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Abstract

GWAS (Genome wide association studies) have aided in the discovery of
various novel variants associated with diabetes. However, a detailed study is required to
uncover the role of these genes and to determine how their dysfunction affects
pathophysiology. Previous work in the lab has been successful in establishing zebrafish as an
efficient model to characterise the effects of these candidate genes. Consequently, efforts
have been also made to establish zebrafish as an efficient model system for drug screening
as well. The current POP (Proof of principle) study aims to find whether treatment with
tolbutamide drug in zebrafish carrying MODY (Maturity onset diabetes of the young)
mutations has the similar effects in humans. The study employed zebrafish carrying five
(gck, hnfla, hnflba, hnflbb, pdx1) CRISPRinduced MODY orthologues. The zebrafishlarvae
were supplemented with tolbutamide drug from 5dpf till 10dpf (day post fertilisation). At
10dpf, larvae were screened for various glycaemic traits, whole body glucose and lipids as
well body size. CRISPR-CAS9- induced mutations were quantified using paired end
sequencing. The results showed that treatment with tolbutamide had a significant effect on
the hyperglycaemic outcome induced by hnflbb, hnfla, and pdx1 mutations whichwasin
line with the known effects of the drug in humans. In conclusion, the POP study proved to
be successful in leveraging zebrafish as an efficient model system for, in vivo
characterisation of drugs and can likely help to identify novel targets for therapeutic
interventions.



Popular scientific abstract

The Second half ofthe 20th century saw diabetes emerging as a major public
health threat to mostly developed countries, but recent studies have shown that its
prevalence has been rising more rapidly in developing countries. According to the world
health organisation the number of people with diabetes has risen from 108 millionin 1980
to 422 millionin 2014, andis estimated to be the cause of 1.6 million deaths. Despite being
the deadliest epidemics of all time, very little is known about the treatment causing
mechanism and treatment aspects of diabetes. Change in lifestyle and hereditary factors or
both are found to be the possible factors for the disease. Numerous efforts have been made
to cure the disease for a long time, but the complex nature of diabetes development has
always confounded researchers around the globe. Most of the prevailing treatments only
help the patients to manage the symptoms to a certain extent, but a complete cure is still
uncertain. However, recent advancements in genetic studies conducted on large population
of patients and healthy individuals have helped researchers to elucidate the genetic factors
involved in diabetes. Consequently, to validate these findings and to develop potential
diagnostic tests and treatments, model organisms are an inevitable part of diabetic
research. Until recent times mouse/mice models have been extensively used to model
human diseases and are still a seemingly popular model organism to study diabetes. Besides
murine models, zebrafish models have also gained popularity among researchers
worldwide, owing to its cost effectiveness and high throughput. This project aimed to
supplementthe suitability of zebrafish as a pre-clinical model to study diabetes and to test
the efficacy of an existing diabetic drug. IThe current study tried to induce diabetes in
zebrafish through genetic modification and overfeeding with high cholesterol diet. The
study supposed that the genetic modification and over feeding can induce metabolic
imbalance in zebrafish larvae similar to what we see in diabetic patients. As expected,
zebrafish showed anomalies in various organ functioning comparable to that of a diabetic
patient. Additionally, the diabetic zebrafish provided an opportunity to compare the effect
of an established drug (Tolbutamide) on diabetic zebrafish in comparison to its effect on
diabetic patients. The study proved that the existing drugs for diabetes have the similar
effectin zebrafishaswe see inhumans, thus proving zebrafish as an excellent pre-clinical
model for future drug trials.

Diabetes is a complex disease, detangling all the genetic factors contributing to diabetes is a
strenuous process and to completely rely on murine models seems to be impractical.
However, inaccordance withmyresearch, zebrafish have provedtobe areliable modelto
study the genetic and environmental aspects associated with diabetes. Although it may not
be anappropriate modelto study the long-term effectof diabetes, butits cost effectiveness
and highthroughput could bringahuge impactinunderstanding the root causesleadingto
diabetes. Even though a complete cure from diabetes is skeptical in the near future, the
current study encompassed a considerable effort to understand the aetiology of diabetes
which canundoubtedly make ahugedifferenceinthelives ofmillions of people worldwide.
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INTRODUCTION

Diabetes mellitus (DM) is a complex metabolic disorder characterised by
hyperglycaemia, and disturbances in carbohydrate, protein and lipid metabolism (Harris et
al., 1994). The global prevalence of people effected with DM is estimated to be 215 million
anditsincidence is expected to increase to 642 million by 2040 (IDF ATLAS, 2015). American
Diabetes Association classifies diabetes mellitus into: type 1; type 2; other types; and
gestational diabetes. Type 2 diabetes (T2D) accounts for 90% of all the diabetic cases (Wild e
tal.,2004). T2D is a complex disease caused due to the interaction between various lifestyle
and genetic factors (Cynthia et al., 2009). Pathogenesis of T2DM is characterised by insulin
resistance, reduction in insulin production and beta-cell dysfunction which often leads to
complications such as diabetic neuropathy, retinopathy, and nephropathy (Li et al., 2016).
T2Disahighly heritable disease anditis estimatedthatthereisa40%lifetime risktoinherit
the disease if one of the parents have diabetes and 70%, if both parents have diabetes
(Willemsenetal., 2017). Since, T2D is polygenic, the disease-causing pathways are not
completely understood, it is often categorised as a heterogenous concoction of various
pathogenic mechanisms that does not represent a single disease process (Udler et al.,
2018).

Onthe other hand, maturity onset diabetes of the young (MODY) is an autosomal
dominant form of monogenic diabetic disorder that causes nonketotic hyperglycaemiain
young adults. MODY is often characterised by altered pancreatic beta cell function, through
reduced glucose stimulated insulin secretion (Tattersall and Fajans ,1975). Even though
MODY comprises only 1-2% of all the diabetes cases, its global prevalence is hugely
underestimated and is often misdiagnosed or misclassified as T2D due to its similar
presentation of syndromes. Genetic variants in 13 known genes are found to cause MODY,
through pancreatic beta-cell dysfunction or liver dysfunction which subsequently leads to
high blood glucose levels. The three most common forms of MODY are caused by mutations
in HNF4A (MODY 1), GCK (MODY 2), and HNF1A (MODY 3), which makes up majority of all
MODY cases (Yamagata et al., 1997). HNF4A and HNF1A encode transcription factors
promoting the transcription of genes involved in pancreatic cell development and insulin
production while GCK encode glucokinase, is the enzyme that catalyses the phosphorylation
of glucose. Other MODY genes include PDX1(MODY 4), HNF1B(MODY 5), NEUROD1 (MODY
6), KLF11, CEL, PAX4, INS (MODY 10), BLK, ABCC8, and KCNJ11 (Stoffers et al., 1997;
Horikawa et al., 1997; Malecki et al., 1999; Neve et al., 2005; Raeder et al., 2006;
Plengvidhya et al., 2007).

