and diluted 1:3. Specific primers encompassing exon 4 (F-5′ 

CCCCTGCAGAAACTCCTTGTC 3′, R-5′ TCATGCACTGACAGG TGGTG 3′) were 

used to perform PCR. Expected wild-type band size was 2446 bp. The splice-blocking 

MO was expected to produce a band of 528 bp. The agarose gel image is representative 

of three separate experiments. 

Western blots 

 Pooled groups of 20 zebrafish embryos were homogenized in cold lysis buffer 

[250 mM sucrose, 4 mMethylene diamine tetra acetic acid (EDTA), 100 mM NaCl, 10 

mM Tris; pH 7.6, 0.1% Triton X-100], and protease inhibitors (Sigma). Cells were 

incubated in lysis buffer on ice for 15 min, vortexing every 5 min. Lysates were 

centrifuged at 9400g for 10 min. Supernatant was collected and protein concentrations 
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were determined using BCA Assay (Pierce). Equal amount of proteins were incubated 

1:1 in Laemmli sample buffer (BioRad) plus β-mercaptoethanol for 10 min and boiled for 

5 min. Bbs1 and Bbs4 samples were run on a NuPage 4–12% Bis-Tris gel (Life 

Technologies) with 3-(N-morpholino) propane sulfonic acid running buffer (Life 

Technologies), Alms1 samples were run on a NuPage 3–8% Tris Acetate gel (Life 

Technologies) with Tris Acetate SDS running buffer (Life Technologies). Proteins were 

transferred onto a nitrocellulose membrane at 30 V for 90–120 min on ice. Membranes 

were blocked in 5% milk in tris-buffered saline (TBST) for 1 hr at room temperature with 

rocking and were subsequently incubated overnight in primary antibody; washed the 

following day in TBST and incubated in secondary antibody. Blots were developed using 

ECL substrate (Pierce) using a FluorChemQ system and AlphaView Software. 

Respective blots were probed for detection of a Bbs1 band at 65 kDa, Bbs4 band at 58 

kDa and Alms1 band at 231.55 kDa. Each blot was then stripped for detection of Actin 

(loading control; 42 kDa) using ReStore Western Blot Stripping Buffer (Thermo 

Scientific). The following primary antibodies and concentrations were used: Rabbit Anti-

BBS1 (Santa Cruz Biotechnologies, 1:1000), Rabbit Anti-BBS4 (Sigma-Aldrich, 

1:2000), Goat Anti-Alms1 (Abcam, 1:200) and Rabbit Anti-Actin (Sigma-Aldrich, 

1:1500). The following secondary antibodies were used: anti-rabbit IgG HRP-linked 

(Cell Signaling Technology, 1:2500) and anti-goat IgG HRP-linked (Promega, 1:5000). 

In vitro transcription and mRNA injection 

 bbs1 and bbs4 mRNA were transcribed using mMessage mMachine kit (Ambion). 

Fifty picograms of bbs1RNA and 100 pg of bbs4 RNA were co-injected with respective 

morpholinos. The embryos were grown as previously described. Then, 5 dpf embryos 
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from three separate injections were fixed in 4% PFA overnight and β-cell number was 

counted. 

β-cell ablation study 

 Metronidazole was dissolved in embryo media by vigorous agitation. Control MO 

as well as alms1, bbs1and bbs4 MO-injected 48 hpf embryos were incubated in 10 

mM metronidazole for 48 hrs. At this time point, the β-cell mass was completely ablated. 

Embryos were then washed and transferred to normal embryo medium and cultured until 

5 dpf. As a control, embryos developed in normal medium were used. β-cell number was 

counted at 5 dpf in both conditions from embryos collected from three separate 

experiments. 

qRT-PCR 

 RNA was extracted using Isol-RNA Lysis Reagent (5 Prime) and purified using 

Qiagen RNeasy cleanup kit according to manufacturer's protocol. cDNA was transcribed 

using Fermentas First Strand cDNA Transcription Kit (Thermo Scientific) according to 

manufacturer's protocol. cDNA was diluted to 1:3. qRT-PCR was performed in duplicate 

using target-specific primers and LightCycler 480 SybrGreen (Roche) according to 

manufacturer's protocol on a LightCycler 480 machine (Roche). cDNA from three 

separate experiments were used for qRT-PCR. Reverse transcriptase free samples were 

used as negative controls. All samples were run in duplicate with CT value normalized 

to β-actin. Experiments were repeated at least three times. 

Glucose expansion assay 

 Control and morphant 24 hpf Tg(insa:mCherry) embryos were transferred to 

embryo medium supplemented with 20 mM glucose and grown at 28°C until 5 dpf. 
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Normal embryo medium without glucose was used as control. At 5 dpf, the β-cell number 

was assessed in embryos grown in high-glucose and control conditions. Three separate 

experiments were performed for all morpholinos except bbs4 TB, for which embryos 

grown in high glucose media were collected from four separate experiments to confirm 

the observed phenotype. 

CRISPR design 

 Target sites for CRISPRs were determined by entering the sequence of the gene 

of interest at http://zifit.partners.org/ZiFiT/CSquare9Nuclease.aspx with the options 20 

bp target site, T7 promoter and zebrafish selected. This identified all potential target sites 

within the sequence as well as off-target sites for each potential target site. Target sites 

were chosen based on location within the gene; target sites within early exons and with 

no off-target sites were preferred. For alms1, we identified a target site within exon 4 that 

matched these criteria. The alms1 target site in exon 4 was 5′-

GGTCGTTTAATCGGAGCAGA-3′. For bbs1, we identified the target site within exon 

2, which was 5′-GGTTGGCAACTGGGTCATAG-3′ and for bbs4 the target site is in 

exon 11; 5′-GGCCATGAACAAGTATCGTG-3′. Creation of the guide RNA oligos 

included incorporation of TAATACGACTCACTATA at the 5′ end of the target site and 

GTTTTAGAGCTAGAAATAGC at the 3′ end of the target site according to protocols 

kindly provided by Shawn Burgess (NIH). The ∼80 bp alms1 or bbs1 sgRNA oligos 

were annealed to a common oligo 2 [89]. The sequence of oligo 2 was 5′-

AAAAGCACCGACTCGGTGCCACTTTT 

TCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAA
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C-3′. The sgRNAs, at 25 pg/µl, along with Cas9 mRNA, at 300 pg/µl, were microinjected 

directly into the cell during the single-cell stage of embryonic development. 

T7 endonuclease assay 

 CRISPR/Cas9 targeting efficiency was determined first by PCR amplification of 

the target site from genomic DNA isolated from pooled groups of 20 CRISPR injected 

embryos (F0) or their progenies (F1). For alms1 5′-GATTCACAGATGGATAC-3′and 5′-

GTATGAGAGATGGTTTAG-3, for bbs1 5′-GCTGTGAAGAAAGATAA-3′ and 5′-

CAGTAAGTAGTGTTAGC-3′ primer sets were used. Four hundred nanograms of the 

PCR product was then denatured at 95°C and re-annealed at a rate of −2°C/sec down to 

85°C followed by −0.1°C/sec down to 25°C, in order to permit the formation of hetero 

duplex. Determining genome-targeting efficiency using T7 endonuclease I (New England 

BioLabs, Inc.) was carried out according to manufacturer's protocol. Then, 1 µl T7 

endonuclease I was added and the sample was incubated at 37°C for 15 min before the 

reaction was stopped with 1.5 µl 0.25 M EDTA. The sample was visualized on a 2% 

agarose gel. 

Quantification of glucose 

 Starting at 5 dpf, control or morphant larvae were fed one of two diets: AP100 

(Zeigler) food only (control diet) or AP100 food supplemented with 40 mM glucose 

solution (high-glucose diet). Larvae were fed twice daily until 7 dpf at which point larvae 

(n = 50) were collected and utilized in the Biovision Inc. glucose assay. The protocol was 

carried out as recommended by the manufacturer. Samples and controls/standards were 

run in triplicates. Experiments were repeated three times. Absolute glucose levels were 

calculated as described in the manufacturer's protocol. 
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Statistical analysis 

 The Student t-test was performed as indicated. Bonferroni correction was utilized 

to adjust for multiple comparisons (at least four independent experiments in all cases). 
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CHAPTER 3: WHOLE ORGANISM TRANSCRIPTOME ANALYSIS OF 
ZEBRAFISH MODELS OF BARDET-BIEDL SYNDROME AND ALSTRÖM 
SYNDROME PROVIDES MECHANISTIC INSIGHT INTO SHARED AND 
DIVERGENT PHENOTYPES1 

 
3.1 Abstract  

Background: BBS and AS are two pleiotropic ciliopathies with significant phenotypic 

overlap between them across many tissues. Although BBS and AS genes are necessary 

for the proper function of primary cilia, their role in defects across multiple organ 

systems is unclear.  

Methods: To provide insight into the pathways underlying BBS and AS phenotypes, we 

carried out whole organism transcriptome analysis by RNA sequencing in established 

zebrafish models of the syndromes.  

Results: We analyzed all genes that were significantly differentially expressed and found 

enrichment of phenotypically significant pathways in both models. These included 

multiple pathways shared between the two disease models as well as those unique to each 

model. Notably, we identified significant downregulation of genes in pathways relevant 

to visual system deficits and obesity in both disorders, consistent with those shared 

phenotypes. In contrast, neuronal pathways were significantly downregulated only in the 

BBS model but not in the AS model. Our observations also suggested an important role 

for G-protein couple receptor and calcium signaling defects in both models.  

Discussion: Pathway network analyses of both models indicate that visual system defects 

may be driven by genetic mechanisms independent of other phenotypes whereas the 

majority of other phenotypes are a result of genetic players that contribute to multiple 

                                                
1 Hostelley, T.L., Lodh, S. and Zaghloul, N.A. (2016) Whole organism transcriptome analysis of zebrafish 
models of Bardet–Biedl syndrome and Alström syndrome provides mechanistic insight into shared and 
divergent phenotypes. BMC Genomics, 17, 318. doi:https://doi.org/10.1186/s12864-016-2679-1. 
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pathways simultaneously. Additionally, examination of genes differentially expressed in 

opposing directions between the two models suggest a deficit in pancreatic function in 

the AS model, that is not present in the BBS model.  

Conclusions: These findings provide important novel insight into shared and divergent 

phenotypes between two similar but distinct genetic syndromes. 
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3.2 Introduction 

Many Mendelian disorders are pleiotropic, characterized by dysfunction across 

multiple organ systems. Deciphering the underlying molecular etiology of such diseases 

can be difficult due to the complexity of interpreting the role of a single gene in multiple 

disparate cell types. This complexity remains even for syndromes in which the 

subcellular defect is relatively well understood. For example, the ciliopathies are caused 

by mutations in genes encoding proteins associated with primary cilia or associated 

structures. However, the molecular pathways disrupted by loss of function in various 

ciliopathy genes remain relatively unclear. Two ciliopathies in particular, BBS and AS 

represent pleiotropic syndromes with overlapping features, but for which the primary 

molecular defects underlying those features are not well understood. 

AS is a rare autosomal recessive, monogenic disorder caused by mutations in the 

ALMS1 gene. The ALMS1 gene is located on chromosome 2p13 and consists of 23 exons, 

which encode for a 461-kDa protein[22, 32]. Over 100 different disease-causing 

mutations have been identified in the ALMS1 gene, the majority of which are nonsense 

and frameshift mutations occurring in exons 8, 10, or 16[22, 32]. The reported prevalence 

of AS is less than one per million in the general population, with less than one thousand 

documented cases. BBS is also a rare autosomal recessive disorder, but exhibits 

significant genetic heterogeneity with 19 associated genes identified to date[90]. The 

most common gene mutated in BBS is BBS1, located on chromosome 11q13, which 

accounts for approximately 25% of BBS cases[60]. The prevalence of BBS is 1 in 

160,000 in the general population, but as high as 1 in 13,500 in a few isolated 

communities[60]. Both AS and BBS are classified as ciliopathies due to the localization 
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of their proteins to the basal body of the primary cilia and the subsequent ciliary 

dysfunction that occurs when these proteins are disrupted. ALMS1 may be involved in 

intracellular trafficking and protein transport from the Golgi to the primary cilium[22]. 

Several of the BBS proteins, including BBS1, form a protein complex called the 

BBSome, which is involved in the transport of molecules to the cilium and along the 

ciliary shaft[91] 

Given the potential similarities in intracellular localization and function, it is not 

surprising that many of the hallmark clinical features of AS and BBS are shared between 

them. Both are uniquely characterized among the ciliopathies by highly penetrant early-

onset obesity[22]. They are also both characterized by progressive neurosensory deficits 

beginning in the first years of life that typically results in hearing loss in adolescence and 

blindness by adulthood[22, 32, 60, 65]. They exhibit similar endocrine and reproductive 

defects, such as hypogonadotropic hypogonadism as well as resulting infertility. Renal 

disease and respiratory illnesses are also features commonly found in both disorders[32, 

60].  Despite these similarities, a number of differences between the disorders are present, 

particularly in the rates of T2D (T2D), developmental defects, and cognitive deficits. AS 

is characterized by highly penetrant early onset T2D with 70% prevalence by the age of 

20, while in BBS the prevalence is as low as 2-6%[22]. Developmental delays are 

common in BBS. They can also be present in AS but with much lower penetrance, and 

are generally global, although it can be specific to certain areas of development. BBS is 

characterized by polydactyly, which can affect all four limbs or only the upper or lower 

limbs[60], but polydactyly is not present in AS. Cognitive deficits present in BBS can 

vary from mild to severe with many patients requiring special schooling. Development of 
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autism spectrum disorder and psychosis is also present[60]. In contrast, the majority of 

AS patients exhibit normal levels of intelligence although mild developmental delay of 

fine motor skills has been observed, likely as a result of sensory deficits[32]. 

Due to the high degree of phenotypic overlap between these disorders, they are 

often mistaken for one another, resulting in misdiagnosis. Here, we set out to characterize 

the global molecular profiles of each disorder in an effort to determine the underlying 

etiology distinguishing each and to identify common pathways that may be shared 

between both. We generated zebrafish models of both disorders by targeted knockdown 

approaches as previously described[25, 92]. Using whole transcriptome analysis by 

sequencing of RNA isolated from whole zebrafish larvae, we examined gene expression 

changes in each model and identified pathways altered as a result. Our findings revealed 

gene expression signatures that offer insight into the mechanisms driving unique and 

common features across the disorders. These include potentially common mechanisms 

underlying obesity and retinal degeneration, hallmarks of both disorders, and suggest 

genetic mechanisms for susceptibility to cognitive delay in BBS but not AS. Taken 

together, these findings shed light onto the molecular etiology of two distinct but similar 

ciliopathies, providing important insight into the extent of similarity as well as important 

differences between them.  
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3.3 Results 

Identification of Differentially Expressed Genes 

To identify differentially expressed genes in AS and BBS, we generated zebrafish 

models of either syndrome using splice blocking morpholinos (MOs) targeting either 

alms1 or bbs1 transcripts that were previously validated to suppress protein production 

without introduction of off-target effects[92]. MOs were injected into wild-type zebrafish 

embryos. At 48 hours post fertilization (hpf) two replicates of RNA, from pools of 20 

embryos per treatment as well as control embryos injected with control MO were 

collected for whole transcriptome sequencing. To fully capture all organ systems that 

may be impacted by disruption of either bbs1 or alms1, we isolated total RNA from 

whole zebrafish at 48 hpf, a time point at which MO-driven knockdown is still 

efficient[92] and at which most organ systems have developed and are functional. MO-

driven knockdown at 48 hpf was verified by qRT-PCR and Western blotting (Fig. 3.1) 

RNA from each sample was sequenced to a depth of ~110 million reads with 91-100 

million reads (~86%) able to align to the zebrafish genome, of these 85-88% were 

mapped to exonic regions.  

A total of 791 genes were significantly differentially expressed in the alms1 

knockdown compared to control. This included 265 that were upregulated and 526 that 

were downregulated (Fig. 3.2). Suppression of bbs1 resulted in a substantially larger set  

of genes with differential expression levels. A total of 3,780 genes were found to have 

significant changes in expression, with 1,467 genes upregulated and 2,313 genes 

downregulated (Fig. 3.2). To examine the extent of similarities between the two 

syndrome models, we analyzed the sets of differentially expressed genes and identified  
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Figure 3.1. Validation of Morpholinos (MOs) by qRT-PCR and Western blotting. 
Western blot analysis of 48 hpf zebrafish homogenates detecting the expression of Alms1 
(A) or Bbs1 (B) proteins. 
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Figure 3.2. Differentially expressed genes in BBS and AS models. Numbers of genes 
upregulated (red) or downregulated (yellow) in alms1 MO (green) injected embryos, bbs1 
MO (orange) injected embryos or both compared to standard control MO injected 
embryos. * Denotes number of genes changed in both but having opposite changes in 
expression. 
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overlap between them. 524 genes were differentially expressed in both alms1 and bbs1-

depleted larvae, 157 that were upregulated in both and 358 that were downregulated in 

both (Fig. 3.2). Interestingly, only 8 genes exhibited changes in gene expression in 

opposing directions between the two disorders (Fig. 3.2). We also examined the dataset to 

identify gene expression changes that were unique to each model. 267 genes were 

differentially expressed only with loss of alms1; 106 were upregulated and 161 

downregulated. Loss of bbs1 resulted in 3,256 genes whose gene expression was 

uniquely changed, 1,302 that were upregulated and 1,954 that were downregulated. For 

each model, more genes were found to be downregulated than upregulated, suggesting 

the widespread negative impact of suppression of each gene. Additionally, almost 5 times 

more genes were differentially expressed in bbs1 compared to alms1, perhaps indicating 

dysfunction across a greater number of cell types or pathways in BBS. 

Gene expression changes in BBS model suggests deficiencies in neuronal and visual 

pathways 

Given the large number of differentially expressed genes in each model, we set 

out to categorize genes to assess their potential relevance to disease phenotypes. To do so 

and to more clearly elucidate the molecular profile of our BBS zebrafish model, we 

sought to identify the pathways and gene ontologies enriched in the differentially 

expressed genes. We queried the ConsensusPathDB to identify enriched pathways in the 

dataset [93]. Pathways with at least 2 differentially expressed genes were pulled from the 

Reactome and Kegg databases and a cutoff q-value of <0.05 was used. Enriched gene 

ontology (GO) terms in the dataset were identified using the enrichment analysis tool of 

the Gene Ontology Consortium [94]. Biological process GO terms and the Danio rerio 
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database were used as parameters with a cutoff p-value of <0.05. The 30 most highly 

changed, by number of genes or fold enrichment, in each case are shown in Figure 3.3. 

In total, 92 pathways were downregulated in the BBS model. Aside from the very 

broad grouping of “disease”, the most highly enriched pathway was the neuronal system, 

with 61 genes downregulated, accounting for 22.3% of the genes involved in this 

pathway (Fig. 3.3A). This included genes such as grik1 (-3.74 log fold change, LFC), 

kcnv1 (-3.53 LFC), kcnk3 (-3.42 LFC), and slc17a7 (-3.35 LFC), all of which were 

significantly downregulated. Other highly enriched neuronal pathways included 

transmission across chemical synapses, which contained 37 downregulated genes, 

neuroactive ligand-receptor interaction with 32 genes, and axon guidance with 24 genes 

(Fig. 3.3A). This also included specific neuronal functional pathways such as 

Glutamatergic and GABAergic pathways, containing 28 and 21 genes, respectively. In 

addition, an important neuronal pathway that was highly enriched among the 

downregulated pathways was defective ACTH and pro-opiomelanocortinin deficiency 

(POMCD), with 31 downregulated genes (Fig. 3.3A). Pro-opiomelanocortinin (POMC) is 

directly related to regulation of satiety and hyperphagia and is known to be disrupted in  

BBS [30, 95, 96]. It is processed through several enzymatic steps to produce melanocyte-

stimulating hormone (MSH) and corticotrophin (ACTH) both of which are implicated in 

other forms of obesity such as melanocortin receptor mutations and Cushing’s[97, 98]. In  

all, pathways related to neuronal function accounted for approximately one-third of the 

downregulated pathways.  

Perhaps unsurprisingly, some of the most highly enriched pathways were the 

visual pathways, consistent with the centrality of retinal degeneration to the BBS  
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Figure 3.3. Top up- and downregulated pathways and enriched GO terms in BBS model. 
(a) Top 30 downregulated pathways by number of genes. (b) Top 30 downregulated GO 
terms by fold enrichment. (c) Top 30 upregulated pathways by number of genes. (d) Top 
upregulated GO terms by fold enrichment. 
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phenotype. These pathways included visual transduction and visual phototransduction, 

both with 19 genes downregulated. These included genes required for photoreceptor 

response, such as rhodopsin, rho (-4.67 LFC) and rhol (-3.17 LFC), guca1b (-4.18 LFC), 

rbp1 (-3.84 LFC) and several opsins, opn1mw2 (-3.74 LFC), opn1lw2 (-3.36 LFC), 

opn1sw2 (-2.98 LFC), and opn1sw1 (-2.83 LFC). 

Several other pathways with general intracellular and signaling roles were also 

significantly downregulated in the BBS model. For example, the G protein coupled 

receptor (GPCR) ligand binding pathway was heavily affected with 31 genes 

downregulated as well as G alpha (i) signaling events with 22 genes, or 10% of the genes 

involved in the pathway. This may be consistent with the important link between ciliary 

localization of GPCRs and the role of BBS proteins in ciliary trafficking or trafficking of 

GPCRs specifically[99] Calcium signaling was also enriched among the downregulated 

pathways. 11.4% (19) of the genes involved in the calcium-signaling pathway were 

downregulated. The presence of several neuronal and visual pathways is consistent with 

observed phenotypes of the syndrome. BBS patients are characterized by retinal 

degeneration and cognitive impairment [22, 100], potentially as a result of disruption of 

neuronal signaling pathways[99]. In addition, two pathways directly related to energy 

homeostasis were among the most enriched pathways in downregulated genes. These 

were related to insulin secretion and integration of energy metabolism. The former may 

be directly related to glucose homeostasis and evidence suggests that it may be directly 

perturbed in BBS[78, 79], but both pathways are likely relevant to overall defects in 

energy metabolism, consistent with the obesity phenotype that is a hallmark of BBS. 
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169 GO terms were enriched among the downregulated genes (Fig. 3.3B). The top 

downregulated GO terms were highly consistent with the top downregulated pathways. 

The most highly enriched GO terms included several related to the neuronal and visual 

systems such as: regulation of neuronal synaptic plasticity and regulation of synapse 

structure or activity, and phototransduction, detection of light stimulus, and visual 

perception. Several GPCR GO terms were also found, including termination of GPCR 

signaling pathway and negative regulation of GPCR protein signaling (Fig. 3.3B). 

