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Abstract 

The Mitochondrial Iron-Sulfur Cluster Protein BOLA3  

in Beta Cell Metabolism and Function 

 

Natanya R. Kerper 

 

Beta cell dysfunction is a major contributor to the pathogenesis of type 2 diabetes. This 

dysfunction, which results in the inability of the beta cell to produce and secrete insulin 

upon elevations in blood glucose, has been linked to various metabolic and 

mitochondrial insults. It has been previously been shown that perturbations of the iron 

metabolism and mitochondrial iron-sulfur (Fe-S) cluster biogenesis and transport may 

lead to beta cell dysfunction; we therefore sought to explore the role of the 

mitochondrial Fe-S cluster protein BOLA3 in beta cell metabolism and function. In this 

study we determine that beta cell-specific loss of Bola3 in both murine and human beta 

cells results in a gradual perturbation of glucose homeostasis and beta cell degradation. 

Our data further indicate that both treatment with exogenous recombinant BOLA3 

protein and supraphysiological expression of endogenous Bola3 improves glucose-

stimulated insulin secretion in beta cells, thereby establishing a potential therapeutic 

role for Bola3 and other regulators of mitochondrial metabolism in type 2 diabetes.  
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CHAPTER 1. 

Introduction & Background 

 

Diabetes and the Beta Cell 

Pancreatic beta cells are vital to the maintenance of systemic glucose 

homeostasis. In response to elevated blood glucose levels, beta cells secrete the 

peptide hormone insulin, which stimulates glucose uptake by peripheral tissues such as 

skeletal muscle, liver, and adipose tissue. Tight regulation of insulin secretion is critical; 

inappropriately high serum insulin results in low blood glucose, or hypoglycemia, which 

poses a significant immediate health risk. In contrast, perturbation of beta cell function 

and insulin secretion results in diabetes and its associated long-term complications.  

The most prevalent and well-characterized forms of diabetes are type 1 diabetes 

and type 2 diabetes, which account for nearly all diagnosed cases; however, there exist 

multiple additional subtypes, including the mono-genetic mature onset diabetes of the 

young (MODY) and transient gestational diabetes. Type 1 diabetes is an autoimmune 

disease caused by the inappropriate destruction of beta cells by activated immune cells. 

This wholesale elimination of beta cells results in a near-complete lack of circulating 

insulin, necessitating treatment with exogenous insulin or a whole-pancreas or islet 

transplant. Type 2 diabetes, which affects approximately 10.5% of the United States 

population (National Diabetes Statistics Report), is driven by two primary factors: an 

acquired resistance to insulin by the peripheral tissues responsible for glucose uptake 

and beta cell dysfunction (Kahn, 2003; Kahn et al., 2006; Cerf, 2013; Cohrs et al., 

2020). Characterized by the inability of the beta cell to secrete appropriate quantities of 

insulin in response to elevated blood glucose levels, beta cell dysfunction has been 
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shown to result from a wide variety of physiological stressors, including glucotoxicity 

(Dingreville et al., 2019; Shyr et al., 2019), cellular hypoxia (Cantley et al., 2008; Puri et 

al., 2009; Sato et al., 2014), and oxidative stress (Guo et al., 2013; Besseiche et al., 

2018).  

 

The Beta Cell and Insulin Secretion 

Glucose-stimulated insulin secretion (GSIS) occurs when beta cells sense and 

absorb excess glucose from the bloodstream through the GLUT1 or GLUT2 glucose 

transporters and rapidly internalized to generate ATP. The resulting increase in the 

intracellular ATP/ADP ratio induces closure of KATP-sensitive channels and plasma 

membrane depolarization, causing Ca2+ channels along the cell surface to open. The 

subsequent influx of Ca2+ ions induces exocytosis of insulin granules from the beta cell 

interior (Deeney et al., 2000; Kahn et al., 2006; Fu et al., 2013). Insulin secretion is 

biphasic: first-phase insulin secretion consists of a rapid spike within the initial minutes 

of glucose challenge, while second-phase insulin secretion entails diminished, but 

sustained secretion (Seino et al., 2011).  

 

Insulin Secretion and Aerobic Respiration 

Insulin secretion, particularly first-phase insulin secretion, requires the beta cell to 

rapidly and substantially increases ATP production. This results in an increased 

susceptibility to mitochondrial dysfunction, as more than 95% of ATP in the beta cell is 

produced within the mitochondria through aerobic respiration (Tarasov et al., 2004). 

Aerobic respiration is characterized by glycolysis and two additional stages, both of 

which occur within the mitochondria. The tricarboxylic acid (TCA) cycle oxidizes acetyl-
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CoA in the mitochondrial matrix to generate activated electron carriers, which pass 

electrons to proteins embedded in the mitochondrial respiratory chain for use in the end-

stage process of oxidative phosphorylation (Alberts et al., 2002). Studies have linked 

various metabolic and mitochondrial insults to beta cell dysfunction (Lu et al., 2010; 

Supale et al., 2013; Thivolet et al., 2017). However, this phenomenon has largely been 

studied in the context of mtDNA-linked mitochondrial diabetes, pre-existing type 2 

diabetes, or concurrent insulin resistance (Maechler and Wollheim, 2001; Supale et al., 

2012; Mulder, 2017; Fex et al., 2018). The potential causative role of beta cell-specific 

mitochondrial impairment, particularly unrelated to broad mtDNA defects, in the 

development of type 2 diabetes is less well studied.  

 

Iron and Mitochondria in the Beta Cell 

Iron is critical to mitochondrial function and aerobic respiration: four of the five 

mitochondrial respiratory chain complexes and various components of the TCA cycle 

either directly or indirectly require iron-sulfur (Fe-S) clusters or heme (Paoletti, 2012). 

However, excess cellular iron is known to inflict oxidative damage through the 

production of reactive oxygen species (ROS). Iron uptake, storage, and utilization are 

therefore tightly-regulated processes, particularly in tissues with high metabolic 

requirements, including the brain and heart. The beta cell differs from these tissues in 

that its metabolic burden fluctuates with physiological demand for insulin rather than 

remaining constant; nevertheless, as previously discussed, the process of insulin 

secretion necessitates a significant amount of cellular respiration, and therefore iron 

metabolism. In accordance with the dual nature of iron as both necessary and 

detrimental in excess, iron overload and deficiency have both been associated with beta 
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cell dysfunction and diabetes, though most current research has focused on iron 

overload (Swaminathan et al., 2007; Cnop et al., 2013; Simcox and McClain, 2013; 

Backe et al., 2016; Clark et al., 2018).  

 

Fe-S Cluster Biogenesis 

One of the most predominant uses for cellular iron is the production of iron-sulfur 

(Fe-S) clusters. Fe-S clusters are widely recognized as one of the oldest and most 

versatile classes of inorganic cofactors (Lill et al., 2009). Their capacity to participate in 

redox reactions and electron transfer, confer protein stability, donate sulfur ions, and act 

as environmental sensors makes them critical to organisms across all domains of life 

(Lill et al., 2006; Levi et al., 2009; Lane et al., 2015). Fe-S cluster biogenesis requires a 

complex, coordinated effort by a variety of protein components. These include ISCU, 

the primary dedicated scaffold protein; NFS1, a cysteine desulfurase, and its stabilizing 

accessory protein LYRM4; and frataxin, a putative mitochondrial iron transporter (Lane 

et al., 2015). Following assembly on the ISCU scaffold, Fe-S clusters must be 

transferred to recipient apoproteins. This can be accomplished via one of two 

mechanisms: direct transfer of the Fe-S clusters to recipient proteins by the HSC20-

HSPA9 co-chaperone complex, which associates with ISCU, or indirect transfer via 

intermediate transport proteins such as NFU1, BOLA3, and IBA57 (Rouault, 2015) (Fig. 

1-1). Much remains to be elucidated about the biology of these intermediate transport 

proteins, the existence of which has only come to light within the last several years; 

however, they appear to differ primarily on the basis of their capacity to carry particular 

Fe-S cluster variants  (such as [2Fe-2S] and [4Fe-4S] clusters), their target apoproteins, 
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and their cell-type specificity (Rouault and Tong, 2008; Cameron et al., 2011; Lebigot et 

al., 2017).  