Until2007, methodsusedto studythe geneticaspects ofdiabetes were confined
to linkage analysis and candidate gene approaches. These studies were useful to study large
familial genetic variants with large effects, such as in maturity onset diabetes ofthe young
(MODY), but it was proved to be unsuccessful in understanding polygenic traits such as type
2 diabetes where the effects of individual genetic variants are modest. However, with the
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onset of the Human Genome and International HapMap Project to map common genetic
variation, GWAS studies have emerged as an effective method to detect association of
multiple genetic variants with small effects contributing to complex traits. The latest GWAS
study conducted on 1 millionsubjects haveidentified closeto 403 variantsthatarerobustly
associated with type 2 diabetes (Mahajan et al., 2018). While causal variants at T2D loci
have largely been identified for each locus, the genes represented by these variant
associations remain unknown. Even though, the phenotypic outcomes of identified variants
can be predicted through bio-informatic approaches, such as tissue-enrichment analysis and
automated pathways, a detailed study is needed to uncover the role of these genes and
determine how their dysfunction affects pathophysiology. Consequently, to validate the
findings, these candidate genes need to be probed in a suitable model organism.

Zebrafish (Danio rerio) have been used to model glycaemic traits i.e. glucose and
insulinproductionthatare comparabletohumans. These arelikelytobe agood modeldue
to high similarities in organ physiology and metabolism between zebrafish and humans
(Zangetal.,2017). Studies have recently shown thatapproximately 70% of human genes
have functional orthologues in zebrafish (Howe et al., 2013), suggesting zebrafish as a
suitable model systemto study human pathogenesis (Howe etal., 2013). Zebrafishreach
sexualmaturity by three months ofage; thus, germline mutations can be easily and quickly
transferredtothe nextgenerationfromthefounderlines. Thelarval zebrafishare smalland
transparent, which allows optical access to perform deep in vivoimaging (Prevedel etal.,
2014). Zebrafish strains with fluorescent protein expression have been widely used to study
pancreatic development and glucose homeostasis (Kinkel and Prince, 2009), such as
zebrafish line carrying fluorescently marked insulin have been used to measure beta cell
mass and number (Li et al., 2015). Similarly, live imaging in zebrafish has also emerged as a
unique technique to investigate protein remodelling on lipid droplets using fluorescently
labelled dye that can be easily combined with other fluorescent markers (Yang etal., 2012).
Since much of the biology in glucose homeostasis, from genes to organs are conserved from
zebrafish to humans, live cell imaging in zebra fish coupled with genetic screens are likely to
solve many outstanding questions in diabetes (Madison et al., 2015).

The CRISPR/CRISPR-associated protein 9 (Cas9) system is the most rapidly
developing genome editing tool. In theory, it can be used to easily target any genomic
location of interest using a customizable short RNA guide (Mali et al., 2013). Numerous
studies have exploited the CRISPR/CAS9 to mutate genes in zebrafish to test the role of
specific gene perturbations on zebrafish physiology (Hwang etal., 2013; Jao et al., 2013;
Shahetal., 2015; Varshney et al. 2015). Multiplexed bi-allelic genome editing was achieved
simultaneously in CRISPR/CAS9 edited zebrafish models (Jao et al., 2013) which enables to
co-injectuptotentargetswith Cas 9 usingacloningfree approach (Varshneyetal., 2018).
Thus, zebrafish can successfully be used for mutant screening in vivo at high throughput and
canverywillbe usedtofollow up the large number of candidate genes identified by GWAS
studies.



Previous works in the lab has been successful in leveraging the potential of zebrafish
in modelling T2D. Proof of principle (POP) studies done on maturity onset diabetes of the
young (MODY) genes in zebrafish have established zebrafish as an effective model system
for characterising causal genes associated with hyperglycaemic outcomes. POP studies on
MODY geneswas anideal choice because each sub-type of MODY have aclear genetic basis
and a reasonably distinct phenotypic presentation (Johansson et al., 2012). Furthermore,
studies have also shown strong evidences of several loci involved in the development of
MODY associated with polygenic riskin T2D (Rees etal., 2011). The POP study included five
zebrafish orthologues (gck, hnfla, hnflba, hnflbb, pdx1) of human genes that were known
to be causal forthe major subtypes of MODY. The CRISPR/CAS9induced mutationinthe
orthologues of already known MODY genes triggered diabetes related phenotypes, through
protein dysfunction, that was in line with the known role of genes. i.e. effect on beta cell
mass, liver fat, lipids, and circulating glucose. However, the CRISPR induced mutagenesis
proved to be lethal for homozygous Hnfla, hnflb, gck larvae, as none of them very
genetically viable.

Proof of principle study in MODY genes (Figure 1) confirmed that we can detect
effects of CRISPR induced mutationsin MODY genes on glycaemic traitsin zebrafish. Hence,
the POP study showed that if the casual transcript is known, the corresponding effect can be
detected. Therefore, in a case where the causal gene is unknown and if it shows associations
with glycaemictraitsthenthatunknown gene can be characterised aslikely to be causal.

4 human genes of MODY were selected
represented by five orthologues in zebrafish

CRISPR-gRNA design synthesis and efficiency
testing

Raising of CRISPR-CAS9 induced mutants
founder fish which are then inbred for F1
larvae for experiments.

Acquisition of Image for beta cell, liver and
vasculature followed by lipid and protein
quantification

Paired end sequencing of CRISPR targeted
sites

Splitting, merging, QC-ing variant calling and
annotation.

Genetic association analysis using multilinear
regression models

Figure 1. Experimental pipelne describing the workflow from gene selection to trait association for the proof of
principle experiment on MODY genes.