Although the number of genes upregulated in the BBS model was considerably 

lower than the number downregulated, these genes encompassed a much greater number 

of pathways. This is likely due to the smaller number of differentially expressed genes 

found in each upregulated pathway. In total, 170 pathways were upregulated in the BBS 

model. The majority of the upregulated pathways are those involved with the cell cycle, 

including mitosis and the S phase, and those involved with transcription, including 

several RNA polymerases (Fig. 3.3C). 159 GO terms were enriched among the 

upregulated genes and were consistent with the upregulated pathways (Fig. 3.3D). The 

majority were involved in RNA processing such as: exonucleolytic trimming involved in 

rRNA processing, maturation of 5.8S rRNA, tRNA methylation, rRNA processing, and 

ribosome biogenesis. These observations suggest a previously underappreciated role for 

BBS genes in regulation of cell cycle events, transcription and translation. Interestingly, 

the most highly enriched GO term among the upregulated genes is cilium-dependent cell 

motility consistent with the known roles of BBS genes in ciliogenesis and cilia 

function[30, 91]. 
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Analysis of pathways disrupted in AS model suggests importance of 

phototransduction signaling 

 We next characterized the gene expression signature, pathways and gene 

ontologies enriched in larvae targeted for alms1 expression. The AS model exhibited 

fewer enriched pathways, with less genes contained, as well as fewer enriched GO terms, 

compared to the BBS model. Only 23 pathways were represented in the set of 

downregulated genes (Fig. 3.4A) and 47 GO terms (Fig. 3.4B). There were no 

significantly upregulated pathways or enriched GO terms in the AS model. 

 Similar to the BBS model, many of the downregulated pathways involved the 

visual pathways including, diseases associated with visual transduction and visual 

phototransduction. Other enriched visual pathways include: inactivation, recovery and 

regulation of the phototransduction cascade and the phototransduction cascade, each with 

7 downregulated genes, as well as, activation of the phototransduction cascade with 5 of 

the 12 involved genes (45%) being downregulated. This is consistent with the retinal 

degeneration phenotype that is likewise characteristic of AS[22, 32, 101]. Furthermore, 

the POMC pathway was also downregulated in alms1 as it was in bbs1, consistent with 

hyperphagia induced obesity observed in the disorder [32]. Pathways involved with 

GPCR and calcium signaling were found to be downregulated in alms1 as they were in 

bbs1. However, in each of the cases mentioned, considerably fewer genes were found in 

the pathways in alms1 than were found in bbs1.  

 47 GO terms were enriched among the downregulated genes. Consistent with the 

downregulated pathways, the most highly enriched GO terms associated with  
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Figure 3.4. Top up- and downregulated pathways and enriched GO terms in AS model. 
(a) Top downregulated pathways by number of genes. (b) Top downregulated GO terms 
by fold enrichment. (c) Top upregulated pathways by number of genes. 
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downregulated genes were all involved with the visual system, including 

phototransduction, visual perception, and detection of light stimulus (Fig. 3.4B). Several 

GPCR related GO terms were also highly enriched, such as termination of GPCR 

signaling pathway and regulation of GPCR protein signaling pathway. Although these 

terms reflect a high degree of overlap between the BBS and AS models, the neuronal 

pathways that were prevalent in bbs1-depleted larvae were noticeably absent from both 

the downregulated pathways and enriched GO terms in alms1-deficient animals. This 

may be consistent with absent or very mild cognitive impairment in AS patients [32], 

contrasting with BBS. 

Overlap of differential gene expression between BBS and AS models 

 The phenotypic overlap between BBS and AS often results in their being 

mistaken for one another. Our whole transcriptome approach allowed us to compare the 

two models at the molecular level to assess areas of molecular overlap that might underlie 

similar phenotypes and areas of divergence that might inform the uniqueness of each 

disorder. We first examined the extent of overlap between the two. Animals with reduced 

alms1 had a much larger proportion of differentially expressed genes in common with the 

BBS model (66%) than genes unique to itself (34%) (Fig. 3.5A). In contrast, the BBS  

model exhibited a more unique spectrum with 86% of the differentially expressed genes 

unique to it and only 14% in common with the AS model. This suggests that nearly all of 

the AS phenotypes may be shared with BBS, while BBS may be characterized by more 

aspects that are unique to that disorder. 

 We then looked at the pathways and GO terms downregulated in both models to 

assess overlap. 24 pathways were downregulated in both models (Fig. 3.5B). In almost  
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Figure 3.5. Overlap of differential expression between BBS and AS models. (a) 
Percentage and number of differentially expressed genes found unique to each disease 
model (red) and shared across both models (blue). (b) Downregulated pathways by 
number of genes downregulated in both models. (c) Downregulated GO terms by fold 
enrichment of genes downregulated in both models. Number of genes or GO terms 
downregulated in the BBS model (green), in the AS model (red) or both (blue) indicated.  
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every case, the number of genes downregulated in the shared pathways was greater in the 

BBS model. The majority of genes differentially expressed in alms1-deficient animals 

were also differentially expressed in animals targeted for bbs1. Pathways associated with 

the visual system were the most commonly downregulated pathways in both models. The 

POMC pathway was also one of the top downregulated pathways found in both. Other 

pathways that were downregulated in both disorders include those associated with 

GPCRs and the calcium-signaling pathway. 

 47 GO terms were enriched among the downregulated genes found in both 

models. The 30 terms with the greatest enrichment in the downregulated genes found in 

both are shown in Figure 3.5C. The enriched GO terms were consistent with the 

pathways, again, with the most highly enriched GO terms associated with the visual 

system including: phototransduction, detection of light stimulus, visual perception, and 

sensory perception of light stimulus. Several GPCR terms were also found to be 

downregulated in both, such as termination of GPCR signaling pathway, negative 

regulation of GPCR protein signaling, and GPCR signaling pathway.  

 To assess the extent to which downregulated pathways may be interconnected we 

generated pathway networks. For the BBS model, the pathway network revealed two  

distinct, unconnected, nodes (Fig. 3.6A).  One node encompassed the interconnected 

visual pathways, while the other incorporated the remainder of the pathways. This larger 

node reveals the connectivity among the neuronal pathways as well as a high degree of 

connectivity to the other affected pathways, such as calcium signaling, insulin secretion, 

and energy metabolism. Given the significantly smaller number of genes and pathways, 

the AS model resulted in a simpler, less connected, network (Fig. 3.6B). In this  
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Figure 3.6. Pathway networks of overlapping genes in BBS and AS models. Pathway 
analysis of top 30 downregulated pathways among differentially expressed genes in BBS 
model (a) or in AS model (b). (c) Pathway connectivity of downregulated pathways 
found in both models. Pathway connections determined by a minimum of 20 % shared 
genes between pathways and at least 2 genes overlap. 
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network we again found that all of the pathways associated with the visual system 

clustered together with a high degree of interconnectivity between them. However, the 

visual pathways node was also connected to both the Ca2+ pathway and signal 

transduction. There were also several pathways that showed no overlap with any other 

pathway including, extracellular matrix organization, potassium channels, and primary 

immunodeficiency. Finally, to examine the relatedness between the disease models we 

generated a pathway network for the genes that were downregulated in both models (Fig. 

3.6C). Similar to the AS model, the visual pathways formed a highly interconnected 

node, connecting only to the Ca2+ pathway and signal transduction. This suggests that 

overlap between visual signaling and Ca2+ or signal transduction may indeed be relevant 

to both disease models, but perhaps relies on a small subset of genes whose contribution 

in the BBS model was dwarfed simply by the large number of disrupted genes. The 

remainder of the shared pathways all showed some degree of overlap among them, with 

the exception of opsins, although not to the extent that was seen in the BBS model.  

Our examination of the overlap between these pathways allowed us to identify 

genes that exert a greater impact on the spectrum of phenotypes observed in these 

disorders based on their contribution to a larger number of pathways. For example, 

downregulation of the G protein genes gngt1, gng7, and gng8, as well as the GABA 

receptor genes gabrb2, gabrb3, gabra1, gabra2, gabra3, and gabrg2 in BBS may be 

driving the cognitive deficits characteristic of the disorder, as these genes were found in 

the majority of the downregulated neuronal system pathways. Each of these genes 

contributed to greater than 20% of the pathways identified perhaps indicating a broad 

phenotypic spectrum driven by a relatively small number of genes. Indeed, gngt1 alone 
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contributed to nearly 60% of pathways, indicating its potential importance in contributing 

to multiple phenotypes (Fig. 3.7A). Additionally, downregulation of rhodopsin rho, 

gnat1, grm1, grm5, pde6b, and opn1mw2 in both AS and BBS may be major drivers of 

the retinal degeneration that is characteristic of both disorders, as these genes were found 

in the majority of the downregulated visual and phototransduction pathways (Fig. 3.7A-

B). 

Gene expression changes provide insight into unique molecular features of BBS 

 The majority of the gene expression changes in the BBS model were unique to it, 

while the majority of gene expression changes in the AS model were shared with BBS. 

To assess the molecular profile that distinguishes BBS from AS, we examined the 

downregulated pathways and enriched GO terms of the genes that were unique to BBS. 

66 pathways were identified among the downregulated genes unique to BBS. The 

pathways containing the greatest number of genes are shown in Figure 3.8A. Many of the 

most highly downregulated pathways are those related to the neuronal pathways similar 

to what was seen in the full set of genes downregulated in bbs1. However, unlike what 

was seen in the full set, none of the visual pathways, POMC pathway, or GPCR pathways 

were found to be downregulated in the gene set unique to bbs1 indicating that these are 

the primary areas of overlap with AS. This also suggests that downregulation of the 

neuronal system may be a unique characteristic of BBS. 

 117 GO terms were enriched among the unique to bbs1 downregulated genes, the 

GO terms with the greatest enrichment are shown in Figure 3.8B. Again, most of the top 

GO terms were related to the neuronal system, including regulation of neuronal synaptic 

plasticity, synapse assembly, and synaptic transmission, supporting the evidence that  
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Figure 3.7. Top genes found in downregulated pathways. Top 15 genes found in the 
greatest percentage of downregulated pathways in the (A) BBS model or the (B) AS 
model. 
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Figure 3.8. Top downregulated pathways and enriched GO terms unique to the BBS 
model. (a) Top 30 downregulated pathways by number of genes only differentially 
expressed in the BBS model. (b) Top 30 downregulated GO terms by fold enrichment of 
genes only differentially expressed in the BBS model.  
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neuronal system defects may be a characteristic marker of BBS that is not shared with 

AS. Also absent in the unique enriched GO terms were those related to the visual system 

and GPCR signaling, similar to the unique downregulated pathways. 

Opposite Changes in Expression 

 Our observations suggested a high degree of overlap between these syndromes. 

We reasoned, however, that gene expression changes in opposing directions might 

provide insight into the molecular basis for what differentiates these two distinct 

syndromes from each other. In total, only 8 genes exhibited expression changes in 

opposing directions. 2 of these were uncharacterized genes, providing little insight into 

their function. Only one gene, smc1b, was upregulated in the AS model and 

downregulated in BBS (Figure 3.9) while the remaining 7 genes were all downregulated 

in AS but upregulated in BBS. Interestingly, 2 of these 7 genes have relevance to 

pancreatic function. These include chymotrypsin-like elastase family, member 1, cela1, a 

pancreatic enzyme that is not expressed in the pancreas in human, and protease serine 2 

(trypsin 2), prss2a, encoding a member of the trypsin family of serine proteases. 

Chymotrypsin-like elastase family members are the major components of pancreatic 

elastase, which cleave tropoelastin at one of two conserved hydrophobic domains[102, 

103]. CELA1 has also been linked to chronic pancreatitis, as patients with chronic 

pancreatitis commonly have very low levels of elastase [44]. PRSS2A is an exocrine 

pancreas protease, secreted by the pancreas and cleaved to its active form in the small 

intestine for the breakdown of proteins to amino acids. Once activated, PRSS2A cleaves 

peptide linkages involving the carboxyl group of lysine or arginine[104]. It is noteworthy 

that 2 of the 8 genes that had opposite changes in expression between the disorders are  
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Figure 3.9. Genes differentially expressed in opposing directions between BBS and AS 
models. (a) Log fold change (LFC) of genes differentially expressed in opposite 
directions between both disease models. (b) Table showing gene names, LFC relative to 
controls, p-values relative to controls, and false discovery rates (FDR) for 8 genes 
showing opposing changes in differential expression among BBS and AS models. 
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pancreatic enzymes, suggesting that the pancreatic enzymes may play a role in the 

differences observed between AS and BBS. To further investigate the relevance of this 

observation, we examined all downregulated genes in the AS model to assess potential 

effects on other pancreatic enzymes. We found 3 other pancreatic proteases that were 

either downregulated in alms1, trypsin (try) and chymotrypsinogen B1 (ctrb1), or 

upregulated in bbs1, chymotrypsin-like (ctrl), suggesting a role for the pancreatic 

proteases specifically in producing some of the differences between these 2 disorders. To 

validate these observations, we assessed expression of these 5 pancreatic proteases in 

both models relative to control by qRT-PCR. Expression changes relative to controls 

exhibited similar trends, with reduced expression in the AS model and either increased or 

unchanged in the BBS model (Fig. 3.10). 
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Figure 3.10. qRT-PCR validation of genes identified to be differentially expressed in 
opposing directions by RNA-Seq. Relative fold changes in expression of targeted genes 
in the AS model (blue) and the BBS model (green) compared to control (red). *indicates 
p < 0.001; **indicates p < 0.05 (students t-test). 
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3.4 Discussion 

 In this study, we have undertaken a comprehensive transcriptomic approach in 

models of BBS and AS with the goal of identifying genetic pathway mechanisms 

underlying phenotypes associated with these disorders. Our use of the zebrafish model 

allowed for assessment of gene expression across the whole organism, an approach that is 

particularly relevant to multi-organ syndromes. Although our assessments were limited to 

the window of analysis to embryonic and early larval stages due to the use of transient 

knockdown to generate the disease models, the nature of these syndromes as 

developmental disorders suggests that these may be the most relevant time points for 

onset of most phenotypes associated with disease. Indeed, the majority of the hallmark 

features of either disorder manifest within the first or second decade of life, consistent 

with developmental or early childhood onset[22, 32, 60, 65]. Our global analysis revealed 

important insights into the pathways likely contributing to disease phenotypes. These 

included known mechanisms, such as the POMC deficiency reported in BBS models to 

underlie hyperphagia and obesity[30, 96], as well as perhaps novel mechanisms, such as 

the neuronal pathways identified that may relate to cognitive impairment. Taken together, 

the results of these analyses offer novel candidate genes and pathways for further 

exploration in the study of these disorders and related ciliopathies. 

 Our observations in the BBS model shed light onto the potential role of BBS 

genes as well as phenotypes driven by their dysfunction. For example, perhaps the most 

prominent feature of BBS is retinal degeneration characterized by rod-cone dystrophy[29, 

60, 100]. Previous reports have attributed this feature to the importance of the 

photoreceptor primary cilium and trafficking within it[105]. Our findings suggest the 
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specific perturbation of genes in the phototransduction pathway, such as rho (-4.67 LFC), 

gngt1 (-2.38 LFC), and pde6g (-1.80 LFC), or the visual transduction pathway, such as 

gnat1 (-3.32 LFC), cnga1 (-3.64 LFC), and pde6b (-1.71 LFC). It is unclear if this 

disruption is a cause or consequence of other primary factors driving retinal degeneration, 

but they potentially offer novel factors to examine in models of BBS or in patients. 

Interestingly, our analysis of the interconnectedness between pathways suggests little 

overlap between the disrupted vision pathways and neuronal signaling. The exception to 

this in the BBS model was the presence of the gngt1 gene, which contributed to both the 

visual and neuronal pathways. It is unlikely, however, that downregulation of this gene is 

sufficient for neuronal deficits given the absence of neuronal system effects in the AS 

model. This potentially indicates the specificity of the retinal phenotype to that structure, 

rather than a general consequence of neuronal dysfunction. BBS is characterized by 

deficits in both functions and it is therefore unsurprising that pathways important to both 

tissues are perturbed with loss of bbs1. In contrast, a higher degree of connectedness was 

observed between neuronal pathways and energy metabolism regulation, including 

insulin secretion, potentially implicating neuronal regulation in those defects. 

 Other pathways disrupted in the BBS model offer novel insight into phenotypes 

associated with the disorder. For example, a number of basic cellular functions appear to 

be upregulated in the BBS model. This included cell cycle processes as well as 

transcriptional and translational regulation. Much evidence supports the role of ciliary 

proteins in regulation of the cell cycle, given the tight light between ciliogenesis and 

proliferation[106], but our observations perhaps suggest a more direct role for the BBS 
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genes in regulation of transcription or translation. This may be consistent with the 

recently proposed role of BBS7 as a transcription factor [107]. 

 Because BBS and AS are often mistaken for one another we set out to 

characterize the extent of overlap in differential gene expression between models of both. 

Surprisingly, the AS model exhibited far fewer genes that were differentially expressed 

and the majority of these were shared with BBS.  Perhaps as a result of this, almost all of 

the pathways and GO terms that are enriched in the AS model were shared with the BBS 

model (Fig. 3.11). In particular, the disruption of vision  

related pathways and the POMC pathway, as well as GPCR signaling and calcium 

signaling were common to both models. The relatively fewer disruptions observed in the 

AS model may be consistent with the smaller number of phenotypes and organ systems 

impacted by loss of alms1. For example, AS patients do not typically exhibit cognitive 

impairment and this was reflected by the noticeable absence of disrupted neuronal 

signaling in the AS model. In contrast, the differentially expressed genes in the BBS 

model were highly enriched in the neuronal pathways, indicative of the centrality of 

cognitive and perhaps other neuronal defects to the disorder. Similarly, very few genes 

were upregulated in the AS model relative to the BBS model. However, similar cellular 

processes were impacted. These observations might suggest that the ALMS1 protein is 

perhaps less critical for ciliary function or other basic functions influenced by the basal 

body to which it and the BBS proteins localize[24–26, 30, 108, 109]. In general, the 

larger number of genes altered in the BBS model and the larger number of genes 

contributing to the highly enriched pathways suggests a greater degree of dysfunction 

than in the AS model. While these  
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Figure 3.11. Summary of pathway and GO term analysis results. (a) Pathway analysis 
summary of upregulated and downregulated enriched pathways found in the BBS model 
(red), the AS model (blue) or both. (b) Gene Ontology (GO) term analysis summary of 
upregulated and downregulated enriched GO terms found in the BBS model (red), the AS 
model (blue) or both. 
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observations offer important insight into the overlap and the discrepancies between the 

two, shedding light onto unique diagnostic criteria to differentiate between them, they 

also provide important common mechanisms by which the shared phenotypes are 

mediated. 

 Perhaps the most intriguing observation relates to the genes that were 

differentially regulated in each model but with divergent directionality. Only 8 genes fit 

this criteria, two of which were uncharacterized and therefore of unknown relevance. 

Interestingly, however, two of the eight genes were pancreatic proteases downregulated 

in the AS model and upregulated in the BBS model. We also identified 3 other pancreatic 

protease genes that were downregulated in the AS model but unchanged in the BBS 

model. Although these enzymes relate specifically to exocrine pancreatic function, they 

may offer a novel mechanism by which differences in either exocrine or endocrine 

pancreatic function occur between the two disorders. The prevalence of diabetes in AS is 

far higher than that in BBS and is at least in part likely due to deficits in endocrine 

pancreas function[92]. Our data might suggest a novel interaction between exocrine and 

endocrine pancreas. Moreover, given the importance of pancreatic enzymes in digestion, 

these observations might suggest a mechanism by which digestive phenotypes, a 

secondary feature of AS[32, 65], might arise. 

 In summary, our analysis of zebrafish models of two related but distinct 

syndromes offers novel insight into the mechanisms underlying their phenotypes. These 

data confirm previously proposed mechanisms of dysfunction for the common 

phenotypes, such as obesity, while at the same time offering new mechanisms for many 

features of both syndromes. Importantly, these findings distinguish the two disorders 
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from each other and perhaps suggest novel disruptions of cell types and pathways in 

each. Finally, these results inform the understanding of how BBS1, ALMS1 and cilia may 

function at the cellular level. These global gene expression data represent a starting point 

from which detailed mechanistic links can be explored. 
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3.5 Materials and methods 

Zebrafish lines 

 Experiments were carried out in wild type Tubingen (WT) zebrafish. Adult 

zebrafish were housed and naturally mated according to standard protocol. All zebrafish 

work was conducted in accordance with University of Maryland IACUC guidelines. 

Morpholinos 

 Morpholino antisense oligonucleotides (MOs) that block splicing of targeted 

mRNAs were injected into one- to two- cell stage embryos. We used previously validated 

MOs to target bbs1 and alms1 transcripts[92]. A control non-specific MO was used (5’-

CCTCTTACCTCAGTTACAATTTATA-3’). The embryos were grown at 28.5°C until 

48 hours post fertilization (hpf) for analyses. 

RNA extraction and sequencing 

 Groups of 20 embryos were pooled for each condition (control MO, alms1 MO, 

bbs1 MO) at 48hpf for RNA extraction. RNA was extracted using Isol-RNA Lysis 

Reagent (5 Prime) and purified using Qiagen RNeasy cleanup kit according to 

manufacturer’s protocol. The three RNA samples were sent in duplicates for sequencing 

and primary analysis. 2 ug of total RNA per sample was used.  Illumina RNAseq libraries 

were prepared using the TruSeq RNA Sample Prep kit (Illumina, San Diego, 

CA).  Libraries were barcoded and pooled, and each received 0.33 of a lane of 

sequencing on an Illumina HiSeq 2500 with a paired-end 100 base configuration. Library 

construction and sequencing was performed at the Institute for Genome Sciences of the 

University of Maryland, School of Medicine (IGS). 
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RNA-sequencing data analysis   

 Sequenced reads were aligned to the zebrafish genomes (Zv10) using 

TopHat[110].  Gene expression levels (read counts) were calculated using 

HTseq[111] based on ENSEMBL gene annotations[112].  The zebrafish datasets were 

then normalized using reads per kilobase per million reads (RPKM). An average of 

28,700 features were detected as expressed in each sample set. Replicate analysis and 

differentially expressed genes were determined using DEGseq[113]. Both alms1 and 

bbs1 knockdowns were compared to the control, cutoffs of false discovery rate (FDR) 

<0.05 and p value <0.05 were used to identify genes with significant changes in 

expression. Primary data analysis was performed at the Institute for Genome Sciences of 

the University of Maryland, School of Medicine (IGS). 

qRT-PCR 

 RNA was extracted from pools of 20 48hpf embryos using Isol-RNA Lysis 

Reagent (5 PRIME). The RNA was purified by 3M sodium acetate and isopropanol 

precipitation, and spun for 10 minutes at 4° (12,500 rpm) following a 20 minute 

incubation. The RNA pellet was then washed in 70% ethanol and re-suspended in RNase 

free water. cDNA was transcribed using Fermentas First Strand cDNA transcription kit 

(Thermo Scientific) according to manufacturer’s protocol. cDNA was then diluted 1:3. 

qRT-PCR was performed using target specific primers and LightCycler 480 SybrGreen 

(Roche) according to manufacturer’s protocol on a LightCycler 480 machine (Roche). All 

samples were run in duplicate with CT value normalized to β-actin. 