 

 

 

 

 

 

 

The Mitochondrial Fe-S Cluster Protein BOLA3 

Only recently has the role of the Fe-S cluster protein BOLA3 in various aspects 

of aerobic respiration begun to be elucidated. While little is understood about BOLA3, it 

is known to serve as an intermediate transport protein in the Fe-S cluster pathway, 

Figure 1-1. Fe-S cluster biogenesis. Fe-S clusters are initially assembled on an early 
scaffolding complex consisting of ISCU, NFS1, LYRM4, and frataxin. Following assembly 
on the ISCU scaffold, Fe-S clusters can be transferred to recipient apoproteins via either 
direct transfer of the Fe-S by the HSC20-HSPA9 co-chaperone complex, which 
associates with ISCU or indirect transfer via intermediate transport proteins such as 
BOLA3. Figure created with Biorender.com. 
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responsible for delivering Fe-S clusters to proteins within the mitochondria (Rouault, 

2015). In particular, BOLA3 target proteins include those critical to multiple stages of 

aerobic respiration, including the TCA cycle, which oxidizes acetyl-CoA in the 

mitochondrial matrix to generate activated electron carriers, and the electron transport 

chain (ETC), where mitochondrial respiratory chain complexes embedded in the inner 

mitochondrial membrane accept electrons for use in the end-stage process of oxidative 

phosphorylation. Lipoic acid synthase (LIAS) utilizes Fe-S clusters delivered by BOLA3 

as sulfur donors in the biosynthesis of lipoic acid (Mayr et al, 2014). Multiple steps of the 

TCA cycle are carried out by enzymatic complexes that require a lipoic acid cofactor for 

maturation and function, such as the pyruvate dehydrogenase complex (PDH) and 

alpha-ketoglutarate dehydrogenase complex (aKGDH). Both PDH and αKGDH contain 

three protein subunits: E1, E2, and E3 (Randle et al., 1983; Yeamen at el., 1989). 

Following its production, lipoic acid is transferred from LIAS to the E2 subunit of either 

PDH or aKGDH by the LIPT1 transport protein. BOLA3 has also been implicated in the 

function of mitochondrial respiratory chain (MRC) protein complexes I, II, and III. Each 

of these three enzymatic complexes is comprised of between four and forty-four 

subunits, several of which directly require Fe-S clusters delivered by BOLA3 to perform 

redox reactions with electrons donated by NADH (Fig. 1-2).  

In accordance with its role in mitochondrial respiration, BOLA3 is expressed 

across a variety of tissue types (Fagerberg et al., 2014; Uhlén et al., 2015), though 

levels vary greatly. Importantly, while there are two other BOLA family members, 

BOLA1 and BOLA2, they are functionally and spatially distinct from BOLA3 (Willems et 

al., 2013; Banci et al., 2015; Giannuzzi et al., 2019). Further evidence for the inability of 

other BOLA or Fe-S cluster transport proteins, such as NFU1, to compensate for 
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BOLA3 loss comes from studies in which homozygous recessive loss-of-function 

mutations in the BOLA3 gene result in a severe and ultimately fatal condition known as 

multiple mitochondrial dysfunctions syndrome (MMDS). BOLA3 deficiency results in 

early lethality and most significantly impacts tissues with high metabolic demand, 

including the brain and heart: individuals with MMDS present with a wide range of 

complications including encephalopathies, cardiomyopathies, and lactic acidosis 

(Cameron et al., 2011; Haack et al., 2013; Ahting et al., 2015). Interestingly, studies 

have indicated that these patients exhibit hyperglycemia, suggesting a potential link 

between BOLA3 and beta cell function. 
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Figure 1-2. BOLA3 pathway and targets in the mitochondria. BOLA3 delivers Fe-S 
clusters to mitochondrial respiratory chain complexes I, II, and III (right), and lipoic acid 
synthase (LIAS, left). LIAS utilizes Fe-S clusters in the biosynthesis of lipoic acid, which 
is then transported by LIPT1 to the pyruvate dehydrogenase (PDH) and alpha-
ketoglutarate dehydrogenase (αKGDH) enzymatic complexes, which process various 
metabolites critical to the TCA cycle. Figure created with Biorender.com. 



 9 

CHAPTER 2. 

The role of BOLA3 in the murine beta cell  

 

Introduction:   

The Fe-S cluster protein BOLA3 has emerged as a mediator of multiple aspects 

of aerobic respiration, including the TCA cycle and oxidative phosphorylation. While 

clinical research of Bola3-deficient MMDS patients is largely restricted to brain and 

cardiac defects, hyperglycemia has been previously observed. However, MMDS 

represents a whole-body loss of Bola3; it therefore remains unclear the degree to which 

this effect is a function of peripheral tissue defects, beta cell dysfunction, or both. This 

lack of specificity, combined with the early lethality of MMDS and scarcity of MMDS 

patient samples, led us to utilize the mouse as a model system for in vivo interrogation 

of the physiological role and importance of Bola3 in the beta cell.  

 

Results: 

 

Bola3βKO mice exhibit dysfunctional glucose homeostasis in vivo 

We first sought to assess the presence of BOLA3 in the murine pancreas. 

Immunofluorescent staining of wild-type, adult pancreata indicated that BOLA3 is highly 

detectable in the islet, but not in the acinar or ductal cells that comprise the exocrine 

compartment. Furthermore, BOLA3 protein localized to insulin+ beta cells, but not 

glucagon+ alpha cells or somatostatin+ delta cells, suggesting a uniquely high 

requirement for BOLA3 within the beta cell versus other endocrine cell types (Fig. 2-1). 

These data would appear to be in accordance with prior research suggesting that beta 
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cells both express more Bola3 and engage more extensively in iron metabolism than 

either alpha or delta cells (DiGruccio et al., 2016; Berthault et al., 2020). 

 

Given these data, we sought to determine the role of Bola3 in adult beta cell 

function using a tissue-specific, conditional mouse model of Bola3 deficiency. Bola3fl/fl 

mice were bred with Pdx1CreER/+ mice, in which the Pdx1 promoter drives expression of 

the Cre recombinase-estrogen receptor fusion protein. Pdx1 is ubiquitously expressed 

in the developing murine pancreas; however, its expression is largely restricted to beta 

Figure 2-1. BOLA3 expression is most highly expressed in the beta cell in the adult 
murine pancreas. Adult, wild-type murine pancreata stained for BOLA3 (red) and DAPI 
(blue), and co-stained (green) for either insulin (Ins), glucagon (Gcg), or somatostatin (Sst).  
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cells in the adult mouse. Administration of tamoxifen to Pdx1CreER/+;Bola3fl/fl (Bola3KO), 

Pdx1CreER/+;Bola3fl/+(Bola3HET), and Bola3fl/fl or Bola3fl/+ (Bola3WT) mice  at eight weeks of 

age via a five-day course of daily intraperitoneal injections therefore allowed us to 

interrogate Bola3 in mature beta cells (Fig. 2-2A). Lipoylation of DLAT and DLST, the 

E2 subunits of PDH and αKGDH, is commonly used as a proxy for BOLA3 activity; islets 

isolated from Bola3KO mice at eight months post-tamoxifen indeed displayed a 

significant and expected reduction of lipoylated DLAT and DLST (Fig. 2-2B,C), paired 

with a similarly significant reduction in Bola3 transcript levels (Fig. 2-5A). 
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Glucose tolerance tests were performed on Bola3KO Bola3HET, and Bola3WT mice 

beginning one month post-tamoxifen to allow for sufficient recombination of the floxed 

Figure 2-2. A mouse model of Bola3 knockout. (A) Schematic indicating the 
experimental regimen of Bola3fl/fl or Bola3fl/+ (Bola3WT) and Pdx1CreER/+;Bola3fl/fl 
(Bola3KO) mice. (B) Western blot for lipoylation of downstream BOLA3 targets 
DLAT and DLST in Bola3WT and Bola3KO islets. (C) Quantification of (B). 

A 

B 

C 
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Bola3 allele and degradation of existing BOLA3 protein. Glucose tolerance tests were 

further performed at two, four, six, and eight months post-tamoxifen to track progressive 

defects in glucose homeostasis (Fig. 2-3A,B). Bola3KO mice began exhibiting impaired 

glucose clearance compared to Bola3WT mice four months after tamoxifen treatment, 

though they remained overall normoglycemic and responsive to glucose challenge. 