Progress in the development of anti-diabetic therapeutics is improving the prognosis
of all types of diabetes but these only treat the symptoms and do not prevent diabetes
Tolbutamide are amongst the most common oral therapy drugs prescribed to stimulate
insulin secretion in beta-cells (Poy et al., 1982). They are also are reported to improve
diabetic control by decreasing the insulin resistance intype 2 diabetes mellitus (Poy et al.,
1982). Tolbutamide is also found to be effective in patients with MODY, by acting on
adenosine triphosphate (ATP) sensitive potassium channels (Ahmet et al., 2015). Lower
doses of sulfonylureas (20-50 mg gliclazide daily) have become the preferred medication for
the vast majority of HNF1A MODY patients (Raile et al., 2015). Similar sulfonylureas
efficiency has been described in HNF4A patients (Pearson et al., 2005).

Metformin and Rosiglitazone are two among the most common drugs for the
treatment of T2D. Even though metformin exerts its benefits by altering glucose metabolism
and diabetic related complication, the mechanism underlying the mode of action is still
unknown (Renaetal., 2017). Besides treating diabetes, metformin has been found to be
beneficial in treating diseases like ovary diseases fatty liver diseases and also for
cardiovascular complications. Metformin is often administered in combination with
sulfonylureas and are found to have beneficial effects on glycaemic control (Kasper etal.,
2019). Metformin is often administered to obese patients because of its effects on
improving dyslipidaemia and can also act as a weight reducing agent in obese patients (Lin
et al., 2018). However, metformin is also associated with few side effects including its
drastic weight loss in patients with diabetes and also in exerting anorectic effect on food
intake mechanism (Paulisso etal.,2001). Rosiglitazone isfound to exertits effectthrough
increasing insulin sensitivity, thereby reducing insulin resistance (Imura, 2007). Experiments
onmouse models have provedthe efficacy of rosiglitazone in preventing hyperglycaemia
and in decreasing insulin secretion. (Bergeron et al.,2006). Rosiglitazone was restricted from
clinical use due to its potential risk to cause cardiovascular complications. Beside these side
effects, numerous studies have also documented the appetite inducing effects of
rosiglitazone in patients with diabetes (Justin etal., 2017). However, rosiglitazone is now
often considered as part of dual therapy and are usually administered in combination with
either metformin orsulfonylureas.

Previous experiments in the lab have demonstrated the anti-hyperglycaemic effect
of metforminandrosiglitazone treatmenton zebrafish larvae. Administration of metformin
and rosiglitazone showed significant effects on the anthropometric and glycaemic traits
between the treated and the control group. The observed effects were in line with the
knownrole ofthese drugsin diabetic patients. However, the anti-hyperglycaemic effect of
thedrugsstillremains obscure, since the experimentresults could notexplainwhetherthe
anti-hyperglycaemic effects was the result of the drugs or if it’s the influence of drug on
feedingbehaviourinlarvae, whichmighthad anindirecteffectonthe glycaemicoutcome.
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AIM

The main objective of the thesis is to establish zebrafish larvae as a time and cost-
effective model system for large scale drug screening. The current study aims to
characterise the mechanism of action of tolbutamide drug on zebrafish carrying CRISPR
induced MODY mutations. Furthermore, the current study also aims to characterise the
regulatory effects of metformin and rosiglitazone on food intake in zebrafish larvae. If the
study shows that treatment with these established drugs can exerts its anti-hyperglycaemic
effects in zebrafish tissues and metabolites that are consistent with those observed in
humans, then the experimental pipeline can be used as a pre-clinical screening step for
future diabetic drugs and may prove useful for target specific small molecule screen.
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MATERIALS AND METHODS

Gene selection and Mutagenesis

Inorder to validate zebrafish as an efficient model system, five MODY genes
were targeted using a multiplexed CRISPR-Cas9 approach using the protocol described in
(Varshney et al.,2016). Zebrafish orthologs to target human genes were identified using
ensembl genome browser. Among the five genes selected - pdx1, gck and hnfla have one
ortholog each while hnflb had two orthologs. Guide-RNAa (gRNASs) were designed using
CHOPCHOP (Labun et al.,2016) and CRISPRScan (Moreno-Mateos et al.,2015)
(Supplementary table: 13) based on high GC content (> 50%), location on early exon, targets
notoverlapping on zebrafish polymorphic sites and devoid of predicted off-targets. Guide
RNAs were synthesised as described in protocol (Varshney et al.,2016) and the mutagenic
efficiency of designed guide-RNAs was tested by micro-injectingeach gRNAs along with Cas9
MRNA (Jao et al., 2013) into separate embryos at single-cell stage.

Zebrafish husbandry and microinjections

Zebrafish line (insulin/+;Ifabp/+ixF3 ) with GFP labelled hepatocytes and
mCherry labelled insulin were used to visualise the liver and beta cells respectively. The five
gRNAs, designed for each ortholog, were co-injected with cas9 (final concentration
150ng/ml)into eachfertilised embryo (total volume of 2nleach). The founder (Fo) fishwere
in-crossed once they reach reproductive age (app. 3 months postfertilization), and the F1
offspring were collected for experiments. Collected larvae were overfed twice a day with
high cholesterol diet (4%) from 5 to 9 dpf and were grown in 1L tanks filled with 300 ml of
3% glucose water until day 10 dpf. Surviving larvae were collected on 10 dpf for optical
screening and for other trait quantifications. Experiments were repeated in several batches
to reach an optimum number of sample size to be screened approximately 384 larvae;
which corresponds to the total number of wells in the sequencing plate.

Tolbutamide drug intervention

To identify the effects of tolbutamide drug (MedChemExpress™) on zebrafish carrying
CRISPR induced MODY genes in, Fi1 offspring of the transgenic zebrafish
(insulin/+;Ifabp/+ixF3 ) line were employed. The larvae were divided per condition (treated
vs untreated) and were overfed in glucose medium as described earlier. Tolbutamide drug
wasdissolvedinDMSOtoaconcentration of 25 uMand was administeredtolarvae before
the afternoonfeedfrom5to 9 dpf. The larvae were sacrificed and optically screened atday
10 for diabetes-based traits (see imaging) followed by lipid and protein profiling.