Western blots 

Western blotting was performed according to previously described protocol [92]. 
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Determination of enriched pathways 

 Pathways enriched among the genes exhibiting changes in expression were 

determined by uploading sets of the differentially expressed genes to ConsensusPathDB 

(http://cpdb.molgen.mpg.de). Genes were identified based on their gene symbol (HGNC 

symbol). Pathways from the KEGG and Reactome databases were used, along with a q-

value cutoff of <0.05 and a minimum of 2 genes overlap with the input list. 

Generation of pathway networks 

 Pathway networks were generated using the ConsensusPathDB in the same 

manner as the enriched pathways. Once the enriched pathways were determined, the top 

30 most highly significantly enriched pathways were selected for visualization. Pathways 

were shown as connected if there were at least 2 genes overlapping and the pathways 

shared at least 20% of their genes. 

Determination of enriched gene ontologies 

 Gene ontologies enriched among the differentially expressed genes were 

determined using the GO Enrichment Analysis tool of the Gene Ontology Consortium 

(http://geneontology.org/page/go-enrichment-analysis). Gene lists were uploaded to the 

tool and queried against the biological process Danio rerio gene ontology reference 

database, a cutoff p-value of <0.05 was applied. 
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CHAPTER 4: EXOCRINE PANCREAS PROTEASES REGULATE b-CELL 
PROLIFERATION 1 
 
4.1 Abstract 

Pancreatic β-cells are a critical cell type in the pathology of diabetes. Models of 

genetic syndromes featuring diabetes can provide novel mechanistic insights into 

regulation of β-cells in the context of disease. We previously examined β-cell mass in 

models of two ciliopathies, AS and BBS, which are similar in the presence of metabolic 

phenotypes, including obesity, but exhibit strikingly different rates of diabetes. Zebrafish 

models of these disorders show deficient β-cells with diabetes in AS models and 

increased β-cells in BBS models, indicating β-cell generation or maintenance that 

correlates with disease prevalence. Using transcriptome analyses, differential expression 

of several exocrine pancreas proteases with directionality that was consistent with β-cell 

numbers was identified. Based on these lines of evidence, we hypothesized that 

pancreatic proteases directly impact β-cells. In the present study, we examined this 

possibility and found that pancreatic protease genes are both necessary and sufficient for 

maintaining normal β-cell numbers and proliferation in larval zebrafish and can reverse 

AS and BBS β-cell phenotypes. Our data suggest that these proteins can be taken up 

directly by cultured β-cells and ex vivo murine islets, inducing proliferation in both. 

Endogenous uptake of pancreatic proteases by β-cells was confirmed in vivo using 

transgenic zebrafish and in intact murine pancreata. Finally, we tested a potential role for 

the protease-interacting receptor, LDL receptor-related protein 1 (LRP1), in this 

interaction and found a significant increase in β-cell LRP1 protein levels after exposure 

                                                
1 Hostelley TL, Nesmith JE, Larkin E, Jones A, Boyes D, Leitch CC, Fontaine M, Zaghloul NA. 
Exocrine pancreas proteases regulate b-cell proliferation. In Review. 
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to pancreatic proteases as well as a loss of protease uptake upon LRP1 suppression. 

Taken together, these findings support a novel proliferative signaling role for exocrine 

pancreas proteases through interaction with endocrine β-cells. 
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4.2 Introduction 

With the increase in global rates of obesity the prevalence of T2D (T2D) has also 

risen dramatically. Despite this, the mechanisms mediating differential susceptibility to 

T2D in the presence of obesity are not well understood. Rare genetic syndromes 

characterized by the presence of obesity with and without T2D can provide important 

mechanistic insight into genetic susceptibility to T2D. The ciliopathies are a group of 

genetic disorders that can be informative because the two that are uniquely characterized 

by highly penetrant and early-onset obesity, AS and BBS, exhibit markedly different 

rates of T2D [14, 22]. AS is caused by mutations in a single gene, alms1, encoding the 

ALMS1 protein which localizes to the basal body of primary cilia [22, 65]. BBS is 

caused by mutations in any of 21 known BBS genes, which largely localize to the basal 

body and primary cilia [60, 90]. In previous studies, we explored β-cell phenotypes in 

zebrafish models of these two conditions and identified significantly decreased β-cell 

proliferation and numbers by either knockdown or knockout of alms1 and significantly 

increased β-cell proliferation and numbers with loss of bbs1 or bbs4, two commonly 

mutated BBS causing genes [92, 114]. These observations suggest that AS and BBS can 

provide novel insight into pathways regulating β-cell proliferation in the context of T2D. 

We recently reported whole transcriptome data of zebrafish models of AS and 

BBS using RNA sequencing [115]. These data revealed significant expression differences 

in exocrine pancreatic protease genes correlating with β-cell loss in AS models and β-cell 

increase in BBS models. Exocrine pancreatic insufficiency accompanying diabetes 

mellitus has been reported in both types 1 and 2 diabetes. For example, changes in 

exocrine pancreas precede β-cell loss in T1D [116–118]. In addition, pancreatic enzymes 
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can be detected in circulation and are reduced in T2D [119, 120]. However, a role for 

exocrine pancreas proteases in diabetes development is unknown. 

Here, we set out to test the possibility that exocrine pancreas proteases can 

directly impact production of β-cells. Using zebrafish, cultured mouse β-cells, and ex vivo 

cultured mouse islets, we examined this possibility in both wild type conditions and 

ciliopathy models carrying discrepant β-cell proliferation. We found that overexpression 

or loss of protease gene expression in zebrafish larvae resulted in increased and reduced 

β-cell numbers, respectively. These effects were consistent with our observations in 

cultured murine β-cells and ex vivo isolated islets in which we not only observed 

increased β-cell proliferation in the presence of exocrine protease proteins, but also 

uptake of these proteins. Our data also implicate LDL-receptor related protein 1 (LRP1), 

previously reported to bind extracellular proteases and play a role in β-cell proliferation 

[121, 122], as an active mediator of β-cell exocrine protease response. Taken together, 

these observations suggest a previously unappreciated role for exocrine pancreatic 

enzyme proteins in regulating β-cell proliferation, a finding that may have direct 

relevance to human diabetes. 
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4.3 Results 

Exocrine pancreas proteases are necessary and sufficient drivers of β-cell 

production 

 To identify a role for exocrine pancreas proteases in regulating β-cells, we first 

overexpressed each protease in transgenic zebrafish embryos in which β-cells can be 

visualized by mCherry expression driven by the insulin promoter [72]. We generated full 

length mRNA for each protease gene, prss2 (prss59.1), ctrb1, ela1 (cela1), and prss1 

(try) which encode Protease serine 2, Chymotrypsinogen B1, Chymotrypsin-like elastase 

family member 1, and Protease serine 1, respectively. The mRNA was injected into 1-2 

cell stage Tg(insa:mCherry) zebrafish embryos and at 5 days post fertilization (dpf)—at 

which point there is a single functional principal endocrine islet present—the number of 

β-cells was quantified (Fig. 4.1A). In each case, protease gene overexpression resulted in 

a significant increase in the number of β-cells when compared to control animals (Fig. 

4.1B). Control animals displayed an average of ~31±0.78 β-cells (n=24), consistent with 

previous reports [92, 123]. In comparison, we found an average of ~36 β-cells after 

prss59.1 (±1.23, p=0.004, n = 24), cela1 (±0.99, p=0.0018, n=24), and try (±1.13, 

p=0.0015, n=24) overexpression and an average of ~37 β-cells after ctrb1 overexpression 

(±1.34, p=0.0008, n=24) (Fig. 4.1C). These results suggest the exocrine pancreas 

proteases are sufficient to enhance β-cell production. 

The relevance of protease expression changes in the ciliopathy models was 

verified by reintroducing protease expression in the AS model, normally exhibiting 

decreased expression [115]. Endogenous alms1 knockdown via splice blocking 

morpholino (MO) was previously validated to suppress protein production and  
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Figure 4.1. Exocrine pancreas proteases are sufficient and necessary for β-cell 
production. (A) Brightfield image of representative 5 dpf larva shown, boxed area 
indicates location of pancreas. Scale bars, 500µm (left) and 100µm (right). (B) 
Visualization of individual mCherry-expressing β-cells in control and protease mRNA 
injected Tg(ins:mCherry) larvae at 5dpf. Scale bar, 10µm. (C) β-cell count in control 
(n=24) and protease mRNA (n=24 for each) injected animals at 5dpf. (D) β-cell count in 
control (n=26), alms1 MO (n=29), and alms1 MO plus protease mRNA (n=26, 29, 22, 
and 23, respectively) injected larvae at 5dpf. a=* compared to Control, b=** compared to 
alms1 MO, and c=* compared to alms1 MO. (E) β-cell count in control (n=27), bbs1 MO 
(n=26), protease MO (n=29 for both), and bbs1 MO plus protease MO (n=26 and 29, 
respectively) injected larvae at 5dpf. (F) β-cell count in control (n=29), ctrb1 mRNA 
(n=38), catalytically dead (D)-ctrb1 mRNA (n=40), inactivatable (I)-ctrb1 mRNA 
(n=31), and both catalytically dead and inactivatable (D/I)-ctrb1 mRNA (n=35) injected 
animals at 5dpf. (G) β-cell count in control (n=29), alms1 MO (n=30), and alms1 MO 
plus: ctrb1 mRNA (n=40), catalytically dead (D)-ctrb1 mRNA (n=35), inactivatable (I)-
ctrb1 mRNA (n=33), or both catalytically dead and inactivatable (D/I)-ctrb1 mRNA 
(n=30) injected larvae at 5dpf. All statistics, Ordinary one-way ANOVA, error bars 
represent standard error of the mean, symbols represent the following significance: 
NS=p>0.05, *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001. 
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recapitulate β-cell phenotypes found in genomic knockout mutants [92, 114]. We injected 

the MO in combination with full-length mRNA of individual proteases. At 5 dpf we 

confirmed the previously reported reduction in β-cell number upon alms1 MO alone, ~24 

±1.16 (p=<0.0001, n=29) when compared to control MO injected animals (~32±0.77, 

n=24; Fig. 4.1D). However, alms1 MO combined with overexpression of prss59.1 

(~30±1.42, p=0.0008, n=26), ctrb1 (~30±1.02, p=0.0002, n=29), cela1 (~29±1.39, 

p=0.0051, n=22), or try (~28±1.95, p=0.0108, n=23) significantly increased β-cell 

numbers when compared with alms1 MO (Fig. 4.1D). Furthermore, β-cell numbers in 

alms1 MO with either prss59.1 or ctrb1 RNA was not significantly different than control 

β-cell numbers (p=0.0919 and p=0.692), suggesting protease-induced rescue. We next 

sought to determine if protease expression is necessary for normal β-cell production. 

Splice blocking MOs targeting either prss59.1 or ctrb1 transcripts were validated to 

suppress protease expression (Fig. 4.2A-B). A significant reduction in β-cell number 

upon prss59.1 MO (~27 ±1.07, p=0.0014, n=29) or ctrb1 MO (~24 ±1.07, p=<0.0001, 

n=29) was observed (Fig. 4.1E). These results suggest that protease expression is both 

necessary and sufficient for normal β-cell production. 

The BBS model exhibits both increased β-cells and increased protease expression, 

leading us to postulate that protease knockdown could restore normal β-cell numbers [92, 

115]. A validated splice blocking MO targeting bbs1 [25] was injected with either 

prss59.1 MO or ctrb1 MO. bbs1 MO increased the β-cell numbers (~36±1.00, p=0.0047, 

n=26) when compared to control, consistent with previously reported findings (Fig. 4.1E; 

[92]. Co-injection of MOs targeting either prss59.1 or ctrb1 returned β-cell numbers to 

control (p=0.4973 and p=0.2491), though still increased compared to prss59.1  



 97 

 
Figure 4.2. Morpholino (MO) knockdown of protease expression. (A) Quantification of 
fold change in prss59.1 expression in control and prss59.1 MO injected zebrafish at 5dpf. 
(B) Quantification of fold change in ctrb1 expression in control and ctrb1 MO injected 
zebrafish at 5dpf. All statistics, Student’s t-test, error bars, SEM, **p<0.01, ***p<0.001. 
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MO (~31±1.18, p=0.0126, n=26) or ctrb1 MO (~30±0.91 n=29; Fig. 4.1E). These results 

suggest the necessity of exocrine pancreas protease expression for proper β-cell number. 

Inactive and catalytically dead ctrb1 mutants enhance β-cell production 

 The exocrine pancreas proteases are produced by acinar cells in the inactive or 

zymogen state and become activated by enterokinase cleavage in the small intestine [17]. 

In light of this activation step, we questioned whether protease activity contributed to the 

observed β-cell effects.  To test this, we introduced mutations into ctrb1 sequence that 

would render the resulting protein either inactivatable by cleavage (I-ctrb1), catalytically 

dead (D-ctrb1), or both inactivatable and catalytically dead (D/I-ctrb1; Fig. 4.3). Full-

length mRNA of these ctrb1 mutants were injected into Tg(insa:mCherry) zebrafish 

embryos and β-cell numbers were quantified at 5 dpf. We found that overexpressing any 

ctrb1 mutant yielded a significant increase in the number of β-cells (D-ctrb1 ~34 ±0.69, 

p=0.0009, n=40; I-ctrb1 33 ±0.87, p=0.0362, n=31; D/I-ctrb1 ~34 ±0.82, p=0.0013, 

n=35) when compared to control animals (~30 ±0.82 n=29) (Fig. 4.1F), suggesting that 

chymotrypsinogen B1 zymogen increases normal β-cell production.  

 The ability of inactivatable and/or catalytically dead ctrb1 to mimic the rescue of 

AS-induced β-cell decrease was tested by injecting full-length mutant ctrb1 mRNA, 

alongside alms1 MO, into Tg(insa:mCherry) zebrafish embryos. We found a significant 

increase in the number of β-cells at 5 dpf in mutant ctrb1 mRNA injected larvae in 

combination with the alms1 MO (D-ctrb1 ~31 ±0.77, p=<0.0001, n=35; I-ctrb1 ~29 

±0.96, p=0.0008, n=33; D/I-ctrb1 ~30 ±1.03, p=0.0001, n=30) than with the alms1 MO 

alone (~25 ±1.12, n=30) (Fig. 4.1G). Furthermore, ctrb1 mutant injection into the AS  
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Figure 4.3. Generation of inactivatable and/or catalytically dead ctrb1 mutants. Amino 
acid sequence of CTRB1 showing the activating cleavage site (red), wherein the 
isoleucine is changed to an alanine to prevent activation by cleavage, and the catalytic 
triad (blue), wherein the histidine is changed to a tryptophan to inhibit catalytic activity 
while maintaining protein structure. 
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model rescued β-cell numbers to control levels (~30 ±0.82, n=29). Together, these results 

demonstrate that protease activation by cleavage and catalytic activity are not required for 

ctrb1 to rescue the loss of β-cells, in both control and in the AS model. 

Exocrine proteases specifically impact β-cell proliferation 

 Given the whole-body nature of the ctrb1 injection rescue, we questioned whether 

the increase in β-cells after overexpression was β-cell specific or a result of broader 

changes in the whole pancreas. To test this, we utilized double transgenic zebrafish in 

which β-cells express mCherry driven by the insulin promoter and the exocrine pancreas 

expresses GFP driven by the ptf1a promoter [37, 72]. The full-length mRNAs for 

prss59.1 and ctrb1 were injected into 1-2 cell stage Tg(insa:mCherry),Tg(ptf1a:GFP) 

zebrafish embryos and the area of the β-cell mass and area of the exocrine pancreas were 

then quantified at 5 dpf (Fig. 4.4A-B). Consistent with the observed increase in β-cell 

numbers, we found a significant increase in the β-cell area in each condition: 0.17µm2 

±0.02 for prss59.1 and 0.20µm2 ±0.01 for ctrb1, compared to control, 0.13µm2 ±0.01 

(Fig. 4.4C). We found no change, however, in exocrine pancreas area after 

overexpression of either protease, suggesting that the effects were specific to β-cells (Fig. 

4.4D). 

 Our previous observations in the ciliopathy models indicated that β-cell 

proliferation was a major factor in the changes in β-cell number [92]. We therefore 

assessed β-cell proliferation after protease overexpression. We injected either the alms1 

MO alone, ctrb1 mRNA alone, or a combination of the alms1 MO plus ctrb1 mRNA into 

Tg(insa:mCherry) zebrafish embryos and dissociated the embryos into single-cell 

suspensions at 2 dpf. DNA was stained using Vybrant DyeCycle Violet Stain (Fig. 4.4E)  
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Figure 4.4. Protease overexpression specifically increases β-cells by induction of 
proliferation. (A) insa:mCherry expression at 5dpf representing total area of the β-cell 
mass in control, prss59.1 mRNA, and ctrb1 mRNA injected animals. Scale bar, 100µm. 
(B) ptf1a:GFP expression at 5dpf representing total area of the exocrine pancreas in 
control, prss59.1 mRNA, and ctrb1 mRNA injected animals. Scale bar, 100µm. (C) 
Quantification of area of mCherry fluorescence of β-cell mass in control (n=19), prss59.1 
mRNA (n=10), and ctrb1 mRNA (n=11) injected animals at 5dpf. (D) Quantification of 
area of GFP fluorescence of exocrine pancreas in control (n=19), prss59.1 mRNA 
(n=10), and ctrb1 mRNA (n=11) injected animals at 5dpf. (E) Schematic of experimental 
design for cell cycle determination of β-cells in zebrafish embryos at 48hpf. (F) 
Quantification of proliferating β-cells (mCherry+) and non- β-cells (mCherry-) by 
percentage of cells in G2/M phase in control, alms1 MO, ctrb1 mRNA, and alms1 MO 
plus ctrb1 mRNA injected animals at 48hpf. All statistics, Ordinary one-way ANOVA, 
error bars represent standard error of the mean, symbols represent the following 
significance: NS=p>0.05, *=p<0.05, **=p<0.01, ****=p<0.0001. 
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and cell cycle stage was assessed via DNA content, as per manufacturer protocol (Fig. 

4.5A-D). Under control conditions, we found 10.7% of β-cells to be in the G2/M phase of 

the cell cycle, indicating proliferating cells, and a reduction in proliferation in the AS 

model (7.8% in G2/M) (Fig. 4.4F). In contrast, there was a significant increase in β-cell 

proliferation upon overexpression of ctrb1 (17.4% in G2/M, p=0.0122) and ctrb1 

overexpression in the AS model returned β-cell proliferation to control levels (11.8% in 

G2/M) (Fig. 4.4F). We examined the effect of each of these conditions on the non-β-cell 

populations by analyzing the mCherry negative cell population and found no changes in 

proliferation, indicating that this effect is specific to β-cells (Fig. 4.4F). These data 

suggest that the increase in β-cell numbers observed upon protease overexpression was 

due to increased proliferation.  

Exocrine pancreas protease proteins directly interact with β-cells in vitro and in vivo 

 To determine if exocrine proteases directly interact with β-cells, we turned to 

culture models; either a murine acinar cell line and a murine β-cell line, or freshly 

harvested mouse pancreata. Murine acinar cells (266-6, ATCC) grown in culture secrete 

proteases into the media, as was confirmed by western blot analysis of the culture media 

after 48 hours of culture (Fig. 4.6A). This acinar-conditioned media (ACM) was 

concentrated and used as the protease source for cultured murine β-cells (β-TC-6) (Fig. 

4.7A). We also isolated and separately cultured exocrine pancreas tissue and pancreatic 

islets from 10-week old mice. Exocrine pancreas tissue secretes proteases into the culture 

media after a period of 24 hours (Fig. 4.6E). Concentrated exocrine conditioned media 

(ECM) was then applied to isolated mouse islet culture (Fig. 4.7A). Using these systems, 

we first determined if β-cells take up the secreted proteases. Using western blotting and 
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Figure 4.5. Gating strategy for cell cycle determination of zebrafish cells in Tubingen 
(top) and Tg(insa:mCherry) (bottom) animals. (A) Gating strategy for cells. (B) Gating 
strategy for single cells. (C) Gating strategy for mCherry+ (β) and mCherry- (non-β) 
cells. (D) Gating strategy for G1, S, and G2/M phases of the cell cycle. 
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Figure 4.6. Protease production and secretion from acinar cells and exocrine tissue. (A) 
Western blot for CTRB1 in 266-6 cell lysates (top) or media cultured with 266-6 cells 
(bottom) transfected with control siRNA or siRNA targeting ctrb1 transcripts. (B) 
Quantification of fold change in ctrb1 expression in control and siCtrb1 transfected 266-6 
cells. (C) Quantification of fold change in ela1 expression in control and siEla1 
transfected 266-6 cells. (D) Quantification of fold change in ctrl expression in control and 
siCtrl transfected 266-6 cells. (E) Western blot for proteases in media cultured with 
exocrine tissue. 
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Figure 4.7. Exocrine pancreas proteases directly interact with β-cells. (A) Schematic of 
experimental design for assessing protease-β-cell interaction in cultured β-cells and islets. 
(B) Western blot of β-TC-6 lysate from cells treated with control media or acinar 
conditioned media (ACM) using anti-CTRB1 and anti-CTRL antibodies. (C) Western 
blot of islet tissue lysate from islets treated with control media or exocrine conditioned 
media (ECM) using anti-CTRB1, anti-CTRL, anti-PRSS2, and anti-ELA1 antibodies. (D) 
Quantification of proliferating β-TC-6 cells by percentage of cells in G2/M phase in 
control media or ACM treated cells. (E) Quantification of proliferating β-cells (insulin+) 
by percentage of Ki67 positive cells in control media or ECM treated islets. (F) 
Quantification of proliferating a-cells (glucagon+) by percentage of Ki67 positive cells in 
control media or ECM treated islets. (G) Quantification of proliferating islet cells by 
percentage of Ki67 positive cells in control media or ECM treated islets. (H) 
Quantification of proliferating β-TC-6 cells by percentage of cells in G2/M phase in 
control media, ACM, ACM lacking CTRB1 (ACM + siCtrb1), ACM lacking CTRL 
(ACM + siCtrl), and ACM lacking ELA1 (ACM + siEla1) treated cells. (**=p<0.01, 
Ordinary one-way ANOVA) (I) Quantification of colocalization of CTRB1 in zebrafish 
β-cells at 5dpf by fold change in proportion of GFP+ mCherry+ cells in Tg(Ctrb1-
GFP),Tg(insa:mCherry) compared with Tg(ptf1a:GFP),Tg(insa:mCherry). (J) 
Cryosections of mouse pancreas incubated with antibodies specific for insulin (green) 
and CTRB1 (red), including nuclei stained with DAPI (blue). Merged image is a 
compressed Z-stack, orthogonal XZ and YZ are provided. Scale bars, 10µm. Error bars 
represent standard error of the mean, symbols represent the following significance: 
NS=p>0.05, *=p<0.05, **=p<0.01, ***=p<0.001, student’s t-test unless otherwise 
indicated. 
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antibodies specific to mouse CTRB1 (Chymotrysinogen B1) or CTRL (Chymotrypsin-

like), we were only able to detect the proteases in cultured β-cell lysates treated with 

ACM (Fig. 4.7B). Similarly, we detected CTRB1, CTRL, PRSS2, and ELA1 in islets 

treated with ECM, but not those cultured in control media for the same period of time 

(Fig. 4.7C).  