Within six months Bola3KO mice demonstrated significant glucose intolerance, which 

worsened progressively to overt diabetes by eight months post-tamoxifen. No significant 

difference was observed between mice heterozygous for Bola3HET and Bola3WT mice 

until eight months post-tamoxifen, at which point Bola3HET mice began to demonstrate 

an intermediate glucose intolerance phenotype. Though fasting blood glucose levels of 

Bola3KO mice trend upwards, assessment of fasting blood glucose revealed no 

significant difference at six or eight months post-tamoxifen, despite the readily 

observable glucose intolerance of Bola3KO animals (Fig. 2-3C). These data suggest that 

while Bola3KO beta cells remain largely able to maintain basal glucose homeostasis, 

they are incapable of managing the increased cellular and respiratory demand induced 

by glucose challenge.  
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Figure 2-3. Bola3KO mice exhibit dysfunctional glucose homeostasis in vivo. (A) 
Glucose tolerance tests performed on Bola3fl/+ or fl/fl, Pdx1CreER;Bola3+/-,  and 
Pdx1CreER;Bola3-/- mice at two, four, six, and eight months post-tamoxifen injection. (B) 
Area under the curve (AUC) quantification of (A). (C) Fasting blood glucose of Bola3fl/+ or 

fl/fl, Pdx1CreER;Bola3+/-,  and Pdx1CreER;Bola3-/- mice at six and eight months post-tamoxifen. 

A 

B C 
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Intriguingly, our data demonstrate that Bola3KO mice also exhibit elevated fasting 

serum insulin over time, a phenomenon that may underlie our observations regarding 

fasting blood glucose (Fig. 2-4A). This hyperinsulinemia is further accompanied by a 

lagging trend towards an increase in body, likely reflecting the known role of insulin as 

an adipogenic factor (Klemm et al., 2001; Zhang et al., 2009) (Fig. 2-4B). Observed 

impairments in glucose intolerance at six months post-tamoxifen in Bola3KO mice 

precede significant increases in fasting serum insulin or body weight. Given this, and in 

combination with our data indicating that Bola3KO and Bola3WT mice demonstrate 

comparable insulin tolerance at six and eight months post-tamoxifen (Fig. 2-4C), we 

may discount the possibility that our phenotype is the result of acquired resistance to 

insulin. It may, however, arise as a secondary consequence.   
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Figure 2-4. Bola3KO mice display late-stage  fasting hyperinsulinemia and increased 
body weight without concurrent insulin resistance. (A) Fasting serum insulin 
measurements of Bola3fl/+ or fl/fl and Pdx1CreER;Bola3-/- mice six- and eight-months post-
tamoxifen. (B) Body weight of Bola3fl/+ or fl/fl and Pdx1CreER;Bola3-/- mice six- and eight-
months post-tamoxifen. (C) Insulin tolerance tests performed on Bola3fl/+ or fl/fl and 
Pdx1CreER;Bola3-/- mice at six- and eight-months post-tamoxifen (shown as percentage of 
baseline insulin). 

A B 

C 
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Loss of Bola3 results in beta cell dedifferentiation 

Increased basal insulin secretion is characteristic not only of insulin resistance, 

but also of beta cell immaturity (Jermendy et al., 2011; Blum et al., 2012; Puri et al., 

2018). Indeed, beta cell dysfunction is frequently paired with erosion of the mature, 

terminally differentiated beta cell identity (Talchai et al., 2012; Puri et al., 2013; Wang et 

al., 2014; Puri et al., 2015). This process, known as beta cell dedifferentiation, is 

characterized by down-regulation of canonical beta cell genes, including Pdx1, Nkx6.1, 

MafA, and Glut2, frequently in conjunction with up-regulation of genes disallowed over 

the course of beta cell maturation (Fig. 2-5A). Quantitative PCR of Bola3KO and Bola3WT 

islets isolated eight months post-tamoxifen revealed that Bola3KO and Bola3WT islets 

equivalently express the Ins1 and Ins2 transcripts. However, Bola3KO islets showed 

significant reductions in Pdx1, Nkx6.1, MafA, and Glut2 (Fig. 2-5B).  

In accordance with these findings, immunofluorescent staining of Bola3KO and 

BolaWT pancreata revealed subtle differences in PDX1 and NKX6.1 paired with a drastic 

reduction in both membranous GLUT2 and the pool of cytoplasmic GLUT2 reserved for 

trafficking to the membrane (Fig. 2-5C). Further immunofluorescent assessment of 

Bola3KO islets revealed diminished PC1/3, a prohormone convertase critical for 

processing the precursor molecule proinsulin, concurrent with a striking increase in the 

islet proinsulin:insulin ratio (Fig. 2-5D).  
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Figure 2-5. Loss of Bola3 results in downregulation of canonical beta cell 
markers. (A) Canonical markers of immature and mature beta cells. (B) qPCR analysis 
of beta cell identity genes in islets isolated from Bola3fl/+ or or Pdx1CreER/+;Bola3-/- mice. 
 

A 

B 
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Figure 2-5 (cont’d). Loss of Bola3 results in downregulation of canonical beta cell 
markers. Bola3WT and Bola3KO pancreata stained for PDX1, NKX6.1, or GLUT2 
(red, C) and PC1/3 or proinsulin (green, D). 

C 

D 
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Bola3WT islets possess a limited number of alpha cells localized to the islet 

periphery, as has been previous described in examinations of murine islet architecture 

(Kim et al., 2009; Steiner et al., 2010) (Fig. 2-6, top panel). Intriguingly, however 

Bola3KO pancreata contain both islets similar to those found in Bola3WT pancreata and 

islets exhibiting perturbed cellular composition and distribution (Fig. 2-6, bottom panel). 

These include large islets with peripheral and “demarcating” alpha cells (Fig. 2-6, 

bottom middle) and small islets demonstrating both a greatly increased alpha:beta cell 

ratio and alpha cells fully distributed throughout the islet (Fig. 2-6, bottom right). The 

former suggests either cellular migration into the islet interior or islet fusion; the latter 

may indicate the collapse of the islet architecture, possibly due to beta cell death.  

 

 

Figure 2-6. Altered alpha cell number and distribution in Bola3KO islets. 
Immunofluorescent staining of Bola3WT and Bola3KO pancreata for insulin (Ins, red), 
glucagon (Gcg, green) and DAPI (blue). 
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Islets deficient in Bola3 demonstrate mitochondrial fragility and decreased 

cellular respiration 

We next sought to interrogate the metabolic profile and mitochondrial function of 

isolated Bola3-deficient islets using Seahorse XF analysis, which measures oxygen 

consumption rate (OCR), an indicator of mitochondrial oxidative phosphorylation. 

Assessment of the oxygen consumption rate (OCR) as a percentage of basal OCR of 

Bola3KO and BolaβWT islets indicates that Bola3KO islets are capable of mounting a 

respiratory response with similar dynamics as Bola3WT islets in response to glucose 

stimulation (Fig. 2-7A). Interestingly, normalizing oxygen consumption rate to total 

insulin content indicates that Bola3KO islets broadly consume less oxygen than Bola3WT 

islets, thereby suggesting that Bola3KO islets engage less extensively in mitochondrial 

respiration upon glucose challenge (Fig. 2-7B). We previously demonstrated that 

Bola3KO islets exhibit only partial knockout of Bola3 (Fig. 2-5B). Our Seahorse data 

suggest that, rather than a uniform decrease in Bola3 expression, there may exist two 

distinct subcategories of beta cells within Bola3KO islets: Bola3high beta cells capable of 

mounting a respiratory response, and Bola3low beta cells unable to do so (Fig. 2-7C). 

This may account for the observed discrepancy between the baselined and total insulin-

normalized Bola3KO and Bola3WT data. Bola3KO islets demonstrate increased sensitivity 

to the mitochondrial respiratory chain complex inhibitors oligomycin, antimycin A, and 

rotenone than Bola3WT islets (Fig. 2-7D). This increased susceptibility of Bola3KO islets 

to mitochondrial poisons suggests that loss of Bola3 within Bola3KO islets, whether 

uniformly or in a select subpopulation of Bola3low beta cells, constitutes a metabolic 
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insult sufficient to affect other forms of cellular respiration and further diminish the ability 

of the beta cell to withstand metabolic stressors concurrent with glucose challenge.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-7. Decreased mitochondrial and non-mitochondrial respiration in 
Bola3-deficient islets. (A) Oxygen consumption rate (OCR) as a percentage of 
baseline oxygen consumption. (B) Total insulin-normalized OCR. (C) Bola3KO islets 
as a mixed population of Bola3high and Bola3low beta cells. (D) Total insulin-normalized 
OCR represented as AUC during each discrete phase of Seahorse XF analysis.  
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C D 
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Discussion: 

Our study reveals a role for the mitochondrial Fe-S cluster transport protein 

BOLA3 in the beta cell. Bola3 knockout in the adult murine beta cell results in the 

progressive development of in vivo glucose intolerance and occurs in the absence of 

concurrent insulin resistance. This perturbation in global glucose homeostasis, the 

gradual nature of which recapitulates the pathogenesis of type 2 diabetes, is further 

paired with late-stage hyperinsulinemia and weight gain. It should be noted, however, 

that prior research has found that tamoxifen, when administered at sufficiently high 

dosages, is capable of inducing hypothalamic recombination in the Pdx1CreER/+ mouse 

line (Wicksteed et al., 2010). The hypothalamus has been found to play a role in 

glucose sensing and insulin secretion (Osundiji et al., 2012; Routh et al., 2014; 

Hirschberg et al., 2020). For that reason, while these experiments utilized a tamoxifen 

dosage situated at the lower range of those tested, it remains possible that Bola3 loss 

within the hypothalamus contributed to our observations.    