Food Intake

Wild type (AB strain) larvae were metabolically challenged by overfeeding them on high
cholesterol diet (4% cholesterol) and growing them in high glucose (30%) medium from 5 to
7dpf. The experiments were performed separately foreach drug, where they were divided
per condition (Treated vs Control). Drug was administered with larval feed dissolved in
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diethyletherto a concentration of 25 uM. In order to visualise and quantity the food intake,
the final feed on 7dpf was prepared by mixing a fluorescent tracer (FluroSpheres
carboxylate 2.0um, yellow-green (505/515) life technologies). The flourescent labelled diet
was prepared by mixing 75 ul of flourscent tracer mixed with 50 mg of food and 25ul of de-
ionised water. The feed mixture was prepared the day before and was keptin darkness at
roomtemperature todry. The feed was crushed into fine powder the nextday and were fed
tothelarvaeinlightfor 60 minutes before imaging (Figure 3). The experimentwas divided
into batches on every day of imaging with approximately 1hour time interval between
consecutive batches. Multiple rounds ofimaging were performedtoreachthe finalsample
size. To avoid bias, the experiment was single blinded as well as the time of imaging and
conditions were alternated during imaging.

Imaging

Tolbutamide experiment (Drug Intervention)

Prior to imaging, 5 to 10 larvae were collected and were allowed to swim in
25um MDH in PBS for 30 minutes, to enable visualising liver and vascular lipid deposition.
After soaking, the larvae were anesthetized with tricaine (0.04 mg/ml) in a petri dish.
Subsequently, larvae were aspirated one-by-one using a vertebrate Automated Screening
Technology (VAST) Biolmager (Union Biometrica Inc, Geel, Belgium), whichwas mounted on
the stage of a Leica DM6000b Led automated upright fluorescence microscope (Micro
Medic AB, Stockholm, Sweden). The VAST Biolmager was programmed to positionthe larvae
inside a borosilicate capillary, where they were detected by the systems camera. Twelve
whole body images were captured, one image for every 30 degrees of rotation to quantify
body length, dorsal, and lateral area and volume. Subsequently, VAST Biolmager positioned
the larvae to visualise the caudal vein and dorsal aorta within the field of view of
microscope and triggered to startimaging. The researcher then manually focused the centre
of vasculature through the MDH channel, followed by the acquisition of the MDH stained
lipids in vasculature using the Leica HCX APO L 10X/0.20 W objective. Once the vasculature
images were captured, researcher positioned the larvae to visualise the GFP labelled liver as
well as the MDH stained lipid deposition on liver through L5 and Leica 405 filters
respectively using HCX APO L 20X/0.50 W objective. Two images) of larvae showing the
MDH stained lipids in different orientation (180 degrees apart) were captured. Keeping the
larva position unchanged, fluorescently labelled beta-cells were visualised through TXR filter
using HCX APO 440 L 40X/0.80 W objectives.

Metformin and Rosiglitazone (Food in-take)

Images of the food intake experiment were acquired through GFP channel using APO
5X/0.10 W objective which helped to visualise the fluorescently labelled food. For each
channel, the fluorescence signal was recorded using a Leica DFC365 FX CCD camera. To
avoidbiasintheintensity oftheimagesacquired, exposure levelswere keptconstantforall
images. As soon as the optical screening was done, the larvae were collected in 96 well plate
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for further processing, and the next larva was loaded for imaging. The whole imaging
procedure takes 2 minutes per larva.

Quantification of morphological features in zebrafish larvae.

Tolbutamide experiment (Drug Intervention)

Bright-fieldimages ofthe larvae by the VAST Biolmagerwas used to quantify
the body length, dorsal, lateral area and body volume. Images were pre-processed in ImageJ
and were automatically segmented and quantified using a custom-made script in CellProfiler
(Lamprecht et al., 2007). The segmented images were manually annotated for the
segmentation quality and larvae with suboptimal segmentation quality were excluded from
further analysis. The larva was excluded if more than fourimages out of 12 images taken
were annotated with poor quality. The script computes the dorsal and lateral area of the
larva as number of pixels in the pre-processed image and the body length was estimated as
thelargestdistance betweentwo points onthe larva outline touching aboundingboxinthe
dorsal orientation.

Fluorescence signals from MDH (lipids), mcherry (beta-cells), GFP (liver) were
guantified using a custom-made script in ImageJ, CellProfiler and ilastik. Prior to image
analysis, beta-cell images were deconvoluted to remove any background noise. As an initial
step in image analysis, maximal projection of each fluorescent channel was computed
across all optical section in z using ImageJ, to yield a single image across multiple focal
depths. Custom-made ImageJ macros were developed to quantify beta-cell volume and
intensity from each deconvoluted beta-cell image. Custom-made CellProfiler scripts were
used to quantify the liver fat deposition from MDH stained liver images and to detect the
co-localisation of MDH stained lipid deposits in vasculature.

Metformin and Rosiglitazone (Food in-take)

Foodintake was quantified throughthe acquired images, firstly by converting
theimagesinto maximal projection ofthe acquired z-stacks using ImageJ, toyield asingle
image from multiple focal depths. An ilastik-based, lenient pixel classifier was used to detect
the fluorescently labelled food and to separate from background noise from each converted
image.

Lipid, glucose and protein extraction

After imaging was completed, the larvae were euthanized by tricaine (MS-222,
Sigma, Sweden). All excess liquid was removed from the well, and two 1.4mm zirconium
bead (Diagnostics, NJ, USA) and 88yl ofice-cold PBS was added to each well containing
larvae. Subsequently, the larvae were homogenised for 2 mins at 1000rpm (1600 MiniG-
Automated homogenizer, Gammadata Instruments, Uppsala, Sweden) and centrifuges at
3500rpm for 5 mins at 4°C. After centrifugation, 12 ul of supernatant was transferred to a
new 96-well plate for protein quantification, together with an additional 12.5ul of ice-cold
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PBS per well. The remaining supernatant (~70 pl) from each well was transferred to
Eppendorftubes and were stored at -80°C, which are later to be sent for quantifying LDL,
HDL, triglyceride, total cholesterol and glucose level. Protein content was quantified using
Pierce bicinchonnic acid(BCA) protein assay kit(Thermo Fisher Scientific, Waltham, MA, USA)
and aVarioscan LUX Microplate Reader (Thermo Fisher Scientific, Waltham, MA,USA).Total
cholesterol, triglyceride,HDL,LDL and glucose levels were quantified using a flly automated
Mindray Tm BS-380 analyser (Mindray Medical International Shenzhen, China) using direct
LDLc (1E31), HDLc(3K33),triglyceride(7D74),cholesterol (7D62), and glucose (3L82) reagents
from Abott Laboratories(Abott Park IL, USA).