We examined proliferation by flow cytometry analyses in cultured cells using 

propidium iodide DNA staining in cultured β-cells and in β-cells of insulin+ cells from 

isolated islets using Ki67 (Fig. 4.8). In both cases we observed significant increases in 

proliferation. ACM treatment of cultured β-cells resulted in a 1.4-fold increase in 

proliferation compared to control media treated β-cells (Fig. 4.7D). We also found a 

significant, 2.7-fold increase in proliferation of insulin+ cells in ex vivo islets upon 

treatment with ECM compared to control media treated islets (Fig. 4.7E). Importantly, 

there was no significant change in proliferation when only a-cells (Fig. 4.7F) or when all 

islet cells were examined (Fig. 4.7G), suggesting β-cell specificity for the proliferative 

effect. To determine if the increase in cultured β-cells was due to acinar-secreted 

proteases in the media, we repeated proliferation analysis after siRNA transfection 

targeting the proteases in the cultured acinar cells prior to media conditioning (Fig. 4.6A-

D). While ACM from control-transfected acinar cells increased β-cell proliferation as 

previously, ACM from protease-depleted acinar cells lost the proliferative effect (siCtrb1 

0.75-fold, siCtrl 0.72-fold, and siELA1 0.6-fold versus control ACM; Fig. 4.7H), 

suggesting the proliferation increase is specific to the presence of proteases in the media.  

 To test if our in vitro and ex vivo system observations reflect endogenous 

interactions in vivo, we returned to the zebrafish. We examined whether proteases  
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Figure 4.8. Gating strategy for flow cytometry of β-TC-6 cells. (A-C) and isolated islets 
(D-I). (A) Gating strategy for cells. (B) Gating strategy for single cells. (C) Gating 
strategy for G1 and G2/M phases of the cell cycle. (D) Gating strategy for cells. (E) 
Gating strategy for single cells. (F) Gating strategy for live cells. (G) Gating strategy for 
Insulin+/- cells. (H) Gating strategy for Glucagon+/- cells. (I) Gating strategy for Ki67+/- 
cells. 
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produced by the exocrine pancreas directly interact with the β-cells of the endocrine 

pancreas endogenously by generation of a transgenic line encoding a GFP tag at the C-

terminal end of Ctrb1 in the Tg(insa:mCherry) line using CRISPR/Cas9 and homology-

driven repair. The resulting Tg(Ctrb1-GFP),Tg(insa:mCherry) line expressed GFP-tagged 

endogenous CTRB1 in the exocrine pancreas allowing us to visualize the tagged protein 

as well as β-cells within the same animal (Fig. 4.9A-D). We assessed colocalization of 

GFP and mCherry in isolated cells using flow cytometry (Fig. 4.10A-D). Single cell 

dissociations of Tg(insa:mCherry), Tg(ptf1a:GFP) zebrafish larvae, in which no 

colocalization is expected between the GFP and mCherry in β-cells were used as a 

negative control. Compared to the ptf1a:GFP control we found a significant, 3.1-fold 

increase in the relative proportion of GFP+mCherry+ β-cells in the Tg(Ctrb1-

GFP),Tg(insa:mCherry) transgenic line (Fig. 4.7I), indicating the presence of CTRB1 

within β-cells. We also extended these observations to mammalian pancreas by 

immunofluorescent staining using antibodies against murine CTRB1 and Insulin on 

cryosections of mouse pancreas isolated from 9-week-old (Fig. 4.11). In addition to 

abundant expression in exocrine acini, we identified CTRB1 protein within a small 

number of insulin+ cells in islets in 3 of 4 mouse pancreata examined (Fig. 4.7J), 

supporting a direct interaction between the secreted CTRB1 protease and β-cells in 

pancreatic islets. 

LRP1 mediates the interaction between exocrine pancreas proteases and β-cells 

 We set out to explore a possible mechanism for the direct uptake of proteases by 

β-cells. We first determined that the protease effect requires active uptake using ACM 

that was first boiled to break down secondary and tertiary protein structures and result  
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Figure 4.9. Generation of Tg(CTRB1-GFP),Tg(insa:mCherry) by homology directed 
repair. (A) Schematic of experimental design for insertion of GFP at C-terminus of 
endogenous ctrb1 gene. (B) Brightfield image of Tg(CTRB1-GFP),Tg(insa:mCherry) 
animal at 5dpf. (C) GFP fluorescence in Tg(CTRB1-GFP),Tg(insa:mCherry) animal at 
5dpf indicating successful tagging of endogenous CTRB1 by presence of GFP in 
exocrine pancreas. (D) mCherry fluorescence in Tg(CTRB1-GFP),Tg(insa:mCherry) 
animal at 5dpf. 
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Figure 4.10. Gating strategy for identifying GFP+ mCherry+ cells in Tubingen (top) 
Tg(CTRB1-GFP),Tg(insa:mCherry) (bottom) animals. (A) Gating strategy for cells. (B) 
Gating strategy for single cells. (C) Gating strategy for mCherry+ and mCherry- cells. 
(D) Gating strategy for GFP+ and GFP- cells. 
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Figure 4.11. Cryosections of mouse pancreas incubated with antibodies specific for 
insulin (green) and CTRB1 (red), including nuclei stained with DAPI (blue). (A) High 
magnification islet view. Scale bars, 50µm. (B-C) Low magnification pancreas view with 
CTRB1 (B) or no primary control (C). Scale bars, 500µm. 
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only in passive uptake of proteins from media [124]. While CTRB1 protein was still 

taken up by β-cells after boiling (Fig. 4.12A), the boiled ACM did not induce β- 

cell proliferation (Fig. 4.12B). A proliferative effect that occurs only upon active uptake 

suggests a receptor-mediated interaction. Recent studies indicate that LDL receptor 

related protein 1 (LRP1) binds extracellular proteases resulting in endocytosis and 

downstream signaling [121]. LRP1 is also expressed in β-cells where it plays a role in 

proliferation [122]. We therefore hypothesized that LRP1 mediates the protease effect on 

β-cell proliferation. 

 We first examined LRP1 protein abundance in cultured β-cells with and without 

ACM treatment. After 8 hours of ACM treatment there was a 3.9-fold increase in the 

amount of LRP1 protein compared to control media-treated cells. This increase persisted 

after 24 hours of ACM treatment, 4.1-fold above control (Fig. 4.13A-B). We then used 

siRNA to knockdown LRP1 (si-LRP1) in β-cells and examined protease uptake after 

ACM treatment. We found that si-LRP1 (Fig. 4.13C-D) resulted in a ~33% reduction in 

CTRB1 uptake after ACM treatment (p=0.0086; Fig. 4.13E). Finally, we examined the 

relative CTRB1 and LRP1 protein abundance in β-cell lysates treated with ACM and 

found a linear relationship between LRP1 and CTRB1 protein levels in β-cells 

(r2=0.8725; Fig. 4.13F), suggesting a correlation between LRP1 levels and β-cell protease 

uptake. Taken together, these results implicate LRP1 as an active mediator of exocrine 

protease uptake and proliferation by β-cells.  
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Figure 4.12. Active versus passive uptake of CTRB1. (A) Western blot of β-TC-6 cell 
lysates after treatment with control, boiled ACM, or non-boiled ACM using anti-CTRB1 
and anti-CTRL antibodies. (B) Quantification of proliferating β-TC-6 cells by percentage 
of cells in G2/M phase in control (NT), boiled ACM, and non-boiled ACM treated cells. 
Error bars represent SEM. NS=p>0.05, **p<0.01, Ordinary one-way ANOVA. 
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Figure 4.13. LRP1 mediates protease-β-cell interaction. (A) Western blot of β-TC-6 
lysates from cells treated with control or acinar conditioned media (ACM) for 8 or 24 
hours using anti-LRP1 antibody. (B) Quantification of fold change in LRP1 level in β-
TC-6 lysates after ACM treatment for 8 or 24 hours compared to control treated cells. 
*=p<0.05, Ordinary one-way ANOVA. (C) Western blot of ACM treated β-TC-6 cell 
lysates from cells transfected with control siRNA or siRNA targeting lrp1 transcript 
using anti-CTRB1 and anti-LRP1 antibodies. (D) Quantification of fold change in LRP1 
level in β-TC-6 cell lysates after transfection with control siRNA or siRNA targeting lrp1 
transcript. ***=p<0.001, Student’s t-test. (E) Quantification of fold change in CTRB1 
uptake in ACM treated β-TC-6 cell lysates after transfection with control siRNA or 
siRNA targeting lrp1 transcript. **=p<0.01, Student’s t-test. (F) Plot demonstrating 
linear relationship between CTRB1 uptake and LRP1 level in β-TC-6 cell lysates after 
ACM treatment. Error bars represent standard error of the mean. 
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4.4 Discussion 

 The potential for therapeutic applications in diabetes makes identification of novel 

approaches to increase β-cell number an active investigation area. Discovery of 

endogenous regulators of β-cell proliferation can offer important insight into pathways 

that increase β-cell mass. Here, we report the identification of a novel interaction between 

pancreatic proteases, secreted from acinar cells, and β-cells. Our data suggest a conserved 

interaction between zebrafish and mouse in which pancreatic proteases are necessary and 

sufficient for in vivo β-cell proliferation through direct interactions with β-cells. We 

found that the proliferation-inducing uptake of proteases is likely occurs through a 

receptor-mediated signaling pathway, and is at least partly regulated by LDL receptor 

related protein 1 (LRP1). Together, these observations suggest a previously 

unappreciated role of directional crosstalk from the exocrine to endocrine pancreas that 

serves to regulate β-cell mass. 

 The vertebrate pancreas consists of separate but closely intertwined exocrine and 

endocrine compartments. Although both arise from common buds during development 

and are in very close proximity, they have traditionally thought to be separate and non-

interacting. Some lines of evidence challenge this assumption including an islet-acinar 

axis by which endocrine activity can influence exocrine function [39]. The reverse 

directionality, exocrine to endocrine, remains unclear. Recent studies have begun to shed 

light onto this possibility with the discovery of exocrine cell types that can contribute b-

cell progenitor cells [40] or undergo b-cell trans-differentiation [41]. Much less is known, 

however, about possible direct signaling interactions between exocrine cells and islets. 

The identification of the Reg proteins [125] and islet neogenesis-associated protein [126] 
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hints at exocrine-derived proteins directly stimulating b-cell neogenesis and proliferation. 

But very little is known about a possible signaling role for the most abundant exocrine 

protein class, the digestive enzyme precursor proteins. Support for this possibility has 

emerged recently, including genetic association data identifying variants in the gene 

encoding CTRB1 as risk alleles for T1D and T2D [127–129]. Consistent with this, 

normally detectable circulating levels of pancreatic enzymes are significantly lower in 

T2D patients compared to controls [119]. In addition, evidence from pig models 

demonstrate a role of circulating pancreatic enzymes in systemic glucose homeostasis, 

independent of gut digestion, which is potentially partly mediated by islet function [130, 

131]. Our data complement this growing body of evidence and offer support for a direct 

role for exocrine pancreatic enzymes in b-cell proliferation. It remains to be seen how 

this interaction occurs. For example, whether proteases secreted from acinar cells enter 

circulation or interact with b-cells locally within the pancreas is unclear. It is well 

established that excessive production and aberrant activation of pancreatic proteases 

results in pancreatitis and damages islet tissue, so it is unlikely that activated proteases 

would have a beneficial effect on b-cell mass. However, little is known about a possible 

role for the inactive zymogens. Our data suggest that inactive or inactivatable forms of at 

least CTRB1 can increase b-cell proliferation, providing evidence that the inactive 

protein may act as a signaling molecule.  

 Such a role would potentially be mediated by receptors on b-cells that could 

respond to a proliferative signal. We explored a role for LRP-1 because it can bind to 

extracellular proteases and has been implicated in b-cell proliferation [121, 122]. LRP-1 

also possibly offers a link to reports of serpins in b-cell proliferation because it can bind 
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to proteases complexed with serpin proteins [132]. Recent reports suggest a novel role for 

the serpin family of elastase inhibitors in b-cell proliferation [133, 134]. Serpins (serine 

protease inhibitors) directly bind to and inhibit activated proteases, including exocrine 

pancreatic enzymes. Moreover, given that we first identified a role for exocrine proteases 

and b-cell proliferation in models of the ciliopathies, a role for cilia cannot be ruled out. 

LRP-1 has been reported to localize to cilia [121], but our data examining this possibility 

in b-cells are inconclusive. While further exploration is needed, the involvement of other 

cilia-regulated pathways may factor in to the observed proliferation phenotypes. The data 

presented here offer insight into a previously unreported mechanism by which b-cell 

proliferation may be mediated by endogenous factors. Together, these observations 

inform our understanding of pancreas biology and potentially assign a new signaling role 

to exocrine proteases in regulating endocrine b-cells. 
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4.5 Materials and methods 

Zebrafish lines 

Experiments were carried out using the following zebrafish lines: Tubingen (WT), 

Tg(insa:mCherry), which labels β-cells specifically by expressing mCherry under the 

control of the preproinsulin (insa) promoter, and Tg(ptf1a:GFP),Tg(insa:mCherry), 

which expresses GFP under the control of exocrine pancreas marker ptf1a along with 

mCherry under the control of the insa promoter [72]. Adult zebrafish were housed and 

naturally mated according to standard protocol. All zebrafish work was conducted in 

accordance with University of Maryland IACUC guidelines. 

Cloning 

Protease coding sequences were amplified from cDNA generated from RNA 

isolated from WT zebrafish using the following primers: 

Gene Forward Reverse 

prss59.1 5'CATGGAATTCATGAGGTCTTTG
GTGTTCCTGG 

5'CGTCTAGATTAGTTGTTTCTCATG
GTGTCGG 

cela1 5'CATGGAATTCCTGCAACATGCT
GAGGATCCTG 

5'CGTCTAGAGATTGTTCAGCTTATT
TAGCAAT 

ctrb1 5'CATGGAATTCATTCAACTGCA
GCAATGGCC 

5'CGTCTAGATTAGTTGGAAGCAAT
GGTCTGG 

try 5'CATGGAATTCATGAAGGCTTTC
ATTCTTCTGGC 

5'CGTCTAGATCATGGTGTTTCTGAT
CCAGG 

Amplified fragments were cloned into pCS2+, grown with ampicillin resistance (Sigma-

Aldrich), and sequence confirmed. 

Site Directed Mutagenesis 

Inactivatable ctrb1 was generated by mutating the isoleucine at the cleavage site 

to an alanine and catalytically dead ctrb1 was generated by mutating the histidine of the 

catalytic triad to a tryptophan using the Q5 Site-Directed Mutagenesis Kit (NEB) and the 

following primers: 
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Forward Reverse 

Inactivatable 5'CTACGCCAGGGCGGTGAATGGTGAGG 5'CCGGTAACAACTGGAGGG 

Catalytically 
Dead 

5'GACTGCTGCTTGGTGCAACGTTAG 5'ACAACCCAATTCTCATTG 

Mutated plasmids were grown with ampicillin resistance and sequence confirmed. 

In-vitro transcription and mRNA injection 

Protease mRNA was transcribed using mMessage mMachine kits (Thermo Fisher 

Scientific). 50pg, 100pg, 150pg, 200pg, and 250pg of each protease mRNA was injected 

into one- to two-cell stage embryos to determine optimal concentrations, after which the 

following amounts were used:100pg prss59.1, 100pg cela1, 200pg ctrb1, and 150pg try. 

The embryos were grown at 28°C until harvesting for analyses. 

Morpholinos 

MOs that block splicing (SB) of targeted mRNAs were injected into one- to two-

cell stage embryos. We used previously validated MOs to target alms1 and bbs1 [25, 92] 

and designed SB MO (5’-ATAAAGCCTGTCACTCACTGGAGCT-3’) to target 

prss59.1 transcript and SB MO (5’-ACAGATTTTAGACTGTACGCACCTT-3’) to 

target ctrb1 transcript. A control non-specific MO was used (5′-

CCTCTTACCTCAGTTACAATTTATA-3′). 

β-cell and exocrine pancreas analysis 

β-cell number, mass area, and exocrine pancreas area were determined as 

previously described [92]. Briefly, the size of the β-cell mass (area of mCherry 

expression) and the size of the exocrine pancreas (area of GFP expression) were 

quantified using a Zeiss Lumar v12 stereomicroscope and ImageJ software. The number 

of β-cells was quantified by fixing the embryos at 5 days post fertilization (dpf) in 4% 

paraformaldehyde (PFA), dehydrating in 100% methanol, and flat mounting in ProLong 
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Gold antifade (Thermo Fisher Scientific) with the right lateral side facing the coverslip. 

Sufficient pressure was applied to disrupt the islets in order to visualize individual cells. 

The number of β-cells was counted manually under an Olympus ix50 with cellSense 

imaging software at 20X magnification. 

Cell culture 

β-TC-6 cells (CRL11506; ATCC) were cultured in DMEM-H (ATCC) 

supplemented with 15% heat-inactivated FBS and 1X penicillin/streptomycin (Sigma-

Aldrich). 266-6 (CRL2151; ATCC) were cultured in DMEM supplemented with 10% 

heat inactivated FBS and 1X penicillin/streptomycin. Knockdowns were accomplished 

using Lipofectamine 3000 (Thermo Fisher Scientific) and either scrambled control 

siRNA or siRNAs targeting alms1, bbs1, lrp1, ctrb1, ctrl1, or ela1 (Thermo Fisher 

Scientific). Efficacy of of siRNA knockdown was evaluated via qRT-PCR. 

Acinar conditioned media (ACM) was collected after 48 hours incubation on 266-6 cells 

and concentrated 20-fold by centrifugation using 10K Macrosep Advance Centrifigual 

Devices (Pall). 500 uL of concentrated ACM was applied to 10 million Beta-TC-6 cells 

for 8 hours before harvesting for analyses. 

Mouse islet isolation and culture with exocrine conditioned media 

All experiments were performed in accordance with University of Maryland 

IACUC guidelines. Islets were isolated from 10 week old C57BL/6 male mice (kindly 

gifted from the Bromberg group through the University of Maryland Animal Resources) 

following established protocols [135, 136], picked, and plated in supplemented RPMI 

medium 1640 [10% fetal bovine serum (FBS; Gemini), 1% penicillin–streptomycin (P/S) 

(Invitrogen)]. Following Ficoll separation from the islets, the exocrine tissue was washed 
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twice in PBS (Corning) containing 2.5mM EDTA (Corning), plated in supplemented RPMI 

+ 1% P/S, and cultured for 24 h at 37°C before harvest of the media supernatant. The media 

supernatant was then concentrated 10:1 using a centrifugal concentrator (Macrosep 

Advance Centrifugal Filter; Pall Laboratories) and applied to the islet cells in culture for 5 

days. 

Flow cytometry and DNA stain 

Pooled groups of 50 zebrafish embryos were dissociated to single-cell 

suspensions following published protocols [137] using TrypLE (Thermo Fisher 

Scientific) followed by FACSMAX (Genlantis) until a single-cell dissociation was 

achieved. Dissociated cells were suspended in Hank’s Balanced Salt Solution (HBSS) 

supplemented with 10% Fetal Bovine Serum (FBS) and kept on ice. DNA staining was 

done using Vybrant DyeCycle Violet Stain (Thermo Fisher Scientific) according to the 

manufacturer’s protocol. Samples were analyzed on a BD LSR II flow cytometer. 

Cell samples were collected, washed in PBS, fixed in 70% ice-cold ethanol for 10 

minutes, and suspended in FACS buffer in a single cell suspension. DNA staining was 

performed using Propidium Iodide (Thermo Fisher Scientific) according to the 

manufacturer’s protocol. Samples were analyzed on a BD Canto II flow cytometer.  

Islets were dissociated (Cell Dissociation Buffer, enzyme-free, Hanks' Balanced 

Salt Solution; Gibco) at 37 °C for 10 minutes and washed in PBS containing 2.5mM 

EDTA (Corning). Flow cytometry was performed as previously described [136] using 

isotype- and fluorophore-matched FACS antibody staining with Alexa Fluor 647 IgG1 

mouse anti-insulin (BD Pharmingen), Pacific Blue IgG2a mouse anti-glucagon pacific 

Blue (R&D Systems), and PE Cy7 IgG2a rat anti-Ki67 (BioLegend). The positive gates 



 124 

for each parameter were established using single-stained isotype controls, Alexa Fluor 

647 mouse IgG1 (BioLegend) and PE Cy7 rat IgG2a (eBioscience) with respective 

positive thresholds for insulin, glucagon, and Ki67 including 1% of the cells in the 

corresponding isotype-stained sample. In experimental samples, events with a 

fluorescence intensity exceeding this positive threshold were defined as being positive for 

the respective parameter. 

Western Blots 

Cells were harvested in Tris-Triton buffer with protease inhibitors (Sigma-

Aldrich), run via SDS-PAGE and blotted onto polyvinylidene fluoride (PVDF) 

membranes. Membranes were incubated overnight with rb- αCTRB1 (1:3,000; 

Proteintech), rb-αCTRL (1:1,000; Proteintech), rb-αPRSS2 (1:400; Proteintech), rb-

αELA1 (1:500; Sigma-Aldrich), rb-αLRP1 (1:30,000; Abcam) or rb-αActin (1:5,000; 

Sigma-Aldrich), then 1 hour at room temperature with species specific HRP-conjugated 

secondary antibodies (goat anti-rb 1:30,000; Jackson ImmunoResearch), and exposed 

with SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher 

Scientific). Protein intensity was normalized to actin and quantified via densitometry 

function in ImageJ. 

Transgenic Line Generation 

The endogenous GFP -tagged CTRB1 was generated using the CRISPR/Cas9 

system and homology directed repair. A CRISPR target site closest to the stop codon 

within the ORF (5’-GGGTGACTCTGGTGGTCCTC-3’) was identified. Creation of the 

oligo included incorporation of a T7 promoter ahead of the target sequence 

(TAATACGACTCACTATA) and an overlap sequence after 
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(GTTTTAGAGCTAGAAATAGC) as previously described [89, 92]. The sgRNA was 

generated by annealing this oligo to a second, common, oligo (5’-

AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATT

TTAACTTGCTATTTCTAGCTCTAAAAC-3’). The donor sequence was designed as a 

gblock to contain an 800bp homology arm ahead of the CRISPR target site followed by 

the first 10bp of the target site, a glycine-serine linker, the GFP coding sequence, a stop 

codon, the remaining 10bp of the CRISPR target site, and an 800bp homology arm.  

The gblock was cloned into a pCR Blunt II-TOPO vector using the Zero Blunt TOPO 

PCR Cloning Kit (Thermo Fisher Scientific) with kanamycin resistance (Sigma-Aldrich). 

The sgRNA, Cas9 protein, and donor plasmid were microinjected directly into the during 

the single-cell stage of embryonic development. 