Increased basal insulin secretion is a hallmark of beta cell immaturity (Jermendy 

et al., 2011; Blum et al., 2012; Puri et al., 2018). Indeed, our data indicate that Bola3 

knockout results in the perturbation of canonical mature beta cell markers in a manner 

consistent with cellular de-differentiation. De-differentiation is increasingly thought to 

function as a protective mechanism enacted in response to various physiological 

stressors to allow the beta cell to ensure its own survival (Talchai et al., 2012; Cerf, 

2013). Interestingly, it has been shown that ablation of either LIAS or aKGDH leads to 

activation of the cellular hypoxia response under normoxic conditions. This occurs 

through the buildup of the metabolite L-hydroxyglutarate, which is generated when a-

ketoglutarate cannot be converted to succinyl-CoA by aKGDH. L-hydroxyglutarate 
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inhibits the prolyl hydroxylase (PHD) domain of HIF transcription factors, thereby 

stabilizing them even in the presence of oxygen (Burr et al., 2016). Our prior research 

has demonstrated that non-physiological induction of HIF1a in the beta cell has 

deleterious effects on both beta cell function and beta cell identity (Puri et al., 2009; Puri 

et al., 2013). Given the role of BOLA3 in regulating LIAS and, consequently, αKGDH, it 

is possible that the beta cell de-differentiation observed in Bola3KO mice is linked to 

inappropriate activation of the cellular hypoxia response.  

BOLA3 mediates multiple aspects of aerobic respiration, including the TCA cycle 

and oxidative phosphorylation. Indeed, loss of Bola3 diminished the mitochondrial 

respiratory capacity and increased the sensitivity to mitochondrial poisons of in Bola3KO 

islets. It should be noted that Bola3-deficient MMDS patient tissues retain a low level of 

mitochondrial respiratory chain complex activity. In conjunction with our data 

demonstrating significant, though incomplete ablation of Bola3 in Bola3KO islets, this 

may partially underlie the measure of mitochondrial function still present in Bola3KO 

islets.  As previously discussed, we additionally postulate that the ability of Bola3KO 

islets to mount a respiratory response with a dynamic similar to that of BolaWT islets may 

result from the presence of two distinct populations of Bola3high and Bola3low beta cells, 

as has been observed in BOLA3KO eBCs.  
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CHAPTER 3. 

Recombinant murine BOLA3 protein as a novel beta cell secretagogue 

 

Introduction:  

Though BOLA3 canonically functions within the mitochondria, it has previously 

been shown that Cos-7 monkey kidney fibroblasts-like cells transiently transfected with 

recombinant plasmids are capable of secreting BOLA proteins (Zhou et al., 2008). 

Importantly, recent proteomic analysis has identified BOLA3 as a member of the human 

brown adipocyte secretome (Kajimura, unpublished). Cultured primary adipocytes 

transfected with an adenoviral vector carrying a Bola3 expression construct secrete 

BOLA3 into culture media; tail-vein injection of this vector into diet-induced obese mice 

resulted in circulating serum BOLA3 and a significant improvement in glucose tolerance. 

Taken together, these data have critical biological implications: first, that BOLA3 may be 

secreted by human cells, particularly adipocytes, under certain physiological conditions. 

Second, that secreted BOLA3 may play a role in regulating glucose homeostasis. Given 

the extensive intercellular communication between adipocytes and beta cells through 

various signaling molecules, including secreted proteins, we sought to determine the 

effect of exposing beta cells to exogenous BOLA3.  

 

Results:  

Recombinant murine BOLA3 protein (rBOLA3) was produced via transient 

transfection of mammalian HEK293 cells. This vector carried the murine BOLA3 coding 

sequence appended to a C-terminal FLAG tag for the purpose of purification.  
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In vitro static glucose-stimulated insulin secretion assays were performed with 

isolated murine islets. After equilibration with low levels of glucose (2.8mM), islets were 

either kept under low glucose conditions or switched to high glucose conditions 

(16.7mM), with or without rBOLA3 for one hour to recapitulate exposure to secreted 

BOLA3. Promisingly, islets treated with rBOLA3 demonstrated significantly increased 

stimulation indices when compared to untreated control islets (Fig. 3-1A). This 

functional improvement was evident exclusively at 16.7mM glucose; treatment with 

rBOLA3 was ineffective at 2.8mM glucose. Furthermore, islets were found to respond to 

rBOLA3 treatment in a dose-dependent manner, though the phenomenon became 

diminished at higher rBOLA3 concentrations (Fig. 3-1B). Notably, treatment of isolated 

human islets with rBOLA3 recapitulated the improvement in stimulation indices 

observed upon treatment of isolated murine islets (Fig. 3-2).  
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Figure 3-1. Recombinant BOLA3 protein augments murine islet insulin secretion in 
a dose-dependent manner. (A) Murine islets cultured at either low or high glucose for 
one hour, with or without rBOLA3 (50ug/ml). (B) Murine islets cultured at high glucose 
with 25ug/ml, 50ug/ml, or 100ug/ml of rBOLA3.  

A 

B 
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Discussion:  

It has previously been determined that intraperitoneal injection of rBOLA3 into 

diet-induced obese mice improves glucose tolerance (Kajimura, unpublished). However, 

glucose homeostasis is controlled by multiple organ systems, including both the islet 

and various peripheral tissues. For this reason, this observed improvement in global 

glucose tolerance upon treatment with rBOLA3 could not be taken as conclusive 

evidence that rBOLA3 affects beta cell function. Our results demonstrate that exposure 

to exogenous rBOLA3 specifically improves beta cell function, as defined as glucose-

stimulated insulin secretion, in vitro, thereby establishing a role for BOLA3 as a novel 

beta cell secretagogue.  

These data further suggest that rBOLA3 is not only capable of augmenting beta 

cell function, but that it does so in a glucose-dependent manner. Islets treated with 

Figure 3-2. Recombinant BOLA3 protein augments human islet insulin secretion. 
Human islets cultured at either low or high glucose for one hour, with or without rBOLA3 
(50ug/ml).  
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rBOLA3 demonstrated modulated insulin secretion exclusively upon exposure to 

stimulatory (16.7mM or 20mM) glucose concentrations; no difference between treated 

and untreated islets was observed at sub-stimulatory (2.8mM or 3mM) glucose 

concentrations. The fact that rBOLA3 is sensitive to glucose concentration sets it apart 

from other anti-diabetics, such as sulfonylureas, a class of therapeutic agents 

commonly used to treat type 2 diabetes. Sulfonylureas, as KATP channel blockers, act 

independently of blood glucose levels, causing beta cells to continuously and 

indiscriminately release insulin.   

Because this marks the first evidence that the rBOLA3 protein acts exogenously 

as an insulin secretagogue, many critical questions remain. One of the most pressing is 

how rBOLA3 interacts with the beta cell at the cell surface in order to alter GSIS. The 

mechanics of GSIS are largely intracellular, and we have excluded the possibility of 

action on KATP and Ca2+ channels, two of the only components of the GSIS machinery 

readily accessible to exogenous proteins. Therefore, it is plausible that rBOLA3 is 

internalized by the beta cell, potentially through the process of receptor-mediated 

endocytosis. Alternately, exogenous rBOLA3 may remain extracellular and trigger a 

downstream signaling cascade.  

 It should be noted that further validation of these novel results is highly advisable. 