DNA extraction, library preparation and paired-end sequencing

DNA was extracted from the larvae that were part of the genetic intervention
experiments. Extraction of DNA was done from the pellet remained after the lipid and
protein profiling. 50 ul of lysis buffer containing proteinase K (dilute 1:100) was added to
eachwell, followed by incubationat55°Cfor 2 hoursandincubation at95 °Cfor 10 minutes
to deactivate proteinase K. The first PCR of the library preparation step was done by
denaturation at 98°C for 30s; amplification for 35 cycles at 98°C for 10s,62°C for 30s and
72°Cfor30s; followed by afinalextensionat72°Cfor2mins. Amplified PCR products were
cleaned using magnetic beads (Mag-Bind PCR Clean-up Kit, Omega Bio-tek Inc. Norcross,
GA). The purified products were used as templates for the second PCR, where lllumina
Nextera DNA library sequences were incorporated to allow multiplexed sequencing of all
CRISPR-targeted sites. The second PCR step was conducted by denaturation at 98°C for 30s,
amplificationfor 25 cyclesat98°Cfor 10s,66°Cfor30sand 72°Cfor30s, followed by afinal
extension at 72°C for 2 mins, followed by a purification step as mentioned above.
Subsequently, all samples were pooled and sequenced in a single lane on a Miseq (300bp
paired-end, illumine Incs., San Diego, CA) atthe National Genomics Infrastructure, Sweden.

Post sequencing analysis

A custom written bio-informatics pipeline was developed in collaboration with
the National Bio-informatics Infrastructure Sweden to process the Miseq generated paired-
end. fastqfiles perlarva. First, a pearl script was developed to de-multiplex the. fastq files
by gene and well. Paired-end read merger (PEAR) (Zhang etal.,2014) was then used to
merge paired-end reads, which was followed by the removal of low-quality reads using
FastX (Pearson et al., 1997). Mapping of the reads to the wildtype zebrafish genome (Zv11)
was done using Spliced Transcripts Alignment to a Reference or STAR (Doblin et al., 2013).
SAMtools version 0.1.19 was used to convertfiles from SAM to BAM format which sorted
the index BAM files and generated a summary of the coverage of mapped read on the
reference sequence at a single bp resolution. Allele specific indels and SNVs (Single
nucleotide variants) were called using a custom-written inhouse variant calling algorithm in
R (Daniorerio Identification of Variants by Haplotype-DIVAH), that are reads with alength
difference less than 170 bp compared to the reference sequence, and with an alignment
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report string (Concise Idiosyncratic Gapped Alignment Report [CIGAR]) shorter than 50
characters. All variants within the 30 bp of the CRISPR targeted sites were functionally
annotated using Ensembl’s variant effect predictor (VEP). For each larva, atranscript specific
dosage scores were calculated by retaining the variant with the highest predicted impact on
protein function (no annotation=0; modifier=0.2; low=0.33; moderate=0.66; high=1),
Transcript-specific dosage scores were calculated by summing up the allele specifics scores
for each target site in each larva.

Statistical analysis
Statistical inference was made to analyse the effect of:

1) Treatment with metformin and rosiglitazone on food intake. To account the effects of
metformin and rosiglitazone on food-intake, a multi-linear regression model on inverse
normally transformed outcome (Food pellet size) was performed. The model was adjusted
for treatment, time of imaging, batch and was included as covariates. The most
parsimonious model was achieved through backward selection procedure where the final
model only had the covariates which were statistically significant. These statistical analyses
were done in R version 3.5.1. A p value of less than 0.05 was taken to be statistically
significant.

2) Treatment with tolbutamide (in the drug treatment intervention) on body size; early
stage diabetic traits; and whole-body LDLc, HDLC, triglyceride, total cholesterol and glucose
levels. This was accomplished by hierarchical linear regression models on inverse- normally
transformed outcomes which can provide effect sizes and standard errors for the fixed
factors, while providing the standard deviation of the outcome across random factors, for
whichtheintercept—i.e.the value of non-expose larvaeis allowed to vary. However, most
of the image based hyperglycaemic traits showed negative binomial distribution. For such
traits, the effects of drugs were examined using negative binomial regression.

Allmodels were adjusted forthetime ofday theimageswere captured, batch,
tanknumberandwereincluded as covariables. Image based traits were adjusted for body
lengthand dorsalbody surface areaand were also added as covariablestothe model. For
imaged based traits, LDLc, HDLc, triglyceride and glucose levels were added as additional
covariables to size adjusted models, to find if they had any effect on drug treatment, and
genetic interventions. For all the analysis, effect size, standard errors, significance level (>
0.05) and 95% confidence intervals were reported for the exposed compared with the
unexposed group. All data management and statistical analysis were performed using Stata.
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RESULTS

Treatment with tolbutamide abrogates the hyperglycaemic effects induced by CRISPR
mediated MODY mutations in zebrafish larvae.

To examine whether the established anti-diabetic drug tolbutamide exert similar
effectinzebrafishlarvae, >400larvae carrying CRISPR induced MODY mutation on zebrafish
orthologues of gck, hnfla, hnflb, pdx1 genes were overfed on a cholesterol supplemented
diet; with and without tolbutamide treatment; from 5dpf to 10dpf.

(l) Glycaemic traits

Glucose

Beta cell number

(||) Whole body, lipid and glucose levels

LDLc

Triglycerides

Liver size
Lipid accumulation liver
Lipid accumulation vessel

(|||) Body size
Body length
Dorsal body surface area
Lateral body surface area

Body volume

T T T

-5 0 5
tolbutamide

Figure 2. The effect of treatment with tolbutamide in 10dpf zebrafish on (i) glycaemic traits, (ii) whole body, lipid and
glucose analysis, (iii) body size. For normally distributed traits, associations were examined using hierarchical linear models
on inverse-normally transformed outcomes. For these traits effect sizes and 95% confidence intervals are expressed in
standard deviation (SD) units. Full circles andfilled lines represent the main effects of tolbutamide treatment on each of
the traits.

Compared with untreated larvae, five days of tolbutamide treatment resulted in
larvae with lower body volume and dorsal surface area. (Figure 2(iii), supplementary table
10). Treatmentwithtolbutamide alsoresultedinatrendforhigherHDLc, triglycerides, and

17



total cholesterol (Figure 2 (ii)) supplementary table 6 and 8)). Besides that, treatment with
tolbutamide resulted in lower vascular deposition of lipids as well (Figure 2 (ii)). However,
the mostsignificant effect of treatmentwithtolbutamide in zebrafish larvae wasinlowering
betacellnumberandbetacellvolume (Figure 2(i)). Eventhoughthe betacellnumberwere
reduced, insulin secretion did not show any significant trend (Figure 2 (i)).