Immunofluorescence 

Mouse pancreata were snap frozen in OCT and cryosections were cut 10µm thick, 

then fixed in 100% cold methanol. Sections were then incubated overnight with gp-αINS 

(1:50; Abcam) and rb-αCTRB1 (1:100; ProteinTech), then 1 hour at room temperature 

with species specific fluorescence-conjugated secondary antibodies (goat anti-gp 488 

1:200 and goat anti-rb 594 1:200; Thermo Fisher Scientific), and mounted with ProLong 

Gold antifade (Thermo Fisher Scientific). 

qRT-PCR 

RNA was extracted using RiboZOL RNA Extraction Reagent (VWR) and 

converted to cDNA via FirstStrand cDNA Synthesis (Thermo Fisher Scientific) per 

manufacturer protocols. Gene expression was determined on a LightCycler 480 (Roche) 

using 2X SYBR Green Master Mix (Roche) and compared by ΔΔCT. Actin and GAPDH 
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were used as controls in zebrafish and cultured cells, respectively. Primer sequences are 

available upon request. 

Statistical analyses 

All experiments represent a minimum of three replicates, with sample number (n) 

provided. Prismv6.0 (GraphPad) was used to determine appropriate analyses and 

statistical significance (indicated in figure legends). 
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CHAPTER 5: DISCUSSION 

5.1 Summary 

There is currently no cure for T1D, due to the loss of β-cells the only treatment is 

the administration of insulin, either by injection or by a pump [4, 7, 8]. Similarly, many 

type 2 diabetics become reliant on insulin treatments as the disease progresses and beta-

cells are lost [9]. A cure may exist then through the replacement of lost beta-cells. The 

concept of replacing lost islets as a method to treat diabetes traces back to the early 20th 

century to an English surgeon named Francis Charles Pybus [138]. Pybus transplanted 

human cadaveric pancreatic tissue into 2 diabetic patients. One of the patients 

experienced a mild reduction in glucose excretion, however, both patients died [138, 

139]. The first successful reversal of diabetes by islet transplantation in animal models 

was demonstrated in the 1970’s [140, 141]. Although improvements have continued to be 

made in the decades since, a number of limitations still exist preventing the widespread 

use of islet transplantation, the most critical of which are preventing islet rejection and 

limited supply of donor islets [142, 143]. The potential for therapeutics that exist that 

address these issues, such as inducing the body to produce more of its own β-cells or 

being able to expand limited donor islets. Because of the potential for therapeutic 

applications in diabetes, identification of novel approaches to increase β-cell number is 

an active area of investigation. To this end, the discovery of endogenous regulators of β-

cell proliferation can offer important insight into pathways that increase β-cell mass. 

 Completion of the analyses outlined in this dissertation have resulted in a better 

understanding of the regulation of the production and maintenance of the β-cell mass 

including the identification of novel endogenous regulators of β-cell proliferation. First, 



 128 

we confirmed the importance of β-cells in regards to susceptibility to T2D in the presence 

of obesity and insulin resistance in ciliopathy models of obesity. We identified a 

reduction in size of the β-cell mass as well as a reduction in the number of β-cells in our 

AS model and an increase in size of the β-cell mass as well as the number of β-cells in 

the BBS model likely due to difference in β-cell proliferation. This initial discrepancy in 

β-cell production may affect the discrepant rates 2 diabetes observed later in life [13]. In 

addition to identifying discrepancies in the initial production of β-cells, this study also 

identified differences in their continued maintenance. After exposure to periods of high 

glucose, simulating higher insulin demand to increase β-cell workload, alms1-deficient β-

cells exhibited higher rates of cell death and decreased rates of proliferation ultimately 

leading to a loss of β-cells. Bbs1-deficient β-cells, on the other hand, did not demonstrate 

an overall loss even in the presence of increased rates of cell death, likely due to 

increased proliferation, suggesting that bbs1-deficient β-cells are able to compensate for 

the increased workload while alms1-deficient β-cells are not. This study confirmed the 

critical role of β-cells in the pathogenesis of diabetes, implicating the production of β-

cells during development and the capacity to compensate for increased workload as 

susceptibility factors for the development of T2D in the presence of obesity and insulin 

resistance. 

 Second, we identified proteins from the exocrine pancreas as potential novel 

regulators of β-cell production through comprehensive transcriptomic analyses of our AS 

and BBS models. The exocrine pancreas proteases were found to be downregulated in the 

AS model, and upregulated in the BBS model, which correlates with our observed 

discrepancies in β-cells in these models and their rates of diabetes, implicating them as 
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potential β-cell regulators. Additionally, our whole transcriptomic approach allowed us to 

gain insight into that pathways involved in some of the other phenotypes characterized by 

these syndromes. For example, we identified several genes involved in the 

phototransduction pathway that may be a driving the observed retinal degeneration 

phenotype. Furthermore, this study provides insight into phenotypes that may allow these 

two disorders to be distinguished from one another, as the high degree of phenotypic 

overlap often causes them to be mistaken for one another. Neuronal signaling pathways 

appear to be highly disrupted in the BBS model compared to the AS model. This is 

consistent with the greater degree of cognitive impairment and other neuronal defects 

observed in BBS than AS and suggests neuronal phenotypes as a distinguishing factor 

between the two [22, 23, 29, 65]. 

 Finally, we identified a novel interaction between the pancreatic proteases that are 

secreted from the exocrine pancreas and the β-cells of the endocrine islets. The exocrine 

pancreas proteases were found to be both necessary and sufficient for normal β-cell 

production and overexpression was found to result in an expansion of the β-cell mass. 

The proteases were found to carry out their effect in vivo through the induction of β-cell 

proliferation, and that they exerted their effect on β-cells specifically. Additionally, we 

identified a direct interaction between the exocrine pancreas proteases and β-cells as the 

proteases were found to be taken up by β-cells and induce proliferation in vitro. The 

generation of the transgenic line Tg(Ctrb1-GFP), Tg(insa:mCherry), as well as 

immunofluorescent staining of cryosections of mouse pancreata, allowed us to observe an 

endogenous direct interaction in both zebrafish and mice by the presence of CTRB1 in β-

cells. Our results indicate that this uptake is likely receptor mediated, as proliferation was 
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induced only in the presence of intact proteases, and at least partially regulated by LDL 

receptor related protein 1 (LRP1). We found that LRP1 is upregulated upon β-cell 

exposure to exocrine pancreas proteases, and that loss of LRP1 in β-cells resulted in a 

reduction of protease uptake by β-cells.  

Taken together, these studies have identified a potential novel β-cell regulatory 

pathway and revealed a previously unappreciated interaction between the two 

compartments of the pancreas in the direction of the exocrine pancreas to the endocrine 

pancreas. The ability of these proteins to enhance the production of β-cells in vivo and in 

vitro demonstrates their potential therapeutic application for the treatment of diabetes. As 

discussed above, there is currently no cure for diabetes due to the inability to replace lost 

β-cells. Islet transplantation is able to replace those lost β-cells; however, it faces serious 

hurdles that have prevented its widespread use. The exocrine pancreas proteases, 

therefore, provide a potential opportunity to overcome those hurdles. The studies outlined 

in this dissertation have shown the ability of these proteins to enhance proliferation of β-

cells in vivo. They may then be useful as a therapeutic to increase β-cell mass in diabetic 

patients that have significant, but not complete, loss of β-cells, reducing or eliminating 

the need for islet transplantation and avoiding the possibility of rejection of the donor 

islets by the host. Furthermore, we demonstrated the ability of the exocrine pancreas 

proteases to induce proliferation in β-cells from isolated mouse islets in culture. This 

suggests the potential use of these proteins to expand existing donor islets so a greater 

supply will be available.  
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5.2 Drawbacks 

 One drawback to the above studies is the translational relevance to patients with 

AS. A recent endocrine metabolic evaluation of patients with AS has shown that severe 

insulin resistance is likely the major driver of the development of T2D [144]. This is 

likely at least partially due to high levels of insulin secretion from β-cells even at basal 

levels that we have observed in our zebrafish and cell models. We have observed 

impaired production of β-cells during development, due to a loss of the proteases, as well 

as insulin hypersecretion, suggesting that loss of alms1 results in fewer β-cells to begin 

with and those that are present demonstrate defects in the insulin secretory pathway. We 

have demonstrated that reintroduction of protease expression is able to rescue the loss of 

β-cells, however, this is unlikely to restore proper insulin secretion. As a result, a 

therapeutic involving protease treatment is likely to be ineffective at treating T2D in AS 

patients. Extrapolating this to general T2D, protease treatment would not be useful for 

individuals whose diabetes is driven by insulin resistance. Enhancement of the β-cells 

would increase insulin production, but would not make peripheral tissues more sensitive 

to insulin action. Instead, the protease treatment would likely be most effective for 

individuals whose diabetes is mostly driven by a lack of insulin. 
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5.3 Ongoing work 

 The discovery of the discrepancy in exocrine pancreas protease expression that 

led to the identification of the exocrine pancreas to β-cell interaction occurred in our 

ciliopathy models. This suggests a potential role for the primary cilium in regulating this 

interaction. In addition, previous studies have shown that LRP1 localizes to the basal 

body of the primary cilium [121, 145]. Therefore, ongoing research is focused on 

determining if the observed interaction between the exocrine pancreas proteases and 

LRP1 on β-cells is mediated by the primary cilium. To test this, we first sought to 

determine the effect that the disruption of the primary cilia would have on the 

endogenous interaction by MO knockdown of alms1 or bbs1 in Tg(Ctrb1-GFP), 

Tg(insa:mCherry) zebrafish. We found a significant reduction in the proportion of 

CTRB1 in β-cells upon alms1 suppression, indicating a loss of the interaction, compared 

to control animals, and no change in the proportion of CTRB1 in β-cells upon bbs1 

suppression (Fig. 5.1A), suggesting some level of ciliary regulation of this effect. This is 

consistent with previous RNA-Seq results demonstrating a loss of ctrb1 expression in the 

AS model and no change in expression in the BBS model. To determine ciliary regulation 

of LRP1 and CTRB1 uptake in β-cells, we knocked down expression of either alms1 or 

bbs1 in β-TC-6 cells by siRNA transfection prior to acinar conditioned media treatment. 

Thus far, we have found no significant change in the uptake of CTRB1 (Fig. 5.1B) or the 

level of LRP1 (FIG. 5.1C) upon suppression of either of these genes. Additionally, we 

looked for the presence of LRP1 on the β-cell primary cilium as it has been found to be 

localized to the basal body in other cell types [121]. Immunofluorescent staining of 

cultured murine β-cells for LRP1 has not shown a localization to the primary  
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Figure 5.1. Role of ciliopathy genes in mediating exocrine-endocrine interaction. (A) 
Quantification of colocalization of CTRB1 in zebrafish β-cells at 5dpf by fold change in 
proportion of GFP+ mCherry+ cells in Tg(CTRB1:GFP, insa:mCherry) injected with 
control, alms1, or bbs1 MOs compared with control MO injected Tg(ptf1a:GFP, 
insa:mCherry). NS=p>0.05, *=p<0.05, **=p<0.01 (B) Quantification of fold change in 
CTRB1 uptake of ACM treated β-TC-6 lysates after transfection with control siRNA or 
siRNA targeting alms1 or bbs1 transcripts. (C) Quantification of fold change in LRP1 
level of ACM treated β-TC-6 lysates after transfection with control siRNA or siRNA 
targeting alms1 or bbs1 transcripts. Statistics, Ordinary one-way ANOVA. Error bars 
represent standard error of the mean. 
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cilium (Fig. 5.2). Thus far, our evidence suggests ciliary regulation of this exocrine-

endocrine interaction does not occur at the β-cell level, although additional 

experimentation is still needed.  

Interestingly, the acinar cells of the exocrine pancreas that produce the proteases 

are one of the very few non-ciliated cell types in the body, but it was in our ciliopathy 

model that we identified changes in protease expression. This raised the possibility that 

the ciliopathy genes may have a non-ciliary role in acinar to regulate the proteases given 

that the ciliopathy genes are expressed in acinar cells (Fig. 5.3). To determine if the 

ciliopathy genes play a role in regulating the proteases at the acinar cells, we knocked 

down expression of alms1 or bbs1 in acinar cells (266-6 ATCC) by siRNA transfection. 

We found no changes in the expression (Fig. 5.4A), production (Fig. 5.4B), or secretion 

(Fig. 5.4C) of the proteases upon suppression of either ciliopathy gene, suggesting that 

ciliary regulation does not occur at the acinar cell level.  

Given the effect observed in the whole-body ciliopathy model and lack of effect 

seen in the β-cell and acinar cell models, it is likely that ciliary regulation occurs prior to 

the acinar and β-cells in the protease secretory pathway, however additional work is still 

needed before a role for the primary cilium in regulating this interaction can be ruled out. 

Finally, we are still in the process of determining whether or not the exocrine 

pancreatic proteases directly bind to LRP1. We have shown that LRP1 levels increase 

upon exposure to the proteases and that protease uptake is reduced upon suppression of 

LRP1. Furthermore, previous studies have shown that LRP1 mediates the endocytosis of 

extracellular matrix proteases including aggrecanases, members of the a disintegrin and 

metalloproteinase with thrombospondin motifs (ADAMTS) family, and collagenase   
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Figure 5.2. LRP1 localization in β-cells. (A-C) Immunofluorescent staining of fixed 
murine β-cells (β-TC-6) incubated with antibodies specific for cilia (ARL13b, green) and 
LRP1 (red), including nuclei stained with DAPI (blue). Merged image is a compressed Z-
stack. 
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Figure 5.3. Ciliary proteins are abundantly expressed in acinar cells. (A) Reverse 
transcription PCR for ciliary genes and acinar genes on RNA isolated from cultured 
murine acinar cells. (B) Quantitative PCR for ciliary genes and acinar genes on RNA 
isolated from cultured murine acinar cells. 
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Figure 5.4. Acinar cell protease expression, production, and secretion after transfection 
with control siRNA or siRNA targeting alms1 or bbs1 transcripts. (A) Quantification of 
fold change in protease expression in 266-6 (acinar) cells. Statistics, 2way ANOVA, error 
bars, SEM, *p<0.05, ***p<0.001, ****p<0.0001. (B) Western blot of 266-6 cell lysates 
using anti-CTRB1 antibody. (C) Western blot of 266-6 cell media using anti-CTRB1 
antibody. 
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members of the matrix metalloproteinase (MMP) family [121]. However, it remains to be 

seen if the exocrine pancreas proteases bind directly to LRP1. To determine if there is a 

direct binding, we are performing co-immunoprecipitation (Co-IP) experiments on β-TC-

6 lysates from cells treated with control and acinar conditioned media. The lysates are 

incubated with antibodies targeting LRP1 or CTRB1 and then immunoprecipitated using 

protein A/G magnetic beads. Binding partners of LRP1 and CTRB1 are then identified by 

Western blot. Thus far we have not been able to Co-IP CTRB1 using the LRP1 antibody 

or LRP1 using the CTRB1 antibody, however, this may be due to the poor quality of the 

CTRB1 antibody and likely requires additional troubleshooting including titration of the 

antibodies to determine optimal concentrations for use. 
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5.4 Outstanding questions and future directions 

Does protease reintroduction rescue alms1-/- β-cell phenotypes? 

 Given the ability of protease reintroduction to rescue the loss of β-cells in the 

alms1 morphant, it would be of interest to determine whether protease reintroduction can 

rescue the loss of β-cells observed in our recently generated alms1 mutant. The alms1-/- 

zebrafish displays a more severe phenotype than the morphant, likely due to a more 

complete loss of alms1 expression, including a more drastic loss of β-cells [114]. It 

would be interesting to see if reintroduction of proteases into this model would still be 

able to increase the number of β-cells. To test this, I would inject protease mRNA into the 

1-2 cell stage alms1-/- embryos. At 5dpf I would then fix the larvae and count the number 

of β-cells. I may also have to try a few different concentrations of protease mRNA to see 

if there is a dose response as the more severe phenotype of the alms1-/- larvae may 

require a greater concentration of proteases to observe the same effect. 

What is the mechanism of the protease – LRP1 interaction? 

 LRP1 is a large endocytic receptor that has been shown to bind to over 30 

different ligands and is essential for development [146, 147]. The extracellular domain 

consists of 4 clusters of cysteine-rich repeats, termed the ligand-binding domains 

(clusters I-IV) where the majority of ligands bind [147]. If we are able to demonstrate 

binding of the proteases with LRP1, it would be of interest to determine which binding 

site the protease binds to, as LRP1 ligands tend to bind to a specific binding site with the 

majority binding at clusters II or IV [147]. To test this, I would perform site directed 

mutagenesis to generate mutant forms of LRP1 with all but one ligand-binding domain 

disrupted. Using plasmids containing LRP1 with only a single binding domain intact, I 
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would then attempt to rescue the reduction in protease uptake observed with knockdown 

of LRP1. The ability to rescue protease uptake would indicate that the intact binding 

domain is where the protease binds to LRP1. 

 Another question remains as to whether the proteases bind to LRP1 alone or as a 

part of a complex. Protease inhibitors, such as the serine protease inhibitor (serpin) 

family bind to and irreversibly inhibit active proteases [148]. Serpin-enzymes complexes, 

including complexes with thrombin and trypsin, are cleared from circulation by binding 

to LRP1 on hepatocytes where they are endocytosed and degraded [149]. Another 

possibly binding partner is alpha-2-macroblobulin. Alpha-2-macroblogulin is a known 

ligand of LRP1 and has also been demonstrated to act as a carrier protein for growth 

factors and cytokines [150]. Additionally, alpha-2-macroglobulin has been demonstrated 

to bind to chymotrypsin [151]. It would be of interest to determine whether there are any 

other proteins, such as the serpins or alpha-2-macroglobulin, that form a complex with 

the exocrine pancreas proteases to mediate their binding to LRP1 and endocytosis into β-

cells. This could be addressed by Co-IP experiments or mass spectrometry. The 

involvement of the serpins or alpha-2-macroglobulin in a complex with the proteases 

could be determined by Co-IP using the CTRB1 antibody followed by Western blot for 

the either protein. To determine if there are other, unknown, proteins involved in a 

complex with the proteases, the same Co-IP could be performed followed by mass 

spectrometry analysis to identify what other proteins were immunoprecipitated along 

with the CTRB1. 
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Do proteases come directly from the exocrine pancreas or via circulation to have 

their effect on β-cells? 

 Our studies have demonstrated a direct, endogenous, interaction between the 

serine proteases of the exocrine pancreas and the β-cells of the endocrine pancreatic 

islets. The presence of CTRB1 in β-cells on the periphery of mouse islets suggests the 

proteases may be coming directly from the exocrine pancreas. However, it remains 

uncertain whether this interaction occurs due to proteases coming directly form the 

exocrine tissue or from proteases in circulation. One way to test this would be to look for 

the presence of the exocrine proteases in the extracellular matrix of the islets by 

immunofluorescent staining. However, the rarity of the endogenous interaction may make 

this approach challenging. Another approach would be to inject the proteases into 

circulation in mice. This could be done by purifying the proteases from exocrine tissue 

prior to injection, although these proteases would be able to become activated which 

would likely result in their being bound by serpins and rapidly cleared from circulation. 

To get around this possibility, I would use the catalytically dead and/or inactivatable 

mutant forms of CTRB1 that I generated by site directed mutagenesis. The mutant 

proteins would need to be generated by transfection of the plasmid into a high protein 

producing cell line such as the Glutamaine Synthetase-NS0 (GS-NS0) or the Chinese 

hamster ovary (CHO) cell systems [152, 153]. Following purification, these proteins 

could be injected into circulation to determine if they are taken up by β-cells. The 

injected proteases will be identifiable by the presence of a histidine tag not present on the 

endogenous protein. If the injected proteases are found in β-cells it would suggest that the 

interaction occurs via circulating proteases while the absence of the histidine tagged 
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proteases and presence of endogenous proteases in β-cells would suggest they come 

directly from the exocrine tissue. 

 Furthermore, this system could be used to determine if injectable proteases have 

the same prolific effect on β-cells that we have observed in culture and in our zebrafish 

overexpression model. Following protease injection, proliferating β-cells could be 

determined by dissecting the pancreas and generating cryosections to immunostain for 

proliferating cells or the islets could be isolated for flow cytometry analysis, although the 

process of isolating the islets is likely to effect rates of proliferation. A finding that 

injectable proteases are able to induce β-cell proliferation would add great strength to 

their therapeutic prospects. 

Can protease overexpression rescue any other β-cell loss phenotypes? 

 We have demonstrated the ability of exocrine pancreatic proteases to rescue the 

loss of β-cells observed in our AS model. It would be interesting to determine if protease 

overexpression is able to rescue other instances demonstrating a loss of β-cells 

phenotype. A recent genetic screen in zebrafish identified 25 genes that are necessary for 

proper β-cell production [154]. Knockdown of these genes resulted in significant 

reductions in the number of β-cells. These represent additional β-cell loss models that 

could be used to determine if protease overexpression is able to rescue this phenotype 

generally, or only in the AS model. To test this, I would sequentially inject morpholinos 

targeting these genes alone or in combination with protease mRNA and count the number 

of β-cells at 5dpf, just as was done with the AS rescue. A finding that protease 

overexpression rescues the loss of β-cells seen in all or many of these models would 

suggest the possibility of a broader therapeutic potential as a general method for 
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increasing β-cells, whereas rescue in none or only a limited number of models may limit 

the potential therapeutic use restricted to only certain specific uses. 
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APPENDIX A: SAMPLE PREPARATION AND ANALYSIS OF RNASEQ-BASED 
GENE EXPRESSION DATA FROM ZEBRAFISH1 

 
A.1 Abstract 

 The analysis of global gene expression changes is a valuable tool for identifying 

novel pathways underlying observed phenotypes. The zebrafish is an excellent model for 

rapid assessment of whole transcriptome from whole animal or individual cell 

populations due to the ease of isolation of RNA from large numbers of animals. Here a 

protocol for global gene expression analysis in zebrafish embryos using RNA sequencing 

(RNASeq) is presented. We describe preparation of RNA from whole embryos or from 

cell populations obtained using cell sorting in transgenic animals. We also describe an 

approach for analysis of RNASeq data to identify enriched pathways and Gene Ontology 

(GO) terms in global gene expression data sets. Finally, we provide a protocol for 

validation of gene expression changes using quantitative reverse transcriptase PCR (qRT-

PCR). These protocols can be used for comparative analysis of control and experimental 

sets of zebrafish to identify novel gene expression changes, and provide molecular insight 

into phenotypes of interest. 

  

                                                
1 Hostelley, T.L., Nesmith, J.E., and Zaghloul, N.A. (2017) Sample preparation and analysis of RNASeq-
based gene expression data from zebrafish. J. Vis. Exp., 56187. doi:10.3791/56187. 
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A.2 Introduction 

 Comparative analysis of global gene expression is a valuable tool to identify 

novel genes contributing to observed phenotypes. Such analyses typically rely on 

quantitative assessment of transcript abundance compared between experimental and 

control samples. Targeted approaches, such as qRT-PCR are relatively rapid and accurate 

for investigation of single gene expression changes. RNA sequencing (RNASeq) offers a 

broad, hypothesis-free approach to identify significant changes in gene expression 

between samples, making it now the standard for such investigations across experimental 

systems. 