Exome sequencing of two siblings with MMDS identified the same c.200T>A 

homozygous point mutation, resulting in a p.Ile67Asn substitution, for which both 

parents were heterozygous carriers (Haack et al., 2013).  Given this, we have designed 

a vector harboring the coding sequence for the identified mutant BOLA3 variant to be 

utilized for the concurrent production and testing of functional and nonfunctional 

rBOLA3.  
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CHAPTER 4. 

The role of BOLA3 in the human beta cell  

 

Introduction:  

Reflecting its role as a regulator of mitochondrial metabolism, the Bola3 transcript 

and protein are found to varying degrees across human tissues, including the pancreas 

(Uhlén et al., 2015), though data establishing cell-type specificity is limited. Prior studies 

have interrogated the role of BOLA3 in the human brain, heart, and brown fat  (Baker, II, 

et al., 2014; Imai-Okazaki et al., 2019; Tajima et al., 2019; Bai et al., 2021). We 

therefore sought to rectify the dearth of research devoted to the expression and role of 

BOLA3 in the human islet and beta cells. 

Given the scarcity and limitations of human pancreata and islets, our lab has 

devoted significant efforts over the last decade in establishing a platform to interrogate 

beta cell disease in human cells. Using a precise, sequential recapitulation of 

developmental principles, we can now generate beta cells from human stem cells in a 

dish. Our enriched beta clusters, or eBCs, are the product of a novel protocol developed 

by our lab for the purpose of driving maturation of human embryonic stem cell-derived 

beta cells, thereby allowing them to better recapitulate those found in human islets (Nair 

et al., 2019). Following a 20-day differentiation protocol, our Ins-GFP human embryonic 

stem cell line can give rise to beta-like cells that display widespread GFP expression 

(controlled by the endogenous insulin promoter) with >75% C-peptide positivity. 

Isolation of GFP+ cells via FACS followed by reaggregation of the purified cells 

produces clusters comprised of >90% C-peptide+, mono-hormonal cells. Our data 

demonstrate that eBCs include functional beta cells that strongly resemble human islets 
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in terms of transcriptional profile, dynamic GSIS, Ca2+ signaling, and Seahorse 

analyses. Of note, eBCs are capable of rapidly regulating glucose levels upon 

transplantation in diabetic mice, further supporting the notion that their functional 

properties closely resemble those of human islets. Utilization of these eBCs therefore 

allows us to investigate BOLA3 expression and function in the human beta cell in vitro 

and with a model system that confers significant biological relevance.  

 

Results:  

 

Correlation between BOLA3 and cellular maturity in human beta cells 

Immunofluorescent staining of human pancreata indicates strong BOLA3 

expression in the endocrine compartment, predominately localizing to insulin+ beta 

cells, though expression was also observed in somatostatin+ delta cells (Fig. 4-1A). To 

further probe the role of BOLA3 in the human beta cell in vitro we utilized eBCs, which 

strongly recapitulate the function and mitochondrial metabolism of human islets. 

Immature, beta-like clusters contain less BOLA3 than eBCs (Fig. 4-1), suggesting that 

BOLA3 levels correlate with cellular maturity in the human beta cell.  
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Figure 4-1. BOLA3 localizes to endocrine cells within the human pancreas.  Adult 
human pancreata stained for BOLA3 (red) and DAPI (blue), and co-stained (green) for 
either insulin (Ins), glucagon (Gcg), or somatostatin (Sst).  
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Figure 4-2. Enriched beta clusters possess contain more BOLA3 than immature, beta-
like clusters. (A) Directed differentiation of human embryonic stem cells (day 0) into 
pancreatic progenitors (day 11), immature, beta-like cells (day 20), and eBCs (day 27, post-
FACS). (B) Day 20 clusters and eBCs stained for C-peptide (cyan), BOLA3 (red), and DAPI 
(blue).  
 

A 
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To gain further insight into the genes and pathways that influence metabolic 

maturation of eBCs, we examined RNA sequencing data previously generated by our 

lab to compare immature, beta-like clusters to eBCs (Fig. 4-3A). In accordance with our 

protein data, Bola3 appeared to be upregulated in eBCs. As anticipated based on 

previous studies demonstrating enhanced mitochondrial metabolism in eBCs, various 

protein components of mitochondrial respiratory chain (MRC) complexes I, II, and III 

were upregulated in eBCs. Intriguingly, though, many genes associated with the aerobic 

respiration and the TCA cycle, including those encoding for downstream BOLA3 targets 

LIAS, DLAT, and DLST, were expressed at comparable levels between immature, beta-

like clusters and eBCs. These data suggest the maturation of mitochondrial metabolism 

in eBCs may be characterized and driven by altered expression of a subset of critical 

genes, including BOLA3.  

To probe the validity of these findings in the context of human beta cells, we 

analyzed publicly available RNA sequencing data comparing adult (30 year-old) and 

juvenile (3 year-old) beta cells (Fig. 4-3B). While we found multiple commonalities 

between the datasets, including the upregulation of genes encoding for various MRC 

complex subunits, we also observed several intriguing differences. Both BOLA3 and 

NFU1 are upregulated upon the progression of Day 20 spheres into eBCs; however, 

BOLA3 is the only Fe-S cluster transport protein significantly upregulated in adult 

human beta cells versus juvenile beta cells. These data further support the notion that 

BOLA3 expression is correlated with maturation of the beta cell. 
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Figure 4-3.  Upregulation of iron-sulfur cluster and mitochondrial respiratory chain 
complex genes correlates with cellular maturity. Heat-maps depicting RNA sequencing 
data of genes relevant to iron-sulfur cluster assembly and transport, mitochondrial respiratory 
chain complexes, and glycolysis and the TCA cycle. Gene expression is compared between 
immature, beta like cells (Day 20) and eBCs (A) or mature (30 year-old) and juvenile (3 year-
old) beta cells (B). 
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Figure 4-3 (cont’d).  
 

B 
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CRISPR-Cas9 ablation of Bola3 in human stem cell-derived beta cells 

Given its expression in the human beta cell, we sought to investigate the effect of 

abolishing BOLA3 in vitro with our hESC-derived beta cell system. To that end, we used 

TALEN targeting to generate an inducible CRISPR-Cas9 BOLA3 hESC line (BOLA3KO). 

Two hAAVS1-targeted vectors, one containing Cas9 controlled by a tet-responsive 

element and three different gRNAs against BOLA3 behind their own U6 promoters, and 

one containing a next-generation reverse tetracycline transactivator (mrtTA) under the 

control of the CAG promoter, were introduced into the parental Ins-GFP human 

embryonic stem cell line. This dual-vector system enables constitutive expression of 

mrtTA and the BOLA3-targeted gRNAs. Subsequent administration of doxycycline 

enables mrtTA to bind the tet-responsive element, thereby inducing Cas9 expression 

and gene editing (González et al., 2014) (Fig. 4-4A,B).  

BOLA3KO clusters were treated with doxycycline for seven days, immediately 

post-sorting and reaggregation (day 20), or fourteen days, beginning at the transition 

between pancreatic progenitor cells into immature, beta-like cells (day 12) (Fig. 4-5). 

Given that day 12 spheres are still undergoing maturation, it should be noted that 

introduction of doxycycline at this stage may result in biological changes to the 

differentiation process itself. However, we observed little difference in GFP expression 

between Day 20 cells that began doxycycline treatment at Day 12 and their untreated 

counterparts. Treatment of BOLA3KO clusters with doxycycline for one week resulted in 

diminished BOLA3 in Day 20 spheres and reduced DLAT and DLST in Day 27 eBCs 

(Fig. 4-6A,B). Treated and untreated BOLA3KO eBCs were morphologically similar both 

seven and fourteen days post-doxycycline; however, while GFP expression was 

equivalent between treated and untreated eBCs seven days post-doxycycline, treated 
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BOLA3KO eBCs exhibited diminished GFP expression in comparison to their untreated 

counterparts fourteen days post-doxycycline, indicative of reduced insulin promoter 

activity (Fig. 4-6C,D).   