Glycaemic trats
e (a3 i an HH -4
Gjucose F=B = f Fefe ey peeelepel R0 =1 R B
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Figure 3: Shows the effect of mutations in pdx1, hnfla, hnflba, hnflbb, gck and treatment with tolbutamide on glycaemic
traits in 10dpf zebrafish larvae. For normally distributed traits, associations were examined using hierarchical linear models
on inverse-normally transformed outcomes. For these traits effect sizes and 95% confidence intervals are expressed in
standard deviation (SD) units. Full circles and filled lines show the main effect of mutations in the 5 genes, and open circles
and the dotted lines represent the interaction of drug on each gene.

The current study examined the effect of mutation of each gene on the glycaemic
traits and how treatment with tolbutamide exerts its effects on glycaemic outcomes
induced by the CRISPR mutationsi.e. drug vs gene interaction. Each additional mutated
allele in hnfla was associated with a lowering trend in beta cell volume and beta cell
number (P>0.05) (Figure 3, Supplementary table 3and 4). However, the administration of
tolbutamide was found to increase the beta cell number and volume in hnfla mutants
(Figure 3). Larvae with mutated pdx1 alleles were characterised with lower beta cell number
and insulin secretion (P>0.05). However, treatment with tolbutamide resulted in improving
insulin secretions and beta cell number in pdx1 mutants (Figure 3).
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- 4 8 - ——
Triqlycerides Fed-q4 B e Fesf i
L] HH i (] (2]
Liver size 4 RO FO-Fi -1 01
Lipid accumulation fiver fedEi ey iy e | kel kole
Lipid accumulation vessel e T o Ennssne Passmnes 4 kamusesses b PR l | e bostannnsis Qomtecnmnnns '
Pdx1 hnf1a hnf1ba hnf1bb gck

Figure 4: Shows the effect of mutations in pdx1, hnfla, hnflba, hnflbb, gck and treatment with tolbutamide on whole
body lipid levels in 10dpf zebrafish larvae. For normally distributed traits, associations were examined using hierarchical

18



linear models on inverse-normally transformed outcomes. For these traits effect sizes and 95% confidence intervals are
expressed in standard deviation (SD) units. Full circles and filled lines show the main effect of mutations in the 5 genes, and
open circles and the dotted lines represent the interaction of drug on each gene.

When examined the influence of mutations in each gene separately, the study observed
that larvae carrying Hnfla mutation tend to have lower LDL and total cholesterol levels
when compared with larvae free from CRISPR induced mutations in Hnfla (Figure4). Onthe
other hand, larvae with pdx1 mutations showed a significant decrease in vascular lipid
accumulation.

Treatmentwith tolbutamide resultedinlowering liver lipid deposition and alsoinimproving
the LDL and cholesterol levels in hnfla mutants (Figure 4). On the other hand, treatment
with tolbutamide resulted in higher lipid accumulation in liver in pdx1 mutants. However,
treatment with tolbutamide on hnflbb mutants showed a significant increase in vasculature
lipid deposition as well as a trend in increasing triglyceride levels and body volume (Figure 4,
Supplementary table 9 and 12).
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Figure 5: Shows the effect of mutations in pdx1, hnfla, hnflba, hnflbb, gck and treatment with tolbutamide on
anthropometric traits. For normally distributed traits, associations were examined using hierarchical linear models on
inverse-normally transformed outcomes. For these traits effect sizes and 95% confidence intervals are expressed in
standard deviation (SD) units. Full circles and filled lines show the main effect of mutations in the 5 genes, and open circles
and the dotted lines represent the interaction of drug on each gene

Mutant larvae with hnfla mutation showed a significant decrease in body volume (p>0.05).
They were also characterised with lowering trend in lateral and dorsal surface area (Figure
5). Larvae with pdx1 mutated alleles also showed a significant decrease in body volume.
However, hnflba mutants showed a significant increase in body volume(Figure 5).
Treatmentwith tolbutamide on hnflamutantsresultedin atrendinincreasing body length
and also in abrogating the effect of hnfla mutation on body volume, dorsal and lateral
surface area (Figure 5). However, treatment with tolbutamide on hnflbb mutants showed
anincreasing trend in body volume and dorsal surface area when compared with mutant
larvae free from tolbutamide treatment (Figure 5).
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Metformin and Rosiglitazone have no effect on food intake.

To examine if supplementation of food with metformin or rosiglitazone affect
food intake, the current study examined 192 larvae on a cholesterol supplemented diet with
(n=91) and without (n=101) metformin supplementation (25uM), in 3% glucose from 5dpf
until 7dpf. On 7dpf, food intake was measured by quantifying the amount of fluorescently
labelled food individual zebra fish consumed (see methods). Treatment with metformin
(25uM) was found to have no significant effect on food intake between the treated and
untreated group (=0.153, SE=0.11, p>0.05) (Table 1).

Similarly, 166 larvae onacholesterol supplemented dietwere examined with
(n=80) and without (n=86) rosiglitazone(25uM) supplementation from 5dpf until 7dpf in
glucose rich medium. Food intake was measured with the aid of fluorescent labelled pellets
(see methods). Treatment with rosiglitazone failed to show any significant effect on food
intake in 7dpf zebrafish larvae (3=-0.08, SE=0.148, p>0.05) (Table 2). These resultsindicates
that the differences in glycaemic effects between treated and untreated zebrafish are not
due to differences in food intake.

Table 1: The effect of rosiglitazone (25uM) on food intake in 7dpf zebrafish larvae *

EFFECT SIZE SE P-VALUE LCI uci
ROSIGLITAZONE -0.0880 0.1487 0.55446 -0.381725 0.205565
BATCH (dateofimaging) -0.4093  0.10324 0.00011 -0.61319 -0.205439

TIME OF DAY (In hours -0.0006  0.00065 0.30653 -0.00196 0.0006129
since 9.00am)

INTERCEPT -4.1230 4.7920 0.39085 -13.58605 5.340008

Table 2: The effect of metformin (25uM) on food intake in 7dpf zebrafish larvae *

EFFECT SIZE SE P-VALUE LCI ucl
METFORMIN 0.15330 0.11681 0.19098 -0.077122  0.383735
BATCH (dateofimaging) -0.40712  0.04744 3.47e-15 -0.50071 -0.3135

TIME OF DAY (In hours
since 9.00am) 0.001964 0.000700 0.00557 0.00056 0.00334

INTERCEPT 1.743215 0.21131 2.72E-14 1.32635 2.16007

*All outcomes were inverse-normally transformed before the analysis. Associations were examined using multi linear
regression models and were adjusted for batch (Multiple batches of imaging were performed to reach the final sample
size) and time of day images (In hours since 9.00am) were captured. Effects shown for rosiglitazone and metformin
treatment are compared with unexposed controls. Lci and uci are lower and upper boundaries of the 95% confidence
interval.