 Zebrafish have emerged as a prominent model across many disease areas. 

Originally developed for their utility in developmental biology studies, due to their high 

fecundity and relatively low cost of maintenance, experimental use of zebrafish has 

evolved to include a broad range of phenotypes from embryonic to adult stages as well as 

a wide array of molecular assays[155–157]. Indeed, these advantages make molecular 

mechanistic studies rapid and cost-effective because of the ease of acquiring large 

amounts of material combined with the ease of both genetic and environmental 

manipulation at all stages of life. Moreover, the transparent nature of zebrafish embryos 

and larvae make it ideal for generating cell- and tissue-specific transgenic reporter lines 

allowing in vivo visualization of discrete cell populations[158]. Exploitation of such lines 

permits global gene expression analysis in specific isolated cell types based on reporter 

gene expression. 

 Here we present a comprehensive protocol for global gene expression analysis 

using RNASeq after culture of zebrafish embryos. Genetic experimental manipulations, 
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including morpholino (MO)-based transient gene knockdown or CRISPR-mediated 

genome editing, have been presented elsewhere[76, 159, 160]. We therefore focus on a 

detailed protocol for isolation of RNA from whole embryos or sorted transgenic reporter-

expressing cells followed by simple computational analysis of RNASeq results using 

pathway tools and gene ontology (GO) terms. Finally, we have included a strategy for 

validation of gene expression changes by quantitative reverse transcriptase PCR (qRT-

PCR). These protocols are applicable to zebrafish embryos subjected to a wide range of 

experimental conditions, including comparison of genetic mutants or environmental 

conditions. 
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A.3 Protocol 

1. Embryo Preparation 

1. Generating embryos through natural mating 

1. Culture embryos to 3 months of age, reproductive maturity[159, 161]. 

2. Segregate adult male and female fish from the desired strain into divided 

mating tanks on the evening before embryo collection, and add 2 males 

and 3 females to each tank. NOTE: Use of the 

transgenic insulin2a:mCherry fluorescent reporter strain allowed the 

analysis of pancreatic β-cells. 

3. Transfer fish to the mating tank with fresh system water and remove the 

divider immediately after the lights come on the following morning. 

4. Allow the fish to mate naturally until embryos are observed in bottom 

tank. Collect embryos in 30 min intervals until the desired amount is 

collected. Store each collected time point in separate Petri dishes in 

embryo media at 28.5 °C. 

5. Perform microinjection of genetic material or placement in experimental 

culture media[160], if desired, and culture the embryos in fresh Hank's 

embryo medium[161] in 10-cm Petri dishes at 28.5 °C. NOTE: For gene 

expression analysis in morpholino (MO) injected or mutant animals, note 

that each manipulation may have incidental impacts on gene expression. 

Mutants can exhibit genetic compensation at the level of transcription that 

is not observed by MO-based gene targeting[162]. 

2. Stage embryos 
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1. Culture the embryos in groups of 50–75 embryos per 10-cm Petri dish to 

promote consistent developmental timing of all embryos. 

2. Monitor the developmental morphology using dissecting microscope at 

blastomere, epiboly, and somite stages to ensure developmental 

progression[163]. NOTE: Remove any dying or malformed embryos to 

prevent developmental delay in the dish. 

3. Separate the embryos based on the developmental age. Measure the 

embryo age using somite number after segmentation (post-gastrulation, 

10.33 hours post fertilization (hpf)) until approximately 24 hpf. Stage the 

embryos and larvae using total body length after 24 hpf. NOTE: The 

somites are the chevron-shaped mesodermal tissue present on the dorsal 

part of the embryo. 

4. Place the sorted embryos into a 28.5 °C incubator and allow development 

to progress to the desired age. 

2. Single-cell Dissociation: Whole Embryo and Sorted Cell Populations 

1. Whole embryo dissociation 

1. Euthanize the zebrafish embryos at the desired stage by placing the Petri 

dish on ice for 5-15 min until no movement is observed. 

2. Transfer a pool of 20 embryos to a labeled 1.5 mL microcentrifuge tube. 

Remove any excess embryo media from the microcentrifuge tube. 

3. Add 200 µL lysis reagent (see Table of Materials) to the tube containing 

embryos. Homogenize the embryos in lysis reagent mechanically using a 
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pestle. Add 800 µL lysis reagent to bring the total volume to 1 mL. Store 

at -80 °C until RNA extraction. 

2. Flow-sorted cell isolation [137]  

1. Transfer the embryos from the Petri dish into a 1.5 mL microcentrifuge 

tube and remove as much embryo medium as possible. NOTE: Depending 

on the embryo age, mechanical dissociation may also be required at this 

step. With embryos > 48 hpf, we recommend the use of a pestle to disrupt 

embryo integrity before proceeding. 

2. Incubate the embryos with 1 mL of dissociation buffer 1 (see Table of 

Materials) in 1.5 mL microcentrifuge tube. Incubate for 15-30 min at room 

temperature. Triturate the solution by gently pipetting up and down using 

a P1000 tip to mix every 3-4 min during the incubation step. DO NOT 

VORTEX. 

3. Collect the embryos by centrifugation for 3 min at 300 x g and remove the 

supernatant. Re-suspend the embryos in 1 mL dissociation buffer 2 

(see Table of Materials). Incubate for 15-30 min at room temperature with 

regular pipet trituration. 

4. Assess the digestion by diluting 1-2 µL of suspension in fluorescence-

activated cell sorting (FACS) buffer under microscope. NOTE: Complete 

digestion has occurred when the examined aliquot shows single cells with 

minimal cell clusters and pieces of embryonic tissue. 

5. Collect the cells by centrifugation at 300 x g for 5 min. Remove 

supernatant. Re-suspend the cells into 1 mL FACS buffer, and gravity 
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filter through a 40 µm cell strainer to remove undigested tissue from the 

sample. 

6. Count the cells using a hemocytometer and dilute with FACS buffer to 

approximately 1x 106cells/mL in a FACS tube. NOTE: For cell types with 

a relatively small number per embryo (less than 5% of total), such as 

pancreatic β-cells, use a minimum of 1,000 stage-matched embryos. 

7. Provide the FACS sorting facility with the FACS tubes containing 1 mL of 

cell suspension samples as well as FACS tube containing only lysis 

reagent or FACS Buffer. Gate the FACS flow-sorter to collect only single 

cells that express the fluorescent reporter. 

8. Perform the FACS flow-sorting until the desired cell numbers have been 

collected. NOTE: To perform RNASeq, there is a minimum total RNA 

required. We have found that 3,000-5,000 cells are sufficient to isolate 

high-quality, high-concentration RNA. 

9. Store the collected cells on ice and proceed immediately to RNA 

preparation. 

3. RNA Preparation 

1. Extract RNA 

1. Incubate the collected sample (from step 2) with lysis reagent for 5 min at 

room temperature. 

2. Add 0.2 mL of chloroform for each 1.0 mL of lysis reagent used and 

invert the tubes by hand for 15 s. Incubate for 2-3 min at room 

temperature. Centrifuge the samples at 12,000 x g for 15 min at 4 °C. 
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3. Transfer the separated, aqueous phase to a fresh tube and add 0.5 mL of 

isopropanol for each 1.0 mL of lysis reagent used. Incubate for 10 min at 

room temperature. Centrifuge the samples at 12,000 x g for 10 min at 4 

°C. 

4. Wash with 75% ethanol and centrifuge the samples at 7,500 x g for 5 min 

at 4 °C. Remove the supernatant completely and allow to air dry at room 

temperature. Re-suspend the RNA in 15-30 µL diethyl pyrocarbonate 

(DEPC)-treated water. 

2. Purify high-quality RNA 

1. Combine the RNA suspension with 1/10 volume 3M sodium acetate (pH 

5.5) and 1 volume of isopropanol. Incubate for 20 min at room 

temperature and centrifuge the samples at 12,500 x g for 10 mins at 4 °C. 

2. Wash the pellet with ice-cold 70% ethanol in DEPC-treated water and 

centrifuge the samples at 10,000 x g for 5 min at 4 °C. Repeat the wash 

step once. 

3. Remove the supernatant and allow to dry at room temperature. Re-suspend 

in DEPC-treated water. 

4. Assay the extracted RNA for the concentration (ng/µL) and purity 

(260/230 ratio) using an absorption spectrometer. Ensure that the 260/230 

value is ~ 2.0 before proceeding with RNASeq. Store at -80 °C until use 

(up to 6 months). 

5. Send the RNA samples to a vendor or core for RNASeq and gene 

expression change analysis based on quantification of sequencing reads. 



 152 

The results returned from the vendor are typically provided as a list of 

genes exhibiting a significant fold-change in transcript reads between 

samples. NOTE: A column can be used if the above method yields poor 

quality RNA. The amount, concentration, and RNA Integrity Number 

(RIN) for RNA samples should be confirmed with the vendor or core. The 

vendor or core will also typically assess RIN. 

4. Pathway and GO Term Analysis 

NOTE: See Figure A.1 for representative output of the gene expression analysis after 

RNASeq provided by the core or vendor. 

1. Sorting differentially expressed genes 

1. Comparing a single experimental condition versus control 

1. Open data (results) in a spreadsheet management software 

(see Table of Materials). 

2. Select the drop-down arrow next to the 'Sort' button and select 

"Custom Sort" within the spreadsheet containing the differentially 

expressed genes in the experimental versus control condition. 

3. Select the box under 'Column' in the window that pops up and 

choose to sort by the 'LFC' column. Ensure 'Values' is selected in 

the 'Sort On' column. Select to sort from 'Largest to Smallest' in the 

'Order' column and click "OK". NOTE: This will sort the 

differentially expressed genes so that those with increased 

expression (positive LFC) will appear at the top of the list while  
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Figure A.1. Representative output of gene expression analysis after RNASeq provided 
by the core or vendor. Feature ID indicates the ENSEMBL gene ID number. Read counts 
indicates the number of reads in either control or experimental samples that aligned to 
that gene in the genome. Fold change and the log of the fold change indicate the degree 
of change in expression of the gene between the experimental and control sample in 
either the positive (increase) in expression in the experimental sample direction, or 
negative (decrease) in expression in the experimental sample direction. The p-value and 
FDR are statistical tests to determine the significance of results; for RNASeq 
experiments, a more stringent FDR value of 0.05 is used to determine significance. 
Gene_symbol indicates the NCBI gene ID, and gene_name lists the full name of the gene. 
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those with decreased expression (negative LFC) will appear at the 

bottom of the list. 

2. Compare the multiple experimental conditions to a single control as 

follows. 

1. Select the first cell in an empty column on the Experimental 1 

versus Control spreadsheet to determine differentially expressed 

genes found in two experimental conditions. Type the following 

equation into the cell: 

 

NOTE: This equation is a combination of the IF, ISERROR, and 

MATCH functions. (i) The MATCH function, 

MATCH(A1,Experimental2_vs_Control!A:A,0), will look for the 

value in A1 (the ENSEMBL ID) in the A column (A:A) of the 

spreadsheet named Experimental2_vs_Control 

(Experimental2_vs_Control!). The "0" indicates to look for an 

exact match, and if an exact match is found, the function will 

return a value of "1", while if no match is found, the function will 

return an error "N/A". (ii) The result of the MATCH function is 

then input into the ISERROR function, 

ISERROR(MATCH(A1,Experimental2_vs_Control!A:A,0)), 

where, if the input is "1" indicating a match was found, it will 

return "FALSE", and if the input is "N/A" indicating a match was 

not found, it will return "TRUE". (iii) The "TRUE" or "FALSE" 
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result is then input into the IF function, 

IF(ISERROR(MATCH(A1,Experimental2_vs_Control!A:A,0)),"",

"Duplicate"), where, if the input is "TRUE" indicating a match was 

not found, it will return the value in between the first set of 

quotation marks ("") which is empty, and therefore the cell will be 

empty. If the input is "FALSE" indicating a match was found, it 

will return the value in between the second set of quotation marks 

("Duplicate"), and the cell will say "Duplicate". 

2. Press "Enter" or "Return" to run the equation. Select the cell 

containing the equation and click the box in the bottom right 

corner of the cell. Keep the mouse clicked and drag the selected 

area all the way down the column until the last 'Feature ID', to 

copy the equation into each cell in the column. 

3. Select "Custom Sort" again, add a second level of sorting by 

clicking the "+" icon in the lower left corner. In the first level, 

"Sort by", under Column select "Duplicate", under Sort On select 

'Values', and under Order select 'Z to A'. In the second level, "Then 

by", under Column select 'LFC', under Sort On select 'Values', and 

under Order select 'Largest to Smallest' and select "OK". NOTE: 

This will sort the list of genes into 4 groups based upon 

directionality of expression change. It is important to check the 

genes found in both experimental conditions to ensure that the 
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change in the expression is in the same direction in both or in 

opposite directions. 

4. Remove any parentheses from the gene symbols column before 

proceeding or the results will not be found in the databases. Select 

the entire column containing gene symbols. Select "Edit" then 

"Replace" in the drop-down 'File' menu. Type "(*)" in the "Find 

what:" bar of the Replace window, and leave the "Replace with:" 

bar empty.Select 'Replace All' to remove all instances of 

parentheses. NOTE: The * represents any number of characters, 

by placing this character between two parentheses the program is 

prompted to find any instance in the highlighted cells and any 

instance of parentheses will be replaced with nothing, thereby 

removing them. 

2. Determining enriched pathways 

1. Copy the gene symbols of the set for which one wishes to determine the 

enriched pathways to the clipboard. Go to ConsensusPathDB[93]. Select 

"Gene set analysis" on the left sidebar of the webpage, followed by "Over-

representation analysis". 

2. Paste the list of genes in the "Paste a list of gene/protein identifiers" box. 

Select gene symbol in the "Gene/protein identifier type" box and click 

"Proceed". Select the box next to "Pathways as defined by pathway 

databases" under the Pathway-based sets section. NOTE: A number of 

options for the analysis will appear including the list of available 
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databases to search. We recommend de-selecting all databases except the 

Kegg and Reactome databases as they are the most established and 

comprehensive. The minimum overlap with input list and p-value cutoff 

settings can also be adjusted based on needs. We recommend leaving these 

settings at the default 2 gene minimum overlap and a 0.01 p-value cutoff. 

3. Select "Find enriched sets" to obtain the list of pathways containing genes 

in the input list. NOTE: The output will be in table format including the 

name of each pathway followed by "Set size" (indicating the number of 

total genes in the pathway), "Candidates contained" (indicating the 

number of genes in the input list that are in that pathway), as well as the p-

value and q-value (FDR), and the database from which the pathway was 

identified. 

3. Generation of pathway networks 

1. Determine enriched pathways as described above. 

2. Select all of the enriched pathways to visualize in a pathway network by 

either selecting each box next to the pathway names to be visualized or by 

clicking "All" under "Select" in the column header above the selection 

boxes, then select "Visualize selected sets". NOTE: We recommend 

visualizing all pathways if there are less than 30; if there are greater than 

30 pathways we recommend selecting the top 30 most enriched pathways 

(those containing the greatest number of genes from the input list). 

3. Adjust the "relative overlap" and "shared candidates" filters, by selecting 

either box in the top center of the page and inputting desired percent 
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relative overlap or number of shared candidates, to be more stringent in 

order to make the more pertinent overlaps within the pathway networks 

clearer, and select "apply". NOTE: We recommend a minimum relative 

overlap of 0.2, indicating a 20% gene overlap between 2 pathways to 

connect them, and a minimum of 2 shared candidates. The graph legend 

can be seen by clicking on the graph legend in the upper left of the page. 

4. Determination of enriched GO terms 

1. Copy the gene symbols of the group for which one wishes to determine 

the enriched gene ontologies to the clipboard. Go to the 'GO Enrichment 

Analysis tool' in the Gene Ontology Consortium[94]. Paste the list of gene 

symbols in the box on the left side of the page under "Your gene IDs 

here…" 

2. Select which set of GO terms to use, listed underneath the gene IDs box: 

biological process, molecular function, or cellular component. Choose 

(recommended) 'biological process'. Select 'Danio rerio' underneath the 

GO terms box and click "Submit". NOTE: We recommend using the 

default p-value cutoff of 0.05. 

5. Verification by qRT-PCR 

NOTE: Individual genes identified with significant gene expression changes in RNASeq 

should be verified by targeted qRT-PCR in replicate experiments. 

1. cDNA synthesis 

1. Extract the RNA from embryos using the method described in Section 3.1. 

RNA Extraction. 
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2. Convert 1 µg of RNA to cDNA using cDNA conversion kit (see Table of 

Materials). Combine RNA, dNTPs, and reverse transcriptase enzyme. 

Perform the thermocycler reaction according to the manufacturer's 

specifications. 

3. Dilute cDNA 1:3 in DEPC-treated water. Store at 4 °C for up to 1-2 

months. 

2. qRT- PCR verification 

1. Select genes to verify by qRT-PCR from RNA sequencing results. Identify 

genes with high fold changes in expression. Determine which of these 

genes also contain high read counts, as this indicates abundant expression. 

2. Select 10-12 targets from the high fold change, high read count list of 

genes. Design primers to amplify the target genes that span at least 1 

intron-exon boundary. 

3. Enter the gene or targeted region of the gene into qPCR primer design 

site[164]. Select the "design 2 qPCR primers" and prompt the site to create 

primer set. NOTE: Be sure to include internal control primers, such as β-

actin, to normalize comparisons between samples. The β-actin primers are 

F: 5'-TCGAGCTGTCTTCCCATCCA-3' and R: 5'-

TCACCAACGTAGCTGTCTTTCTG-3'. 

4. Combine the cDNA, forward primer, reverse primer, and polymerase. 

Perform qRT-PCR amplification to determine the relative expression of 

genes[165]. 
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5. Analyze the relative mRNA expression of genes of interest by relative 

quantification determination[165]. 

6. Compare the qRT-PCR to RNASeq results to ensure that the directionality 

of differential expression is consistent. 
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A.4 Representative Results 

Sorting of differentially expressed genes 

 To identify differentially expressed genes in the larval stage of zebrafish models 

of AS and BBS, we targeted either alms1 or bbs1 transcripts by injecting previously 

validated splice-blocking MOs into wild-type zebrafish embryos[25, 92]. At 5 days post 

fertilization (dpf), two replicates of RNA were extracted from each condition, as well as 

embryos injected with control MO, as described in Section 3 above. RNA from each 

sample was sequenced to a depth of ~ 120 million reads with ~ 107 million reads aligned 

to the zebrafish genome. Between 85-90% of the aligned reads mapped to exonic regions 

of the genome. 

 1,348 total genes were significantly changed in the AS model and 471 total genes 

were significantly changed in the BBS model. Shared changes in gene expression 

between the models or changes unique to one of the models were identified as described 

in Section 4.2. 1,084 total genes were uniquely changed in the AS model, 612 up-

regulated and 472 down-regulated, and 207 genes were uniquely changed in the BBS 

model, 176 up-regulated and 31 down-regulated (Fig. A.2). 264 genes were found to be 

significantly changed in both models, 73 were up-regulated and 182 were down-

regulated, and 9 showed opposite changes in expression between the two models (Fig. 

A.2). The discrepant numbers of differentially expressed genes between the two models 

suggest that bbs1 and alms1 may impact different stages in development. 

 Interestingly, the large number of differentially expressed genes in the AS model 

suggest that alms1plays an important role in development at the 5 dpf stage, while the 

smaller number of gene changes in the BBS model suggest that the role of bbs1 may  
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Figure A.2. Differentially expressed genes in the BBS and AS models. Number of genes 
up-regulated (red) or down-regulated (yellow) in alms1 MO (green) injected embryos, 
bbs1 MO (orange) injected embryos, or both compared to standard control MO injected 
embryos. *Denotes number of genes changed in both but having opposite changes in 
expression. 
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not be as prominent at this time point. In contrast, previous transcriptomic analyses at 2 

dpf suggested the reverse[115]. 

Determination of enriched pathways and gene ontologies in zebrafish model of AS 

 To more clearly elucidate the molecular profile of the AS model, the pathways 

and gene ontologies enriched in the differentially expressed genes were identified. 

Enriched pathways were determined by querying the ConsensusPathDB and enriched 

Gene Ontologies were determined by querying the Gene Ontology Consortium as 

described in Sections 4.3-4.5. The most highly enriched among the genes up-regulated in 

the AS model, by number of genes or fold enrichment, were analyzed. 31 total pathways 

were up-regulated in the AS model. Aside from the broad grouping of "metabolism," the 

most highly affected pathways were the innate and adaptive immune system with 32 and 

20 genes, respectively (Fig. A.3A). Downstream β-cell receptor signaling events were 

also enriched suggesting immune system up-regulation in this model. Several signaling 

pathways were also enriched among the up-regulated genes in the AS model, consistent 

with the association of AS with primary cilium dysfunction, a major signaling center of 

the cell (Fig. A.3A). In addition, three pathways associated with insulin secretion were 

up-regulated: fatty acids bound to GPR40, free fatty acids, and acetylcholine (Fig. A.3A). 

This is consistent with the highly penetrant insulin resistance and T2D phenotypes in AS 

patients. Six GO terms were enriched among the up-regulated genes in the AS model, 

including erythrocyte differentiation, erythrocyte homeostasis, myeloid cell homeostasis, 

and homeostatic processes (Fig. A.3B). To assess the interconnectedness of the up-

regulated  
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Figure A.3. Upregulated pathways and enriched GO terms in the AS model. (A) 
Upregulated pathways by number of genes. (B) Upregulated GO terms by fold 
enrichment. (C) Pathway connectivity of upregulated pathways in the AS model. 
Pathway connections determined by a minimum of 20% shared genes between pathways 
and at least 2 genes overlap. 
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pathways, a pathway network of the AS model up-regulated pathways was generated 

(Fig. A.3C). The major node of interconnected pathways revealed a high degree of 

connectivity among the pathways associated with the immune system and signaling, 

while one of the minor nodes revealed connectivity between the three insulin regulatory 

pathways. Finally, we verified the gene expression changes identified by RNASeq by 

assessment of 5 gene targets, which were either up- or down-regulated in the AS model. 

The directionality of gene expression changes by qRT-PCR in aste, gck, bmb, 

btr26, and ifi35, relative to control, recapitulated that observed by RNASeq (Fig. A.4A-

B). 
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Figure A.4. qRT-PCR validation of gene expression changes. Changes in gene 
expression identified by RNASeq were confirmed in age- and treatment-matched 5 dpf 
embryos, injected with control, alms1, or bbs1 MO. (A) Subset of genes showing mRNA 
expression of genes using qRT-PCR. (B) Equivalent data showing read counts from the 
RNASeq dataset. All data are relative to control, and qRT-PCR were normalized to actin. 
aste, asteroid homolog 1; gck, glucokinase; bmb, brambleberry; btr26, bloodthirsty-
related gene family, member 26; ifi35, interferon-induced protein 35. 
  