 

 

 

 

Figure 4-4. Generation of the CRISPR-based inducible BOLA3 knockout hESC line. 
(A) Schematic representation of the dox-inducible BOLA3KO CRISPR-Cas9 system. 
BOLA3KO hESCs possess constructs including three ubiquitously expressed guide RNAs 
targeting BOLA3, an inducible Cas9, and ubiquitously-expressed mrtTA. Upon doxycycline 
treatment, mrtTA binds to the tet-responsive promoter, inducing expression of Cas9 and 
subsequent BOLA3 gene editing. (B) Guide RNA binding sites within exon one of the 
human BOLA3 gene.  
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Figure 4-5. Doxycycline treatment regimen of BOLA3KO clusters. Schematic representing 
each doxycycline treatment strategy utilized. Doxycyline treatment began at either beta 
cluster reaggregation (Day 20, seven total days of doxycycline treatment) or at the pancreatic 
progenitor stage of differentiation (Day 12, fourteen total days of doxycycline treatment). eBCs 
subjected to both regimens were analyzed at Day 27. 
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Figure 4-6. Validation of the BOLA3KO line. (A,B) Western blot for BOLA3 in Day 20 beta-
like clusters (A) and DLAT and DLST in Day 27 eBCs (B) seven days post-doxycycline. (C,D) 
Representative brightfield and GFP images of Day 27 eBCs seven days (C) or fourteen days 
(D) post-doxycycline. 
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Dynamic glucose-stimulated insulin secretion assays were used to perform 

functional assessments of BOLA3KO eBCs. Following one week of doxycycline 

treatment, Day 27 BOLA3KO eBCs began to exhibit diminished glucose-stimulated 

insulin secretion, as measured by both absolute c-peptide secreted and stimulation 

index over the course of the assay (Fig. 4-7A,B), though the functional variability 

between individual differentiations of BOLA3KO eBCs precluded appropriate statistical 

analysis of elements of these data. Extension of the doxycycline treatment regimen to 

fourteen days, however, significantly worsened the secretory capacity of Day 27 

BOLA3KO eBCs (Fig. 4-7C,D). Rather than displaying a simple reduction in secretion 

compared to untreated eBCs, Day 27 BOLA3KO eBCs treated with doxycycline for 

fourteen days appeared to lose the ability to secrete insulin upon glucose stimulation. 

Under both treatment regimens doxycyline treatment most heavily impacted first-phase 

insulin secretion, which we define as the secretory peak between minutes twenty-four 

and twenty-right (24’-28’) over the course of the assay (Fig. 4-7E,F). This result 

suggests that loss of Bola3 in Day 27 BOLA3KO eBCs likely affects either the production 

or trafficking of insulin granules, or the secretion of insulin granules belonging to the 

readily releasable pool (RRP), which largely comprise the first-phase insulin response 

(Hou et al., 2009).  

 

.  
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Figure 4-7. BOLA3 knockout in eBCs results in diminished insulin secretion. 
Reduction of BOLA3 led to decreased c-peptide and stimulation index both seven (A,C) 
and fourteen (B,D) days post-doxycycline. (E,F) Area under the curve representation of (C), 
(D) during first-phase insulin secretion (24’ - 28’). 
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 Figure 4-7. BOLA3 knockout in eBCs results in diminished insulin secretion (cont’d).  
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Inducible Bola3 overexpression in human stem cell-derived beta cells  

To probe whether augmenting endogenous BOLA3 expression in hESC-derived 

beta cells could improve their metabolic and functional capacity we generated a 

doxycycline-inducible Bola3 overexpression hESC line (BOLA3OE). Using TALEN 

technology, as with the generation of the BOLA3KO hESC line, Ins-GFP hESCs were 

electroporated with an hAAVS1-targeted vector containing a Tet-On bidirectional 

inducible expression system. In this system, constitutive expression of the tet-on 

transactivator protein is driven by the CAG promoter; administration of doxycycline 

enables binding of the constitutively-expressed tet-on transactivator protein to a third 

generation tet-responsive promoter, thereby driving expression of the BOLA3 coding 

sequence (Fig. 4-8). 

Figure 4-7. BOLA3 knockout in eBCs results in diminished insulin secretion (cont’d).  

E F 
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Following 48 hours of doxycycline treatment BOLA3OE eBCs were analyzed at 

either seven (Day 27) or fourteen (Day 34) days following sorting and reaggregration 

(Fig. 4-9A). Treatment of Day 27 BOLA3OE eBCs with doxycycline for 48 hours led to a 

significant increase in total BOLA3 protein with no apparent change in eBC morphology 

(Fig. 4-10A, C). Intriguingly, the increase in lipoylated DLAT and DLST appeared 

relatively moderate (Fig. 4-10B,C). These data speak to a similar notion as that derived 

from the Bola3KO mouse model: namely, that observable phenotypes may occur in the 

presence of partial or subtle changes in BOLA3 target protein lipoylation.  This may 

suggest that enhanced protein lipoylation is capable of serving as a particularly robust 

driver of downstream cellular processes; or, alternatively, that the functional 

consequences of BOLA3 loss or overexpression arise largely from its impact on 

mitochondrial respiratory chain complexes, rather than protein lipoylation.  

Figure 4-8. Generation of the BOLA3OE overexpression hESC line. Schematic 
representation of the doxycycline-inducible BOLA3OE hESC line. Upon doxycycline treatment, 
the ubiquitously expressed tet-on transactivator protein binds to the tet-responsive promoter, 
inducing BOLA3 overexpression.  
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Figure 4-9. Treatment and analysis timeline of Bola3OE eBCs. BOLA3OE eBCs were 
treated with doxycyline at either Day 25 or Day 32 to facilitate analysis 48hrs post-doxycyline 
at Day 27 in mature eBCs or Day 34 in “aged” eBCs. 
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Figure 4-10. Validation of the BOLA3OE line.  (A) Western blot for BOLA3 in Day 27 
BOLA3OE eBCs following 48hrs of doxycyline treatment. (B) Western blot for lipoylation of 
downstream BOLA3 targets DLAT and DLST in Day 27 BOLA3OE eBCs 48hrs post-
doxycycline. (C) Representative brightfield and GFP images of BOLA3OE eBCs 48hrs 
post-doxycycline. 
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We subsequently determined that induction of supraphysiological BOLA3 through 

doxycyline treatment enhanced glucose-stimulated insulin secretion in Day 27 BOLA3OE 

eBCs, as measured both by the absolute amount of c-peptide secreted upon exposure 

to high glucose and the stimulation index of BOLA3OE eBCs (Fig. 4-11A,B). This 

improvement was evident at both discrete secretory timepoints and over the sum total of 

the first-phase glucose response (Fig. 4-11C). Treated and untreated Day 27 BOLA3OE 

eBCs secrete equivalent c-peptide at low glucose, indicating that the functional 

improvement resulting from BOLA3 overexpression under these conditions is tightly 

controlled and linked to the physiological glucose response. Similarly, we observed no 

difference in total insulin content between treated and untreated Day 27 BOLA3OE eBCs 

(Fig. 4-11D). Given that extended culturing of Ins-GFP eBCs in vitro results in mild 

functional degradation, we additionally sought to assess the impact of BOLA3 

overexpression on “aged” Day 34 BOLA3OE eBCs. Treatment with doxycycline for 48 

hours restored the function of Day 34 BOLA3OE eBCs, increasing both the absolute 

amount of c-peptide secreted upon exposure to high glucose and stimulation index (Fig. 

4-12A,B). Unlike treated Day 27 BOLA3OE eBCs, however, treated Day 34 BOLA3OE 

eBCs secreted more insulin at under low glucose conditions than untreated Day 34 

BOLA3OE eBCs.  
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Figure 4-11. Overexpression of BOLA3 in Day 27 BOLA3OE eBCs improves glucose-
stimulated insulin secretion. (A,B) Overexpression of BOLA3 in doxycycline-treated Day 
27 eBCs led to increased c-peptide (A) and stimulation index (B) following glucose 
stimulation. (C) Area under the curve representation of (B) during first-phase insulin secretion 
(24’ - 28’). (D) Total insulin content of untreated and treated BOLA3OE eBCs. 
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Figure 4-11. Overexpression of BOLA3 in Day 27 BOLA3OE eBCs improves glucose-
stimulated insulin secretion (cont’d). 
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Figure 4-12. Overexpression of BOLA3 in Day 34 BOLA3OE eBCs improves glucose-
stimulated insulin secretion. (A,B) Overexpression of BOLA3 in doxycycline-treated 
Day 34 eBCs led to increased c-peptide (A) and stimulation index (B) following glucose 
stimulation. 
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Discussion: 

Clinical data from Bola3-deficient MMDS patients and RNA sequencing data of 

both hESC-derived beta cells and human islets suggested that Bola3 likely plays a role 

in the human beta cell. Upon transitioning to an in vitro hESC-derived beta cell system, 

we determined that Bola3 loss diminished glucose-stimulated insulin secretion. The 

severity of these impairments was positively correlated with the length of doxycycline 

treatment, which may be linked to an increased window for either CRISPR-Cas9 activity 

or degradation of remaining BOLA3 protein. This would appear to recapitulate of our 

observations in Bola3KO mice, which demonstrate a gradual, rather than immediate, 

decline in glucose tolerance. However, it should be noted that establishing a fourteen 

day treatment regimen requires that doxycycline be introduced to Bola3 clusters at the 

beginning of terminal beta cell specification (Day 12), as opposed to the immature, beta-

like stage (Day 20). It will therefore require further investigation to determine the degree 

to which the particular stage at which doxycycline is introduced, rather than simply the 

length of the doxycycline treatment itself, impacts the effect of Bola3 knockout on 

BOLA3KO eBCs. 