20



DISCUSSION

Treatment with tolbutamide abrogates the hyperglycaemic effect induced by CRISPR
mediated MODY mutations in zebrafish larvae.

The tolbutamide intervention study developed and validated an experimental pipeline in
zebrafish thatis suitable to systematically characterise the drugs for diabetes and insulin
resistance. The current study showed that treatment with tolbutamide can diminish the
hyper-glycaemic effects induced by MODY orthologues in zebrafish larvae.

Treating 10dpf larvae with tolbutamide resulted in lower beta cell number and beta cell
volume levels; and also resulted in leaner and smaller larvae (Figure 2). Taking together,
these observations suggest that continuous exogenous supply of tolbutamide through
medium might be toxic for the survival of beta cells. The evidence for tolbutamide in
inducing beta cell apoptosis (Efanova et al., 1998) have been demonstrated in previous
experimentsinmice. Invitro studiesinhumanisletstudies have also shownthatprolonged
use oftolbutamide can induce beta cell apoptosis (Maedler etal., 2005). Inline with these
results from previous studies, the lowered beta cell volume and mass in zebrafish larvae
treated with tolbutamide (25um) confirms the toxic effectinduced by tolbutamide drug.

The current study demonstrated the effects of pdx1 mutants in lowering beta cell number
and insulin secretion (Figure 3) which confirms and expands the earlier findings
characterised in adult zebrafish pdx1 mutants (Kimmel et al., 2015) on insulin secretion and
beta cell number. These findings stress the significant role of pdx1 in beta cell development
anditsmajorroleininsulingene expression (Gaoetal.,2014). Besidestheroleinbeta cell
development pdx1 gene is essential for regulating energy intake and nutrient disposal which
can influence body size (Li et al., 2005). The current results also show that the pdx1 mutants
have a significant decrease in body volume and area. (Figure 5). However, treatment with
tolbutamide resulted in improving insulin secretion and beta cell number in pdx1 mutants
(Figure 3), thus the current results were in line with the earlier findings (Fujimoto et al.,
2009) on the role of tolbutamide in beta cell survival.

The current study reported the main effects of hnfla mutantsin lowering beta cellnumber
and volume (Figure 3). These results indicate the fundamental role of hnfla gene in the
early development of pancreatic beta cells (Wang et al., 2000). However, treatment with
tolbutamide in hnfla mutants led to an increase in beta cell number and volume without
any upregulation in insulin secretion which in contrast to the known role of tolbutamide
that stimulates insulin secretion without increasing the beta cell number (Jonkers et al.,
2001). Thus, in spite of the proven toxic effects of tolbutamide, the increase in beta cell
numberon hnflamutants remain plausible, asfurtherdownstream studies are needed.

In the current study, treatment with tolbutamide was found to decrease the lipid
accumulation in hnfla and hnflba mutants (Figure 4). These results confirmed the reported
effect oftolbutamide in decreasing plasmal lipoproteins by reducing hepatic production of
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lipoprotein in diabetic subjects (Khovidhunkit et al., 2014). However, in contrast to the
expected results, tolbutamide treatment was found to increase lipid accumulation in liver in
pdx1 mutants (Figure 3). Thus, the contrasting outcomes of tolbutamide in zebrafish larvae
inlipid levels are sufficiently sensitive to provide newinsightsinto the action oftolbutamide
drug and should be followed up in further experiments.

In conclusion, the current study highlighted the suitability of zebrafish larvae as a cost
effective and comprehensive model system for large scale drug screening. The current study
demonstrated that CRISPR induced MODY mutations can invoke hyperglycaemia in 10dpf
zebrafish larvae and how tolbutamide drug can abrogate the hyperglycaemic outcomes
induced by MODY mutations. Outofthe five MODY orthologues hnflaand pdx1 zebrafish
mutants showed the most promising results. Treatment with tolbutamide on hnfla and
pdx1 mutants was found to abrogate the anti-hyperglycaemic effects in zebrafish tissues
and metabolites (Figure 3.4,5) and were in line with the observed effects in humans. Hence,
the current approach represents a cost effective, phenotype-based screening, whole animal
model system which can be used to test the efficacy, toxicity and pharmacokinetics of
various drugs in a cost-effective manner.

However, the study also encompasses few limitations to the experimental pipeline as well
as in leveraging zebrafish as a model system. Zebrafish have revealed extreme differences
between the phenotypes induced by mutation and knock downs (Rossi et al., 2015). Hence,
thereisalarge chance of genetic compensation effects to hinder the expected phenotypic
outcomes. Furthermore, the doses of tolbutamide administered to the larvae also have a
significant role in determining the expected glycaemic outcomes (Swada et al., 2008). The
current study also assumes that the beta cell apoptosis in treated larvae were induced
through high concentration of tolbutamide (Figure 2 (i)). Hence, the tolbutamide
concentration can limitthe conclusionsthe study draws from the results. Thus, the current
study recommends future downstream experiments using tolbutamide to lower the dose to
perform experiments inzebrafish.

For all the analysis significance level (> 0.05) and 95% confidence intervals were reported for
the exposed compared with the unexposed group. When a critical significance level of 0.05
is used, the study expects a probability of 0.95 of coming to a correct conclusion for atrue
nullhypothesis. Ifthe same studywas conducted 20times, the probability that none will be
significantis 0.952°=0.36. This gives a probability of 1 - 0.36 = 0.64 of getting at least one
significant result. Hence, it can conclude that even if the current study was repeated 20
times, the probability ofgetting asignificantresultamongamass of non-significantresultis
lessthan 1 and that too which can only happen by chance alone. Hence the necessity of
testing for mass significance did not rise in the current study.
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Metformin and Rosiglitazone have no effect on food intake

The study demonstrated that rosiglitazone and metformin failed to induce any of their
clinically proven effects on regulating food intake. Thus, in an adequality powered drug
intervention study, the results showed that the anti-hyperglycaemic effects exerted by
rosiglitazone and metformin on zebrafish larvae were true to its anti-hyperglycaemic effects
and not influenced by amount of food in taken.