 168 

A.5 Discussion 

 The approach described in this protocol offers a relatively rapid and cost-effective 

strategy for transcriptome-level analysis of whole animals or specific sorted cell 

populations. The zebrafish provides an advantageous model for this type of study because 

of the ease and rapidity in generating large amounts of starting material, the ease of 

implementing genetic or environmental experimental conditions, and the availability of a 

large spectrum of transgenic reporter lines allowing for isolation of cell-type specific and 

tissue-specific populations. 

 While not detailed here, this method could easily accommodate tissue sections 

collected from juvenile or adult fish as an alternative to FACs and collection. We also 

developed a basic follow-up analysis strategy that only relies on the use of basic 

spreadsheet commands and pre-existing pathway and GO databases. The major 

advantage of this approach is the ease of accessibility without requiring high-level 

expertise in computer programming or database management. As such, this strategy is 

applicable for investigators of all backgrounds for informative analysis of large gene 

expression data sets. 

 Our approach combines basic zebrafish embryo and larval culture with standard 

RNA extraction techniques followed by RNASeq. RNASeq requires a large quantity of 

high-quality starting material; some vendors require 2 µg of total RNA. As a result, 

rare/infrequent cell types or individual embryo analysis is out of reach. However, the last 

five years have demonstrated dramatic improvements in low-yield analyses, datasets 

generated from smaller samples, and lower RNA quantities, and we expect that these 

applications will be possible in the near future. To ensure accurate results, the addition of 
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both technical replicates, i.e., generating two RNA libraries from a single sample, and 

biological replicates, i.e., collecting embryos from multiple matings, is ideal. These steps 

allow the researchers to control for variation in samples, and sequences identified in all 

samples are more likely to be true results, with the reduced likelihood of missing a lower 

read-count result. 
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A.6 Table of Materials 

Name Company Catalog Number Comments 
Commercial 
Reagents  

   

TriZol Thermo Scientific 15596026 lysis reagent  
TrypLE Gibco 12604013 dissociation 

buffer 1  
FACSMax Genlantis T200100 dissociation 

buffer 2  
DEPC-treated water Sigma 95284   
FirstStrand cDNA 
conversion 

Thermo Scientific K1621 cDNA 
conversion kit  

2X SYBR Green 
Master Mix 

Roche 4707516001 qRT-PCR 
Master Mix  

FACS buffer Fisher Scientific 50-105-9042   
Chloroform Sigma Aldrich 288306   
sodium acetate Sigma Aldrich S2889   
Name Company Catalog Number Comments  
Zebrafish Strains     
Tuebingen ZIRC ZL57   
ins2a:mCherry ZIRC ZL1483   
Name Company Catalog Number Comments  
Equipment     
40 micron cell 
strainer 

Sigma CLS431750   

FACS tube BD Falcon 352063   
Hemocytometer Sigma Z359629   
Dissecting 
Microscope 

Zeiss    

Inverted Microscope Zeiss    
Nanodrop Thermo Scientific    
Illumina HiSeq Illumina    
LightCycler 480 Roche    
Mating tanks 1.0L 
Crossing Tank Set 

Aquaneering ZHCT100   

FACS tube 5 mL 
polypropylene tube 

BD Falcon 352063   

Name Company Catalog Number Comments  
Software     
Excel Microsoft    
Consensus Path DB cpdb.molgen.mpg.de/    
GO Enrichment 
Analysis 

geneontology.org/ 
page/goenrichment-
analysis 
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APPENDIX B: GENOMIC KNOCKOUT OF ALMS1 IN ZEBRAFISH 
RECAPITULATES ALSTRÖM SYNDROME AND PROVIDES INSIGHT INTO 
METABOLIC PHENOTYPES1 

 
As second author on this manuscript I contributed the following: 

• Design and generation of CRISPR guide RNA 

• CRISPR/Cas9 Injection 

• Validation of CRISPR guide RNA efficacy by sequencing 

• Identification of deleterious knockout mutation 

• Generation of alms1-/- zebrafish line 

• β-cell counts to confirm cell loss in mutants 

• Confirmation of knockout by mRNA expression and protein levels 

• Feed assay including weight and length measurements 

B.1 Abstract 

 Alström syndrome (OMIM #203800) is an autosomal recessive obesity ciliopathy 

caused by loss-of-function mutations in the ALMS1 gene. In addition to multi-organ 

dysfunction, such as cardiomyopathy, retinal degeneration and renal dysfunction, the 

disorder is characterized by high rates of obesity, insulin resistance and early-onset T2D. 

To investigate the underlying mechanisms of T2D phenotypes, we generated a loss-of-

function deletion of alms1 in the zebrafish. We demonstrate conservation of hallmark 

clinical characteristics alongside metabolic syndrome phenotypes, including a propensity 

for obesity and fatty livers, hyperinsulinemia and glucose response defects. Gene 

                                                
1 Nesmith, J.E., Hostelley, T.L., Leitch, C.C., Matern, M.S., Sethna, S., McFarland, R., Lodh, S., Westlake, 
C.J., Hertzano, R., Ahmed, Z.M., Zaghloul, N.A., 2019. Genomic knockout of alms1 in zebrafish 
recapitulates Alström syndrome and provides insight into metabolic phenotypes. Hum. Mol. Genet. 
https://doi.org/10.1093/hmg/ddz053 
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expression changes in β-cells isolated from alms1−/− mutants revealed changes 

consistent with insulin hypersecretion and glucose sensing failure, which were 

corroborated in cultured murine β-cells lacking Alms1. We also found evidence of 

defects in peripheral glucose uptake and concomitant hyperinsulinemia in the alms1−/− 

animals. We propose a model in which hyperinsulinemia is the primary and causative 

defect underlying generation of T2D associated with alms1 deficiency. These 

observations support the alms1 loss-of-function zebrafish mutant as a monogenic model 

for mechanistic interrogation of T2D phenotypes. 
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B.2 Introduction 

 Primary cilia are present on the majority of vertebrate cell types and act as cellular 

hubs for sensing and transducing signaling pathways [82]. Deletions in ciliary genes—

including basal body proteins, transition zone components and intraflagellar transport 

elements —are implicated in diseases termed ciliopathies, which exhibit a broad range of 

phenotypes [14, 54]. A unique subset among these disorders is obesity ciliopathies, which 

present with highly penetrant, early-onset obesity. AS, one of the two major obesity 

ciliopathies, is associated with the most profound metabolic derangement among the 

disorders, including prominent early-onset truncal obesity, severe insulin resistance, 

hyperinsulinemia, early-onset T2D and several other metabolic syndrome features [32, 

166]. This rare autosomal recessive syndrome is caused by pathogenic variants 

in ALMS1, which localizes to the basal body of cilia [108], and may play a role in 

intracellular trafficking [25, 167]. The reported mutations include loss of function and 

truncations and a likely role in centrosome and basal body biology [32, 108]. However, 

the precise cellular function is unknown, although proposed roles include a structural or 

scaffolding role in centrosomal complexes [168], regulation of cytoskeletal components 

[167] and modulation of secretion and endosomal trafficking [25, 167]. Additional 

hallmark features of the disorder include cardiomyopathy, retinal degeneration and renal 

dysfunction. The unique metabolic features of AS, however, offer the opportunity for 

generating models to better understand the cellular etiology underlying metabolic 

conditions, including T2D, and to investigate the potential role of ciliary proteins. 

 Here, we present a zebrafish model of AS. Zebrafish (Danio rerio) have long 

been used as models of human genetic disease. External embryonic development allows 
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for whole-body knockdown and knockout studies, a translucent body plan permits high-

resolution microscopy of whole animals, and high fecundity provides ease of mutant 

generation as well as large-scale omic studies [169–172]. Zebrafish have also recently 

emerged as robust models of metabolic biology owing to conservation of basic 

physiology, including gastrointestinal function, endocrine regulation, lipid and glucose 

metabolism and central neuronal regulation of food intake, all present by 5 days post-

fertilization (dpf) [173, 174]. We previously correlated β-cell proliferation to T2D in 

obesity ciliopathies using knockdown models of two ciliopathies, Bardet–Biedl syndrome 

and AS [25, 92]. While these transient knockdown studies informed the role of alms1 in 

regulation of β-cell production, the inherent limitations of transient knockdown preclude 

more large-scale studies and extensive investigation of later onset and adult phenotypes. 

 We generated a genomic AS model by targeting the zebrafish alms1 gene using 

CRISPR/Cas9. The resulting heritable mutation ablated protein production and resulted 

in systemic defects that recapitulate the human syndrome, including defects in 

neurosensory, cardiac and renal systems. Metabolic phenotypes included highly penetrant 

hepatic steatosis, increased weight gain under high-fat (HF) feeding conditions, impaired 

glucose uptake, defective systemic responses to high-glucose conditions and early-onset 

hyperinsulinemia. To more closely examine glucose regulation in this monogenic, 

hyperinsulinemia-driven diabetic model, we introduced loss-of-function alms1 mutations 

into a transgenic β-cell reporter zebrafish line, isolated β-cells from the alms1−/−zebrafish 

and examined whole transcriptome data using RNA-seq. These data reveal a role 

for alms1 in modulation of β-cell insulin secretion through regulation of intracellular 

secretion and supported impaired glucose sensing. These findings indicate that β-cell-
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autonomous defects are a primary driver of early-onset hyperinsulinemia and T2D, 

potentially providing insight into β-cell defects underlying more common forms of T2D. 
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B.3 Results 

Generation of a zebrafish alms1 loss-of-function mutant 

 We targeted zebrafish alms1 by injection of guide RNAs (gRNA) targeted to exon 

4 of the gene along with Cas9 protein injection directly into one-cell stage embryos of 

Tg(insa:mCherry) transgenic zebrafish, in which β-cells express mCherry under control 

of the preproinsulin (insa) promoter (Fig. B.1A) [72]. This design allowed for whole-

body phenotyping as well as examining β-cell-specific defects in mutants. In adult F1 

animals, we identified a heritable 7 bp deletion (c.1086_1092del) in exon 4 that results in 

a frameshift and introduction of a premature stop codon at p.S364X (Fig. B.1A). We 

identified multiple heterozygous F2 carriers of the deletion and in-crossed them to 

propagate a homozygous alms1−/− line. We noted non-Mendelian ratios in progeny of 

heterozygous parents, with homozygotes representing only 14% of genotyped adult fish 

(P = 0.007; chi-squared; Fig. B.1B), suggesting an important developmental role 

for alms1. alms1−/− homozygous mutant animals survived to adulthood and could be 

mated to produce viable progeny. Their offspring also exhibited high rates of curly tail  

phenotype at 3 dpf, which is typical of zebrafish ciliary mutants (Fig. B.1C) 

[175]. alms1 RNA and Alms1 protein levels were dramatically decreased 

in alms1−/− animals (Fig. B.1D-E). Intermediate RNA levels were identified in 

heterozygote animals, although no morphological abnormalities were observed (Fig. 

B.2A), indicating non-hypomorphic penetrance of the mutation. 
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Figure B.1. Generation of zebrafish alms1−/− line. (A) Schematic of alms1 genomic 
region with and without CRISPR/Cas9-induced deletion resulting in premature stop 
codon (orange). Sequence shown indicates region in exon 4 with sgRNA target (green) 
and deletion (red). (B) Ratios of identified mutants in heterozygous in-cross progeny 
indicating reduced rate of homozygous mutants relative to expected Mendelian 
ratios. (C) Representative images of alms1+/+ (n = 82) and alms1−/− (n = 70) larvae at 
5 dpf. Numbers of alms1−/− larvae having ciliopathy body dysmorphogenesis shown. 
Scale bar, 1 mm. (D)alms1−/− larvae have reduced RNA expression levels compared 
to alms1+/+ at 5 dpf (n = 60–90 larvae). Statistics, Student's t-test, ****P < 0.0001. Dots, 
replicates; error bars, 95% confidence interval (CI). (E)alms1−/− larvae have reduced 
protein levels compared to alms1+/+ at 5 dpf. 
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Figure B.2. Classifying phenotypic defects in alms1-/- zebrafish. (A) Zebrafish alms1 
gene expression in adult fish of indicated genotype. Statistics, One-Way ANOVA. (B) 
Quantification of cardiac edema over time in alms1+/+ (n=30) and alms1-/- (n=69) 
larvae. Note the lack of change in percentage over time. (C) Thickness of overall retinal 
tissue and photoreceptor layer in 6-month-old adult alms1+/+ (n=4) and alms1-/- (n=4) 
animals. Statistics, One-Way ANOVA. (D) Total fat consumed as assessed by 
fluorescence per 20 larvae in alms1+/+ (n=6) and alms1-/- (n=7) larvae at 7 dpf. (E) 
cDNA levels of Alms1 in cultured MIN6 b-cells in control and si-Alms1 conditions. 
Statistics, two-tailed Student’s t-test with Welch’s Correction. Where indicated, ** 
p<0.01, **** p<0.0001, NS not significant. 
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alms1−/− zebrafish phenocopy AS-induced cardiomyopathy, retinal dystrophy and 

renal defects 

 Having identified viable homozygous alms1 mutants, we examined broader 

phenotypes in alms1−/− fish. AS patients and mouse mutant models exhibit a wide range 

of phenotypes across multiple organ systems [32, 176]. 

 Nearly two-thirds of AS patients present with dilated cardiomyopathy and 

congestive heart failure [177]. The earliest manifestation of cardiomyopathy in zebrafish 

is cardiac edema, which results from failed contractility, loss of vascular integrity or 

ventricular malformations [178]. Compared to 2.5% of wild-type control animals 

generated from sibling clutch mates, 18% of alms1−/− embryos exhibited cardiac edema 

at 48 hours post-fertilization (hpf) (Fig. B.3A). The frequency of this edema was 

consistent through 5 dpf in both genotypes (Fig. B.2B), suggesting a lack of progressive 

cardiac defects. Although this reflected a 6-fold increase in edema (P < 0.0001; observed 

versus expected), the majority of alms1−/−embryos appeared largely normal (Fig. B.3A). 

We observed smaller hearts in adult alms1−/− fish when compared with wild-type 

controls (Fig. B.3B). A closer examination revealed loss of ventricular integrity as seen 

by the thickened walls in adult alms1−/− fish (Fig. B.3C), expansion from 21.37 ± 2.7 µm 

in alms1+/+adult hearts to 32.11 ± 3.4 µm (P = 0.026; Fig. B.3C). These findings are 

consistent with cardiomyopathy in AS, including reported variability in phenotypic 

presentation in patients [177]. 

 Retinal degeneration is typical in AS patients, with visual impairment appearing 

within a few weeks of birth and complete blindness before age 30 as a result of 

progressive photoreceptor loss [32, 179]. We assessed alms1+/+ adult retinas and found  
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Figure B.3. alms1−/− zebrafish display multiple defective organ 
systems. (A)Representative images of alms1+/+ and alms1−/− larvae showing severe 
cardiac edema at 48 h post-fertilization. Scale bar, 1 mm. Quantification of cardiac edema 
rates in alms1+/+ (n = 71) and alms1−/− (n = 44) larvae. Significance, chi-
squared, ****P < 0.0001. (B) H&E sections from alms1+/+ and alms1−/− zebrafish at 
6 months showing gross structure in the heart. Scale bar, 500 µm. A, atrium; V, ventricle; 
M, muscle; IN, intestine. (C) H&E sections from alms1+/+ and alms1−/− zebrafish 
showing high magnification of ventricular wall. Quantification of thickness of ventricular 
wall in alms1+/+ and alms1−/−animals (n = 4 animals). Bracket, ventricular wall. Scale 
bar, 25 µm. A, atrium; V, ventricle. Dots, individual measurements; error bars, 95% 
CI. (D)Representative images of H&E staining of retinal layers 
from alms1+/+ and alms1−/− zebrafish at 6 months showing degradation of multiple retinal 
layers in alms1−/− animals. Retina directionality indicated by photoreceptor and ganglion 
cell sides. Scale bar, 50 µm. (E) Quantification of scotopic b-wave amplitudes in 
response to light stimulation from alms1+/+ (n = 4) and alms−/−(n = 3) zebrafish at 
9 months of age. Error bars, 95% CI. (F) Representative H&E images of kidneys 
in alms1+/+ and alms1−/− animals at demonstrating the abnormal shape and size of kidney 
tubules in alms1−/− animals. Distal tubule, yellow arrow; proximal tubule, red arrow. 
Scale bar, 100 µm. (G) Lumen width along short axis in kidneys 
from alms1+/+ and alms1−/− animals (n = 4 animals). Error bars, 95% CI. Where 
indicated, *P < 0.05, **P < 0.01.  
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no impairment of retinal architecture, with the ganglion cell, plexiform and photoreceptor 

layers all intact (Fig. B.2C; Fig. B.3D). The alms1−/− adults exhibited reduced retinal 

integrity, most notably in the photoreceptor layer, which was visibly degraded (Fig. 

B.3D). The overall retinal width and the photoreceptor layer were thinner in 

the alms1−/− retinas, supporting the reports of tissue degradation (Fig. B.2C). These 

observations are consistent with the retinal degeneration and subsequent blindness 

observed in human patients. To assess functional impact of alms−/− on vision, we 

performed full-field electroretinograms (ERGs) on 9 month-

old alms1+/+ and alms−/− zebrafish. Non-invasive in vivo scotopic ERGs showed 

attenuated b-wave amplitudes in alms−/− zebrafish as compared to controls (Fig. B.3E), 

indicating reduced photoreceptor responses. Intriguingly, we noticed age-dependent 

reduced motility and decreased food-seeking behavior in alms1−/−mutants, consistent 

with severe vision loss (data not shown). Together with our histological findings, these 

data implicate Alms1 in maintenance of retinal sensory epithelia and visual function. 

 Nearly half of AS patients have a broad range of renal defects, including total 

failure, calculi, interstitial fibrosis and glomerulosclerosis [32]. We examined gross 

kidney morphology in H&E-stained sections of kidneys from alms1+/+ adults and 

observed well-formed tubule structure of varying intensities, indicating distal (lighter 

stain, yellow arrow) and proximal (darker stain, red arrow) tubules (Fig. 

B.3F). alms1−/− kidney sections contained apparent interstitial degradation and dilation of 

distal and proximal tubules (Fig. B.3F; colored arrows). Quantification of the tubule 

lumens, measuring across the shortest axis, indicates dilated tubules in 

the alms1−/− animals, increasing to 23.99 ± 4.3 µm, as compared to alms1+/+, an average 
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of 13.43 ± 1.6 µm (P = 0.029; Fig. B.3G). These observations are consistent with 

degradation of tubules and interstitial space and with previously reported phenotypes 

in Alms1−/− mice [176]. 

alms1−/− zebrafish exhibit systemic metabolic defects 

 Having confirmed prominent multi-organ features in alms1−/−zebrafish, consistent 

with reports in other organisms [32, 176, 177], we next assessed metabolic function in 

these animals. AS patients exhibit high rates of early-onset obesity coupled with 

hyperinsulinemia and progression to frank T2D, often as early as the second decade of 

life [32]. To examine possible increased weight gain, we subjected adult wild-type or 

mutant fish clutch mates to an 8 week dietary regimen consisting of either regular pellet 

diet (control diet) or a 10-fold increased weight of pellet diet supplemented with 5-fold 

weight of egg yolk powder (HF diet) [180, 181]. alms1+/+ fish did not gain significant 

weight with control diet, but HF diet produced a 1.9-fold increase over starting weight 

(P = 0.033; two-way ANOVA; Fig. B.4A-B). By comparison, alms1−/− fish gained 

weight under all dietary conditions. Control diet in alms1−/− fish resulted in a 1.6-fold 

increase over starting weight and HF diet produced a 3.2-fold increase in weight. 

Notably, significant weight gain in alms1−/−fish was apparent after only 3 weeks of HF 

feeding (P = 0.021; two-way ANOVA; Fig. B.4A-B). We did not observe quantifiable  

differences in food intake at larval stages, suggesting that the obesity phenotype is 

unrelated to central regulation of satiety or hunger (Fig. B.2D). 

 Truncal obesity observed in AS patients is accompanied by hepatic steatosis, a 

common hepatic manifestation of metabolic syndrome. Fatty liver has been reported in a 

substantial proportion of patients and mouse AS models [32, 176]. To determine if  
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Figure B.4. alms1−/− zebrafish exhibit increased weight gain and systemic metabolic 
defects. (A)alms1+/+ and alms1−/− zebrafish adults at 3 months were fed daily with set 
weights of either maintenance diet (control) or overfeeding with HF diet for 8 weeks 
(n = 4–6 animals per condition). Statistics, two-way ANOVA compared 
to alms1+/+ control diet. (B) Representative images of alms1+/+ and alms1−/− zebrafish 
after 8 weeks of either control diet or HF diet. (C)Representative images of Oil Red O 
staining in livers of alms1+/+ (n = 27) and alms1−/− (n = 23) larvae at 6 dpf. Scale bar, 
500 µm. Quantification of Oil Red O positive livers. Significance, chi-
squared. (D) Representative regions of sectioned H&E liver tissue 
from alms1+/+ and alms1−/− zebrafish at 6 months. Scale bar, 25 µm. BV, blood vessel. 
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mutant zebrafish exhibit abnormal accumulation of hepatic lipids, we stained whole-

mount 6 dpf larvae with Oil Red O and examined hepatic lipid content (Fig. B.4C). Only 

18% of alms1+/+ embryos exhibited observable and dense Oil Red O staining in their 

livers, while 82% of alms1−/− embryos exhibited excess fat deposition (P < 0.0001; 

observed versus expected; Fig. B.4C). In adult alms1−/− fish, this was accompanied by 

hepatopancreatic hypertrophy, demonstrated by increased cell density when compared to 

age- and section-matched wild-type animals (Fig. B.4D). 

alms1−/− zebrafish β-cells display abnormal glucose and insulin molecular 

responses 

 While hyperinsulinemia and insulin resistance provide the physiological 

foundation for T2D, loss of β-cell mass and function is the hallmark of disease 

progression. We identified increased β-cell apoptosis and decreased β-cell proliferation 

after alms1 knockdown [92], indicating a β-cell deficiency in AS-associated diabetes. 

Consistent with these data, alms1−/− adult pancreatic tissue had fewer insulin granule-

positive areas, encompassed by the indicated regions, and lacked integrity, the gaps 

indicated by yellow arrowheads, when compared to location-matched control tissues (Fig. 

B.5A). A total of 5 dpf alms1−/− larvae contained an average of 20.4 ± 1.3 β-cells per 

fish, compared to 31.9 ± 1.0 β-cells per fish in controls (P < 0.0001; Student's t-test; Fig. 

B.5B). Given reduced β-cell number in alms1−/−animals at all stages  

examined, we hypothesized an inability to appropriately sense and regulate systemic 

glucose in alms1−/−animals. 