Metabolic maturation has been shown to drive functional maturation in the beta 

cell (Yoshihara et al., 2016; Nair et al., 2019). For that reason, identifying novel 

regulators of beta cell metabolism, particularly those linked to mitochondrial function 

and dysfunction, may facilitate both the improvement of in vitro beta cell differentiation 

and the development of novel therapeutic strategies for type 2 diabetes. Our data 

demonstrate that supraphysiological Bola3 expression in hESC-derived beta cells 

improves glucose-stimulated insulin secretion in vitro; these improvements are apparent 

in both normal, functional beta cells and beta cells that have experienced functional 
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degradation. This is critical, given that the prevalence of beta cell dysfunction in type 2 

diabetes requires that potential therapeutic interventions be capable of rescuing 

function, rather than simply improving existing function.  

As a post-translational modifier within the mitochondria, BOLA3 represents a 

particularly intriguing therapeutic target. The functional improvements observed upon its 

overexpression suggest that beta cell metabolism and function may be improved 

through precise augmentation of specific mitochondrial and metabolic factors, rather 

than the wholesale shifts in cellular transcriptional profiles resulting from altered 

expression of transcription factors that broadly regulate metabolism. While this study is 

focused on BOLA3, this concept may be applicable to other regulators of mitochondrial 

function, including the downstream BOLA3 targets PDH, aKGDH, and the mitochondrial 

respiratory chain complexes. Increased expression and activity of these factors may 

result in the overproduction of reactive oxygen species within the mitochondria, a 

possibility that requires careful assessment. Still, the promise of BOLA3 and its ilk as 

therapeutic strategies for type 2 diabetes patients warrants continued investigation. 
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CHAPTER 5. 

Materials & Methods 

 

Mouse Studies 

Pdx1CreER and Bola3 floxed (Bola3tm1a(EUCOMM)Wtsi) mice were obtained from Dr. 

Doug Melton and Dr. Shingo Kajimura, respectively. At eight weeks of age Bola3flox/wt, 

Bola3flox/flox, Pdx1CreER;Bola3flox/+, and Pdx1CreER;Bola3flox/flox mice were injected with 

100ul of 10mg/ml tamoxifen dissolved in corn oil daily for five days. IPGTT analyses 

were carried out at two, four, six, and eight months following administration of 

tamoxifen. Mice were weighed after a 16-18hr fast. Fasted blood glucose levels were 

measured using the Contour Glucometer and mice were injected intraperitoneally with a 

1M glucose solution at 10 µl per gram of body weight. Blood glucose was measured at 

15min, 30min, and every 30min thereafter for 150min post-injection. ITT analyses were 

carried out on six and eight month-old male Bola3flox/wt, Bola3flox/flox, Pdx1CreER;Bola3+/-, 

and Pdx1CreER;Bola3-/- mice according to the IPGTT protocol described above, with 

injections of 1U insulin per kilogram of body weight. Tail-vein blood was taken for in vivo 

glucose-stimulated insulin measurements prior to glucose injection and 30min post-

injection. Samples were spun down to collect serum and stored at −80°C with protease 

inhibitors (Roche). Insulin concentration was calculated using the Rodent Insulin ELISA 

kit (ALPCO). All animals were maintained in the barrier facility according to protocols 

approved by the Committee on Animal Research at the University of California, San 

Francisco. 
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Immunofluorescent Staining 

Murine pancreata were fixed in Z-Fix (Anatech) for 12–16 h at 4°C and 

processed for paraffin embedding. Pancreatic sections were de-paraffinized, 

rehydrated, permeabilized with PBST (0.2% Tween-20 in 1X PBS), and subjected to 

antigen retrieval by boiling in a water bath in 1X Antigen Retrieval Citra Plus Solution 

(BioGenex) for 10min at moderate power, followed by 2min at low power. After cooling 

to room temperature, slides were washed three times in PBS for 10min each and 

incubated in blocking buffer (10% FBS in PBST) for 1hr, followed by incubation with 

primary antibodies in blocking buffer overnight at 4°C. Slides were washed three times 

with PBST for 10min each, followed by incubation for 2hr at room temperature with 

secondary antibodies in blocking buffer. Slides were washed three times in PBST for 

10min each and mounted using ProLong Diamond Antifade Mountant with DAPI 

(Invitrogen). Day 20 hESC-derived beta-like spheres and eBCs were fixed with 4% PFA 

for 15min at room temperature, washed with PBS, and stored at 4°C. Spheres and 

eBCs were later embedded in 2% agar, followed by dehydration, paraffin embedding 

and sectioning. Sections were then stained according to the above protocol.  

 

RNA Isolation and Quantitative PCR 

RNA isolation was carried out using the RNeasy kit (Qiagen) as per 

manufacturer’s instructions. cDNA preparation was carried out using the SuperScript III 

First Strand synthesis kit (ThermoFisher Scientific), and quantitative PCR (qPCR) were 

performed using FastStart SYBR Green Master Mix (Roche) as per manufacturer’s 

instructions. Target gene expression was normalized to either murine Cyclophilin A or 

human TBP. Fast SyBr green was used for all qPCR reactions.  
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Protein Isolation and Western Blotting 

Isolated mouse islets or hESC-derived clusters were lysed in 10X PhosSTOP 

(Roche), 25X protease inhibitor (Roche), and 100X PMSF in RIPA buffer (Pierce). 

Protein concentration was measured using the Pierce BCA Protein Assay Kit (Thermo 

Scientific) as per manufacturer’s instructions. Cell lysates were resolved on 10% or 4-

20% acrylamide gradient SDS–PAGE Mini-Protean TGX gels (Bio-Rad). Samples were 

transferred to PVDF membranes (Bio-Rad), blocked for 1hr at room temperature in 

TBST (0.05% Tween-20 in 1X TBS) with 5% milk, and incubated overnight at 4°C with 

primary antibodies in TBST with 1% milk. Membranes were washed three times for 

20min each with TBST and incubated for 2hr at room temperature with secondary 

antibodies in TBST with 1% milk. Membranes with washed three times for 20min each, 

incubated for 5min with SuperSignal™ West Pico Plus Chemi-luminescent Substrate 

(Thermo Scientific), and developed. 

 

Seahorse Metabolic Analysis 

Real-time mitochondrial respiration and oxygen consumption rate (OCR) was 

measured using an XFe24 extracellular flux analyzer (Seahorse Bioscience). Mouse 

islets were isolated at six months post-tamoxifen and rinsed with sodium bicarbonate-

free, pH adjusted (7.4) XF base media supplemented with 3mM glucose. 50 islets were 

placed in each well of an islet capture plate, with three replicates per animal. After 

insertion of a mesh into each well to prevent movement of clusters during the assay, the 

plate was incubated in a non-CO2 incubator at 37°C for one hour. Basal oxygen 

consumption rates were measured at 3mM glucose. Glucose (3mM or 20mM), 
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oligomycin (5uM), carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP, 

1uM), and rotenone and antimycin A (5uM) were then injected sequentially over the 

course of the assay. OCR was measured at 37°C in real time throughout the assay 

period. OCR was normalized to average baseline measurement and expressed as 

percent change during the course of the experiment. Insulin and DNA content of each 

well were also determined by STELLUX Chemi Human C-peptide ELISA kit (Alpco) and 

Quant-iT PicoGreen dsDNA Assay Kit, respectively. 