 We evaluated the impact of this failed glucose sensing in the pancreas by 

examining β-cell numbers in larval fish, where high-glucose conditions are known to  
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Figure B.5. alms1−/− zebrafish islets have fewer β-cells and reduced glucose 
responsiveness. (A) Aldehyde fuchsin staining of sectioned zebrafish at 6 months 
showing aberrant islet structure (`ins+', dark purple regions) and tissue degradation 
(arrowheads) in alms1−/− as compared to alms1+/+. BV, blood vessel; D, secretory duct. 
Scale bar, 50 µm. (B)β-cell imaging and quantification (count method in bottom panel) of 
5 dpf larvae in alms1+/+(n = 31) and alms1−/− (n = 22) larvae via ins:mCherry reporter 
expression. Scale bar, 25 µm. Dots, individual larvae. Statistics, Student's t-test with 
Welch's Correction. (C) Representative images of β-cells with and without exposure to 
40 mM glucose in alms1+/+ and alms1−/− larvae. Scale bar, 25 µm. (D)Quantification of 
β-cells at 5 dpf from alms1+/+ (NT = 22, Glu = 31) and alms1−/−(NT = 25, Glu = 18) 
larvae via ins:mCherry reporter expression. Statistics, one-way ANOVA. Dots, 
individual larvae. Error bars, 95% CI. Where 
indicated, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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result in expansion [182]. We evaluated this response using alms1+/− progeny treated 

with either glucose-free standard embryo media or media supplemented with high 

glucose (40 mM) starting at 24 hpf. A total of 5 dpf larvae were fixed and mCherry+ β-

cells were imaged and counted prior to genotyping (Fig. B.5C). This blinded analysis 

demonstrated β-cell expansion in wild-type larvae grown in 40 mM glucose media from 

an average of 30.6 ± 1.1 to 36.7 ± 1.9 β-cells per fish (P = 0.0049; one-way 

ANOVA; Fig. B.5D) [92]. The alms1−/− larvae exhibited reduced numbers of β-cells 

under control conditions, an average of 27.0 ± 1.1 β-cells, and failed to increase β-cell 

numbers after high-glucose exposure, an average of 29.1 ± 0.9 β-cells (P = 0.0671; one-

way ANOVA; Fig. B.5D), implicating Alms1 in β-cell response to elevated systemic 

glucose. 

 The β-cell deficits suggest a pathophysiology in which β-cells are unable to 

properly respond to exogenous cues. To better understand how loss of alms1 may impact 

β-cell function, we generated single-cell homogenates from 5 dpf larvae of either wild-

type Tg(insa:mCherry) or Tg(insa:mCherry);alms1−/− and isolated mCherry+ cells via 

flow assisted cell sorting (FACS) sorting (Fig. B.6A) [183]. Using RNA from isolated 

cells, we carried out whole-transcriptome analysis via RNA-Seq [115, 183]. Using a cut 

off for differentially expressed genes of a fold change of greater than 1 or less than −1, 

we identified a total of 3880 up-regulated genes and 5531 down-regulated genes  

in alms1−/−β-cells (Fig. B.6B). We confirmed the nature of these cells by identifying 

enriched expression of islet and β-cell markers (Fig. B.6C). We then carried out pathway 

analysis of significantly changed genes and found that down-regulated genes in mutant β-

cells strongly supported a generalized decrease in cellular activities, such as protein and  
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Figure B.6. Transcriptomic analysis indicates dysregulation of insulin secretion and 
glucose sensing in zebrafish alms1−/−β-cells. (A) Schematic of experimental design for 
comparative gene expression in β-cell-enriched populations from age-matched control 
and alms1−/− larvae. (B) Volcano plot of significantly differentially expressed genes from 
GRZ10 between control and alms1−/−larvae. (C) Selected tissue specific genes identified 
in isolated alms1+/+ cells indicating high expression of pancreatic markers. Error bars, 
standard deviation. ND, not identified. (D) Subset of significantly up-regulated pathway 
nodes, identified by ConsensusPath DB, in alms1−/−β-cells. Genes within intersections 
are listed in table alongside the fold increase and significance compared to alms1+/+β-
cells. 
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RNA processing, consistent with previously reported significant apoptosis (Fig. 

B.7 and Tables B.1 and B.2) [92]. Over-represented terms in the up-regulated gene set 

were related to cellular transport and secretion (37 of 74 categories) and cell membrane 

ion transport (Table B.1). These findings support a role for alms1 in regulating secretion 

and membrane depolarization in β-cells. We identified a group of significantly abundant 

pathways in up-regulated genes with known pancreatic functions (Table B.1). These 

genes clustered into those implicated in monogenic diabetes, nutrient transport (mainly 

metal ion and amino acids carriers), insulin secretion (including calcium and potassium 

channels) and generalized pancreatic secretion (Fig. B.6C). The intersections of these 

pancreas-related pathways contain a subset of six genes, including slc2a2/glut2, found in 

three pathways, and insulin, found in two pathways (red numbers; Fig. B.6C). 

AS represents a primary hyperinsulinemia diabetes model 

 Given the identified functional defects in alms1−/−β-cells and the implication of 

insulin secretion defects from transcriptomic data, we hypothesized that the diabetes 

phenotype may be linked to dysregulated glucose sensing or insulin secretion. 

 We evaluated the mechanism by which ALMS1 impacts insulin secretion using a 

simplified cultured mouse β-cell model, Beta-TC-6. Alms1 knockdown was accomplished 

via transient siRNA transfection (si-Alms1) with an average of  

0.38 ± 0.04 Alms1expression relative to control levels (P < 0.0001; Student's t-test; Fig. 

B.2E). We examined the RNA-Seq implicated subset of β-cell function genes in cultured 

β-cells. When exposed to 16.7 mM glucose, physiological high-glucose conditions, 

control β-cells showed an increase in adenylyl cyclase 5 (Adcy5) and 

calcium/calmodulin-dependent protein kinase 2b (Camk2b), both known to transmit  



 189 

 
Figure B.7. ConsensusPath DB analysis of down-regulated and up-regulated genes in 
alms1-/- b-cell enriched populations. Nodes particular interest from down-regulated (A) 
and up-regulated (B) genes found to be differentially expressed genes between b-cells 
isolated from alms1+/+ and alms1-/- zebrafish. Green highlight in B, pancreatic secretion 
and diabetes-related pathway nodes. (C) Legend indicating scale of pathway components 
in A and B. 
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Table B.1. Over-abundant Up-regulated Genes in alms1-/- b-cell enriched populations as 
identified by Gene Ontology analysis. All categories significantly enriched over 3-fold 
are shown. Gene Ontology defined biological process, fold enrichment and p-value. 
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Table B.2. Over-abundant Down-regulated Genes in alms1-/- b-cell enriched populations 
as identified by Gene Ontology analysis. All categories significantly enriched over 3-fold 
are shown. Gene Ontology defined biological process, fold enrichment and p-value. 
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signals downstream of glucose transport in murine β-cells, along with moderate changes 

to Pklr, which initiates intracellular glucose processing and alters cellular metabolism, 

and Slc2a2, the main murine glucose transporter (Fig. B.8A) [184]. Irrespective of 

glucose levels, si-Alms1β-cells exhibited a dampened Adcy5 response and higher levels 

of Camk2b gene expression profiles (P = 0.002; two-way ANOVA; Fig. B.8A). This 

appeared to be accompanied by a failure to alter Pklr and Slc2a2 expression in response 

to glucose (Fig. B.8A). In fact, Pklr appeared to mimic high-glucose control conditions 

even in si-Alms1β-cells cultured in low-glucose conditions (Fig. B.8A), suggesting an 

inability to properly sense external glucose conditions and regulate gene expression. 

 These gene expression data led us to hypothesize si-Alms1β-cells would exhibit 

inappropriate insulin secretion in response to high glucose. Secreted insulin upon 

stimulation with physiological high glucose in si-Alms1β-cells was evaluated using high-

sensitivity ELISA. Control β-cells required 10 min to begin secreting insulin in response 

to high glucose and reached a total of 2.9-fold higher secreted insulin by 30 min (Fig. 

B.8B). si-Alms1β-cells showed 1.8-fold higher levels of secreted insulin than control β-

cells without glucose stimulation and after 30 min of high glucose, si-Alms1β-cells were 

at 2.0-fold of unstimulated control levels (P = 0.032; two-way ANOVA; Fig. B.8B). 

These data suggest a modest hypersecretory basal state in unstimulated AS β-cells 

accompanied by an impairment in glucose-stimulated insulin secretion. 

 We returned to our in vivo zebrafish model to evaluate glucose sensing and 

insulin secretion responses. First, we examined peripheral glucose uptake in wild-type 

zebrafish larvae via exposure to 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-

deoxyglucose (2-NBDG), a fluorescently labeled glucose analog, and quantified  
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Figure B.8. Hyperinsulinemia accompanied by defective glucose sensing with loss of 
Alms1. (A) Expression of glucose response genes in si-Alms1β-cells under basal 
(2.5 mM) and high-glucose (16.7 mM) conditions (n = 4). Cells were collected after 
10 min after glucose stimulation. (B) Relative insulin by ELISA-based detection in 
culture media from β-cells after 30 min of exposure to 2.5 mM and 16.7 mM glucose 
(n = 3), normalized to basal si-control, shows failure of si-Alms1 cells to alter insulin 
secretion. (C and D) 2-NBDG at indicated concentrations was provided to 
(C) alms1+/+ and (D) alms1−/− larvae for 6 h. The kidney and retinal fluorescence 
intensity were quantified at each dose. Dots, individual larvae. (E) Relative insulin by 
ELISA-based detection under the indicated conditions in alms1+/+ (n = 30–50 per group) 
and alms1−/−(n = 30–50 per group) larvae at 5 dpf. All statistics, two-way ANOVA. Dots, 
replicates; error bars, 95% CI. Where indicated, *P < 0.05, **P < 0.01. 
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fluorescence intensity in larval kidneys and retinas after 6 h [185]. The kidney represents 

a highly glucose sensitive but non-insulin dependent tissue, which demonstrated a dose-

dependent increase in fluorescence intensity, from 6.4-fold in 600 µM to 9.7-fold in 

1000 µM 2-NBDG (P < 0.0072; two-way ANOVA; Fig. B.8C). The retina exhibits 

insulin-dependent glucose uptake and also showed a dose-dependent increase in 

fluorescence, from 1.9-fold in 600 µM to 5.4-fold in 1000 µM 2-NBDG (P < 0.0033; 

two-way ANOVA; Fig. B.8C). Unlike the wild-type animals, however, neither the kidney 

nor retina of alms1−/− animals increased fluorescence intensity at higher doses (NS, not 

significant; two-way ANOVA; Fig. B.8D). Therefore, we conclude a loss of both 

mediated and passive glucose sensing and uptake in peripheral tissues of alms1−/− larvae. 

 While informative for assessing the capacity of alms1−/− animals to sense and 

regulate glucose homeostasis, the 2-NBDG compound does not address β-cell 

competency for insulin secretion. To assess β-cell responses, we challenged larvae with 

glucose and quantified total insulin in pooled 5 dpf larvae using a high-sensitivity insulin 

ELISA. Insulin increased to 3.55-fold over baseline in alms1+/+ grown in 40 mM glucose 

(P = 0.019; two-way ANOVA; Fig. B.8E). However, the alms1−/− larvae showed a basal 

hyperinsulinemia, 3.57-fold that of untreated alms1+/+ (P = 0.022; one-way ANOVA), 

that was unaffected by high-glucose conditions (NS; two-way ANOVA; Fig. B.8E). 

These data are suggestive of a primary hyperinsulinemic state that is decoupled from 

systemic glucose concentration. 
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B.4 Discussion 

 The studies presented here characterized the physiologic and phenotypic 

responses of a newly generated AS model created in zebrafish using CRISPR/Cas9. This 

mutant line exhibits reduced Alms1 RNA and protein levels with known cilia-related 

body dysmorphogenesis (Fig. B.1) [175, 186] and recapitulates physiological defects of 

AS patients and mouse AS models (Fig. B.3) [32, 176]. As obesity and related metabolic 

defects are defining characteristics of this ciliopathy, the propensity for excess weight 

gain and inappropriate lipid storage implicates Alms1 in zebrafish metabolic regulation 

(Fig. B.4). These conserved effects underscore the utility of the model for interpretation 

of human phenotypes as zebrafish metabolic organs, including adipose depot locations 

and regulating hormones, closely mimic human physiology [173, 174, 187, 188]. 

 AS patients exhibit hyperinsulinemia, insulin resistance and T2D 

[189]. alms1 mutant zebrafish failed to respond to glucose challenge and showed overall 

reduced β-cell numbers (Fig. B.5). RNA expression indicates that the remaining β-cells 

in alms1−/−animals are improperly functioning and likely susceptible to apoptosis. RNA-

Seq gene expression analysis in cells isolated from alms1−/− animals show excess 

secretory activity and cellular transport, especially in insulin-related pathways, alongside 

an overall decrease in transcription and translation (Figs. A2.6 and A2.7 and Tables 

B.1 and B.2). Of particular interest in these categories include ion channel transport 

genes—specifically 3 sodium-dependent glucose transporters (slc5a1, slc5a2 and slc5a9), 

2 major calcium response elements (camk2aand camk2b), 24 potassium transport genes 

and another 15 genes involved in the transport of small sugars and amines. Consistent 

with these data indicating increased secretion, we found hyperinsulinemia in larvae and 
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insulin hypersecretion in unstimulated cultured β-cells, along with impaired glucose-

stimulated insulin secretion in both (Fig. B.8). We conclude that unstimulated β-cells 

lacking alms1 are hypersecretory. 

 Based on these observations, we propose unstimulated β-cell hypersecretion as a 

primary driver of hyperinsulinemia in alms1−/−animals. Insight from RNA-Seq gene 

expression changes and observed phenotypic responses lead us to propose two aspects of 

β-cell function that are reliant upon Alms1: (1) control of insulin secretion in the absence 

of stimuli and (2) appropriate β-cell glucose sensing. We used a simplified β-cell culture 

system to examine these aspects individually. The knockdown of Alms1resulted in excess 

secreted insulin without glucose stimulation, but failure to respond to high-glucose 

stimulation at the level of either insulin secretion or altered gene expression (Fig. B.6). 

Epistatic analysis of glucose sensing and insulin response pathways in cultured β-cells 

will identify genetic pathway defects to be confirmed in alms1−/− animals. The molecular 

mechanism by which Alms1 impacts secretion is unknown, and such studies would 

inform the function of Alms1 protein in β-cells, potentially providing insight into its role 

in other cell types. Importantly, our observations provide additional evidence of a central 

role for β-cell cilia in sensing extracellular stimuli that directly impact insulin secretion. 

Ciliary localization of insulin receptors in β-cells is critical to normal function [79]. 

Several adenylyl cyclases, including those encoded by ADCY5 and ADCY8, have also 

been linked to cilia in other cell types [190, 191] and are critical for cAMP generation, a 

major regulator of glucose-stimulated insulin secretion [192]. We propose that Alms1 

impacts the ability to sense systemic insulin and glucose levels, resulting in dysregulated 

β-cell response to stimuli and subsequent secretory defects. 
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 Early-onset insulin hypersecretion may contribute to systemic insulin resistance 

and eventual β-cell exhaustion. The primary role of β-cell dysfunction in T2D versus a 

secondary defect to peripheral insulin resistance is a current topic of debate [193, 194]. 

Our data do not preclude some degree of insulin resistance in peripheral tissues at early 

life stages. Importantly, we observed hyperinsulinemia at larval stages in which islets are 

functional but prior to the onset of adipogenesis, potentially suggesting β-cell 

hypersecretion as a primary driver. Given the non-tissue specific nature of this mutant, 

individual contributions of adipose or muscle tissue to observed diabetes phenotypes 

cannot be evaluated. Generation of β-cell-specific deletion of alms1 will permit cell-

autonomous analyses of Alms1. The utility of zebrafish and its high-fidelity 

recapitulation of human disease phenotypes support its utility in modeling of genetic 

diabetes and elucidating the root causes of β-cell failure and T2D etiology. 
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B.5 Materials and methods 

Zebrafish husbandry and stocks 

 Experiments were performed using Tg(insa:mCherry) from the Zebrafish 

International Resource Center (ZIRC). Adult fish were screened and a 7 bp deletion in 

exon 4 of alms1 was identified, resulting in the Tg(insa:mCherry);alms1−/− line. Embryos 

were raised at 28.5°C for all experimental analyses. Adult zebrafish were housed and 

mated naturally, based upon standard protocols (ZIRC). All zebrafish work was 

conducted in accordance with the University of Maryland Baltimore Institutional Animal 

Care and Use Committee (IUCAC) guidelines. 

Zebrafish analyses and imaging 

 For histological analyses, adult fish—~6 months in age—were sacrificed in 

0.05% 3-amino benzoic acid ethyl ester (tricaine, Sigma-Aldrich, St Louis, MO). 

Samples were fixed for 24 hrs in Dietrich's solution (30% ethanol, 10% formalin and 2% 

glacial acetic acid), embedded in optimal cutting temperature compound (VWR, Radnor, 

PA) and sectioned into 10 µM thick transverse sections. Hematoxylin (Thermo Fisher 

Scientific, Waltham, MA) and eosin Y (95%, Sigma-Aldrich) staining was performed to 

evaluate overall tissue morphology. Aldehyde fuchsin staining with fast green 

counterstain (Sigma-Aldrich) was performed to examine insulin+ tissues. 

 Visual responses were examined in adult fish—~9 months old—that were dark 

adapted overnight. All following procedures were done under dim red light. Fish were 

anesthetized by submersion in tricaine solution. After anesthesia, zebrafish were 

transferred to wet Whatman filter paper stack and immobilized by injection of 10 µl of 

25 mg/ml gallamine triethiodide (Enzo Life Sciences, Farmingdale, NY) below the gill. 
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Anesthesia was maintained with continuous perfusion of tricaine-containing oxygenated 

system water. The reference AgCl electrode was placed near the eye, and the recording 

electrode was placed on the eye. The fish with attached electrodes was placed in a 

ganzfeld chamber and presented with increasing scotopic stimuli (0.025–9.952 cd × s/m2) 

at 10–60 sec intervals using UTAS BigShot (LKC Technologies, Gaithersburg, MD). A 

minimum of three waveforms per intensity were averaged. 

 Genotyped clutch mates at 3 months of age were used in adult feeding studies. 

The volumes of food were modified from published protocols [180, 181]. Control diet 

volume was assessed prior to beginning the experiment as the amount of food consumed 

by wild-type fish in 5 min. The food volume was calculated after each weight 

measurement to account for weight gain throughout the study period. Fish were fed once 

a day with assigned dietary conditions, and the length and weight were quantified at 

indicated time points. 

 Embryonic feeding assays were performed as previously published [195]. Briefly, 

equal amounts of BODIPY FL C12 (Life Technologies, Carlsbad, CA) egg yolk were 

provided to 7 dpf larvae for a period of 4 h at 28.5°C. The embryos were then lysed, and 

the total fluorescence at 510 nm was quantified. 

 Fat content in larval livers were examined after yolk absorption was complete, 5–

7 dpf, via Oil Red O staining of whole animals fixed in 4% paraformaldehyde. Fatty liver 

was identified by Oil Red O accumulation in the liver area, found on the right side of 

yolk-depleted larvae. 

 β-cell analyses were performed at the indicated time points using previously 

published protocols [92, 154, 182]. Tg(insa:mCherry);alms1+/− progeny were glucose 
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challenged using medium supplemented with 40 mM glucose using previously published 

protocols [154, 182]. After β-cell counts were collected, the alms1 genomic identity of 

each larva was determined via polymerase chain reaction (PCR) genotyping. 

 2-NBDG in dimethyl sulfoxide was provided to 5 dpf larvae at 600 or 1000 µM in 

embryo medium at 28.5°C for 4 h. Glucose uptake was evaluated as the total fluorescence 

in the embryonic kidney or retina, normalized to untreated fluorescence within matched 

tissues. Larval insulin levels were evaluated in pooled larval lysates, mechanically 

dissociated in NP-40 protein buffer, using high-sensitivity insulin ELISA (Mercodia, 

Uppsala, Sweden). 

All image processing and analyses were carried out using Fiji [196]. 

Cell culture 

 Beta-TC-6 cells (CRL11506; American Type Culture Collection, Manassas, VA) 

were cultured in DMEM-H (American Type Culture Collection) supplemented with 15% 

heat-inactivated fetal bovine serum and 1× penicillin/streptomycin (Sigma-Aldrich). 

Knockdowns were accomplished using Lipofectamine 3000 (Life Technologies) and 

either scrambled control or Alms1-targeted siRNA (Life Technologies). Efficacy of 

siRNA knockdown was evaluated via qRT-PCR. 

 Glucose stimulation of cultured β-cells was performed on cells plated at equal 

densities using 2.5 mM and 16.7 mM glucose as baseline and high-glucose 

concentrations, respectively. Insulin was assessed in media collected at the indicated time 

points using high-sensitivity insulin ELISA (Mercodia). 
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RNA-sequencing and analysis of isolated preparation β-cells 

 A total of 5 dpf larvae from Tg(insa:mCherry) and 

Tg(insa:mCherry);alms1−/− were dissociated into single cells and sorted via mCherry+ 

signal using a BD FACS Aria II (BD Biosciences, San Jose, CA) [183]. RNA was 

extracted from isolated cell fraction via extraction kit (Qiagen, Hilden, Germany). RNA 

quantity and quality were assessed via 260/280 absorption. Samples were provided in 

duplicate for library preparation and quantitative analysis using next-generation 

sequencing and an Illumina HiSeq 2x150 PE (GENEWIZ, South Plainfield, NJ). 

Fragments were aligned to the GRZ10 genome with CLC Genomics Server program 

v10.0.1. The data discussed in this publication are accessible online 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125354) [197]. The analysis 

of the identified list of significantly differentially expressed genes was performed as 

previously published [183]. Pathway interactions were visualized using ConsensusPath 

DB [198, 199], and ontology clusters were evaluated using the Gene Ontology 

Consortium toolset [200, 201]. 

Western blots 

 A total of 5 dpf zebrafish larvae were homogenized in NP-40 buffer with protease 

and phosphatase inhibitors (Sigma-Aldrich), run via SDS-PAGE and blotted onto 

nitrocellulose. Membranes were incubated overnight with gp-αAlms1 (1:500; Abcam, 

Cambridge, United Kingdom) or rb-αActin (1:2000; Sigma-Aldrich), then 1 hr at RT 

with species specific HRP-conjugated secondary antibodies (1:15 000; Jackson 

ImmunoResearch, Westgrove, PA) exposed with enhanced chemiluminescence (ECL) on 
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film (Thermo Scientific). Protein intensity was normalized to actin and quantified via 

densitometry function in ImageJ. 

Quantitative Real-Time PCR 

 RNA was extracted using RiboZOL RNA Extraction Reagent (VWR) and 

converted to cDNA via FirstStrand cDNA Synthesis (Thermo Fisher Scientific) per 

manufacturer protocols. Gene expression was determined on a LightCycler 480 (Roche) 

using 2X SYBR Green Master Mix (Roche, Basel, Switzerland) and compared by ΔΔCT. 

Actin and GADPH were used as controls in zebrafish and cultured cells, respectively. 

Primer sequences are available upon request. 

Statistical analysis 

 All experiments represent a minimum of three replicates, with sample number (n) 

provided. Prismv6.0 (GraphPad, San Diego, CA) was used to determine appropriate 

analyses and statistical significance (indicated in figure legends). 
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