 

Static Glucose-Stimulated Insulin Secretion Assay 

Islets from adult mice were isolated by the Islet Production Facility Core at the 

Diabetes Center at University of California at San Francisco. Twenty-five islets per 5ml 

tube underwent a one hour-long equilibration period in Krebs-Ringer buffer (KRB) with 

2.8mM glucose. Islets were provided with fresh KRB with 2.8mM glucose and incubated 

for one hour at 37°C. Islets were then incubated for one hour with either fresh KRB with 

2.8mM glucose, KRB with 2.8mM glucose and recombinant BOLA3 protein (rBOLA3) at 

50ug/ml, KRB with 16.7mM glucose, or KRB with 16.7mM glucose and rBOLA3 at 

50ug/ml. Following pre-incubation, samples were at the end of each hour-long 

incubation to quantify insulin secretion. Insulin levels were measured using the 

STELLUX Rodent Insulin Chemiluminescence ELISA kit (Alpco). Dosage response to 

rBOLA3 was measured as described above, incubating islets in either KRB with 

16.7mM glucose or KRB with 16.7mM glucose and 25mg/ml, 50mg/ml, or 100mg/ml 

rBOLA3. Human islets were isolated by the Islet Production Facility Core at the 

Diabetes Center at University of California at San Francisco and subjected to the 

procedure described above, utilizing KRB with 3mM glucose, KRB with 20mM glucose, 
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or KRB with 20mM glucose and 50mg/ml rBOLA3. C-peptide levels were measured 

using the STELLUX Chemi Human C-peptide ELISA kit (Alpco). 

 

Cell Culture and Fluorescence-Activated Cell Sorting 

Mel1 INSGFP/W human embryonic stem cells were maintained and propagated 

on mouse embryonic fibroblasts (MEFs) in hESC media. Cells were passaged by 

enzymatic dissociation using TrypLE (Gibco). To initiate differentiation, confluent hESC 

cultures were dissociated into single-cell suspensions using TrypLE and seeded at 

5.5x106 cells/well in six-well suspension plates, each with 5.5ml hESC media 

supplemented with 10 ng/ml activin A (R&D Systems) and 10 ng/ml heregulinB 

(Peprotech). Suspension plates were incubated at 37°C and 5% CO2 on an orbital 

shaker at 100 rpm to induce 3D sphere formation. After 24 hours, spheres were 

collected in 50 ml falcon tubes, allowed to settle by gravity, washed once with RPMI, 

and resuspended in day 1 media. Following resuspension in day 1 media, spheres were 

distributed into fresh six-well suspension plates with 5.5ml of media/well. Media was 

changed every day thereafter. Until day 3 spheres were fed by removing 5ml of the 

media and replenishing with 5.5 ml of media. From days 4 through 20, 4.5ml of media 

was removed from each well and replaced with 5ml of fresh media. Media compositions 

are as follows:  

 

Day 1: RPMI (Gibco) containing 0.2% FBS, 1:5,000 ITS (Gibco), 100ng/ml activin A, 

and 50ng/ml WNT3a (R&D Systems).  

Day 2: RPMI containing 0.2% FBS, 1:2,000 ITS, and 100ng/ml activin A.  
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Day 3: RPMI containing 0.2% FBS, 1:1,000 ITS, 2.5µM TGFbi IV (CalBioChem), and 

25ng/ml KGF (R&D Systems).  

Day 4–5: RPMI containing 0.2% FBS, 1:1,000 ITS, and 25ng/ml KGF.  

Day 6–7: DMEM (Gibco) with 25mM glucose containing 1:100 B27 (Gibco) and 3nM 

TTNPB (Sigma). Day 8: DMEM with 25mM glucose containing 1:100 B27, 3nM TTNPB 

and 50ng/ml EGF (R&D Systems).  

Day 9–11: DMEM with 25mM glucose containing 1:100 B27, 50ng/ml EGF, and 50ng/ml 

KGF.  

Day 12–20: DMEM with 25mM glucose containing 1:100 B27, 1:100 Glutamax (Gibco), 

1:100 NEAA (Gibco), 10µm ALKi II (Axxora), 500nM LDN‐193189 (Stemgent), 1µm Xxi 

(Millipore), 1µM T3 (Sigma-Aldrich), 0.5mM vitamin C, 1mM N-acetyl cysteine (Sigma-

Aldrich),10µM zinc sulfate (Sigma-Aldrich) and 10 µg/ml of heparin sulfate.  

Day 20: spheres were collected and dissociated into single cell suspensions using 

Accumax, for FACS. Live GFPhigh cells were sorted on FACSAria II machines at low flow 

rates and reaggregated in Aggrewell-400 (StemCell Technologies) plates  at 1.2x106 

cells/well in CMRL containing 1:100 B27, 1:100 Glutamax (Gibco), 1:100 NEAA (Gibco), 

10µm ALKi II (Axxora), 0.5mM vitamin C, 1µM T3 (Sigma-Aldrich), 1mM N-acetyl 

Cysteine (Sigma-Aldrich), 10µM zinc sulfate (Sigma-Aldrich) and 10µg/ml of heparin 

sulfate.  

Day 23: reaggregated enhanced beta clusters (eBCs) were transferred from Aggrewells 

into six-well suspension plates and incubated on orbital shakers at 37°C, 5% CO2 , and 

100 rpm. eBCs were further cultured for one to two weeks. Media was changed every 

third day following reaggregation. A step-by-step protocol describing the maintenance of 
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undifferentiated hESCs, differentiation of hESCs to beta cells, and FACS is published at 

Nair et al., 2019. 

 

Generation of Bola3OE and Bola3KO cell lines 

To generate the Bola3OE cell line, human Bola3 cDNA (Genscript #OHu17882) 

was subcloned into the AAVS1-TRE3G-EGFP plasmid (Addgene #52343) to generate a 

doxycycline-inducible AAVS1-TRE3G-Bola3 plasmid. Mel1-INSGFP/WT human embryonic 

stem cells were dissociated into single cells with TrypLE Select and quenched. Eight 

million cells were resuspended in 500ul hESC maintenance media (hESCa + FGF2) 

then combined in a 0.4cm gap cuvette with 300ul PBS+/+, 20ug AAVS1-TRE3G-Bola3 

plasmid, and 5ug each of AAVS1-TALEN-R and AAVS1-TALEN-L plasmids. Cell 

resuspension mix was electroporated using the Gene Pulser Xcell (Biorad) and replated 

on DR4 iMEFs (Thermo Scientific) with hESC maintenance media and rock inhibitor. 

Single colonies were picked following one week of selection with 0.5ug/ml puromycin 

and propagated for freezing and genomic DNA, RNA, and protein extraction to confirm 

insertion and induction capacity of the AAVS1-TRE3G-Bola3 construct. To generate the 

Bola3KO cell line, guide RNAs targeting exon 1 of the human BOLA3 sequence were 

designed using the online Benchling CRISPR Guide RNA design tool 

(https://www.benchling.com/crispr/). Guide RNA oligos were ordered from Integrated 

DNA Technologies (IDT) and annealed in vitro using 10uM top oligo, 10uM bottom 

oligo, and 5X Annealing Buffer (50mM Tris-HCl, 0.5M NaCl, 5mM EDTA). Three guide 

RNA sequences were sequentially subcloned into a modified pCR Blunt II TOPO 

plasmid (Invitrogen) containing U6 promoter and guide RNA tracr elements (gRNA 

donor plasmid). This 3x U6-sgRNA-tracr cassette was then subcloned into a Cas9-Puro 
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gRNA receiver plasmid (Addgene 58409), which was introduced concurrently with the 

Neo-M2rtTA plasmid (Addgene 60843a) into Mel1-INSGFP/WT human embryonic stem 

cells as described above.   

 

Dynamic Glucose-Stimulated Insulin Secretion Assay 

A perifusion system from Biorep technologies was used for dynamic secretion 

assays. 100 eBCs were suspended between layers of polyacrylamide beads (Biorad) in 

plastic chambers fitted with fiberglass filters and maintained at 37°C in a temperature- 

and CO2-controlled chamber. The eBCs were perfused at 100 µl/min with Krebs-Ringer 

buffer (KRB) using a peristaltic pump. After an initial 60-90min long preincubation period 

in KRB with 2.8mM glucose, clusters were perfused with KRB with 2.8mM glucose for 

20min, KRB with 20mM glucose for 30min, KRB with 2.8mM glucose for 20min, and 

KRB with 20mM glucose and 30mM KCL for 5min. Flowthrough was collected over the 

course of the experiment. After the experiment, clusters were recovered from the 

chambers and total insulin was collected using acid-ethanol extraction. C-peptide levels 

were measured using the STELLUX Chemi Human C-peptide ELISA kit (Alpco).  
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