Numerous studies have shown the anorectic effects of metformin in humans, rats and birds
(Schnolig et al., 2003, Lee et al., 1998, Paolisso et al., 1998), similarly, the orexigenic effects
of rosiglitazone was also documented in various model organisms (Ryan et al., 2011).
However, the action of drugs on food regulatory mechanism is mediated through various
factors. In humans and mouse models, food intake mechanism is mediated by neuropeptide
y (NPY) levels through the central nervous system (Duan et al.,2013). There, are numerous
factors which control NPY levels, among them is leptin receptor which exerts its
anorexigenic effect by suppressing NPY (Arora., 2008). Metformin demonstrates its
anorectic effect through the inhibition of NPY by increasing leptin receptor expression
(Aubertetal., 2010), while rosiglitazone exerts its orexigenic effects by lowering the leptin
receptor gene expression (Kim et al.,2008). However, in teleost fish, studies show that there
isno association between leptinlevels and food intake. Leptin mRNA expression failed to
show any variation between overfed and fasting teleost fish (Huising et al., 2006). Similar
studies in zebrafish also showed that there is no significant change in leptin levels, when
overfed (Oka et al., 2010). Thus, in agreement with all these previously reported effects, the
current study reports that neither metformin nor rosiglitazone can exert its effects on food
intake inzebrafish as opposedto other model systemsthrough leptin gene expression.

Apart from the neurological aspects, numerous clinical studies have hypothesised the drug
toxicity induced by metformin and rosiglitazone may alter food intake mechanism in
humans (Ellacottetal., 2010, Kumaretal.,2017). However,inthe current study itremains
plausible whether zebrafish were devoid of the toxic effects induced by these drugs in
regulating food intake or if the concentration of drug (25uM) administered was lower than
the minimum threshold needed to induce a toxic effect.

The potential role of the exogenous supply of glucose in medium should also be considered
as a significant factor which might have hindered the proven effects of metformin and
rosiglitazone in regulating food intake. Metformin acts as glucose reducing agent (Rena et
al.,2017). The anorectic effectof metforminlargely dependsuponitsactionondecreasing
glucose levels (We-Shan et al., 2012). Lowering of glucose levels stimulates NPY gene
expression which facilitates metformin to exerts its anorectic effect through blocking the
NPY expression (Chau-Van et al., 2007). However, in the current study with constant
exogenous supply of glucose (see methods) from the medium, zebrafish larvae might have
been left unaffected by the glucose lowering effects of metformin and in turn might have
not affected the NPY levels nor the food intake mechanism.

23



Onthe other hand, rosiglitazone is a PPARy agonist that lowers blood glucose levels (Zhang
et al., 2014), Multiple studies have demonstrated the orexigenic effect of rosiglitazone
through the expression of neuropeptide Y(NPY) mediated by lowered blood glucose levels
(Matias etal., 2015). Taking together these observations and in agreement to the known
role of NPY in response to lowering of glucose, the current study speculates that the
exogenous supply of glucose (see methods) was able to counter balance the glucose
lowering effect of rosiglitazone, and in turn might have not affected the NPY levels nor the
food intake mechanism.

In the current study, the constant supply of glucose through the medium is assumed to have
mitigated the glucose lowering effects of metformin and rosiglitazone which might have
limited the results in drawing conclusions. Thus, this study advises future research using
metformin or rosiglitazone in zebrafish to perform experiments without glucose in medium.
Furthermore, more conclusive evidence of the role of drugs in food intake could be
obtained by altering the concentration of drugs administered and also through increasing
the number of times of drug supplementation.

ETHICAL ASPECTS AND IMPACTS OF THE RESEARCH ON THE SOCIETY

The study was performed as a part of prof of principle study to validate
zebrafish as an effective model system to identify putatively causal genes contributing to
T2D pathogenesis. All experiments were performed in 10-day old zebrafish larvae. Adult
transgenic fish and CRISPR founders were raised and kept solely for breeding purpose. Adult
fish were fed twice daily on rotifers and dry food (Sparcos, Olhao, Portugal), and were
maintained in circulating and filtered water (Aquaneering Inc., San Diego, CA), in accordance
with Swedish guidelines. Fine mesh nets were employed on all water outlets in the fish
room to prevent any escape of fish to natural environment. To generate the required
offspring, transgenic adult fish were in-crossed, and fertilized eggs were raised in an
incubator at 28.5°C until 5 days post-fertilization (dpf). At 3dpf, embryos were optically
screened for fluorescence in 96-well plates (EVOS FL Auto, Thermo Fisher Scientific, MA,
USA), and embryos carrying the fluorescent transgene(s) were retained and placed back
intheincubator. From 5to 10dpf, zebrafishlarvae were keptin 1L tanksfilled with 300mL of
wateratadensity of 30 larvae/tank. Larvae were fed twice daily until 9dpf. Waste products
and debris were removed from the water by a regular glucose water change, followed by
replenishing ofthe water levelto 300ml. Allprocedures are performed in line with Swedish
regulations, and all experiments have been approved by Uppsala Djurférsoksetiska namnd,
Uppsala, Sweden (Permit numbersC142/13 AND C14/16).

Diabetesisacomplex disease thatinvolvestheinteraction of genetics and environmental
factors. In fact, the precise mechanism underlying the pathogenesis of diabetes are
incompletely understood. However, many questions can be answered by the appropriate
use of animal models in understanding the disease and in developing new therapeutic
strategies. Zebrafish has been an attractive model to study the complications of diabetes
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because of its similarity in lipid metabolism, glucose homeostasis and adipose biology to
that of humans. Inline with the advantages of zebrafish in diabetes modelling, the current
study characterises the capabilities and limitations of using zebrafish in high throughput
diabeticdrugscreening. Theresultswillhelpinthe implementation of zebrafishasamodel
forpre-clinicaltrials of newclasses ofdrugs and repurposed drugsinthefield ofdiabetes.

FUTURE PERSPECTIVES

GWAS have identified a plethora of loci with insulin resistance and diabetic
traits. Though the number of associated variants is increasing, there is no comparable trend
in the functional characterisation of candidate genes. Due to tremendous advancements in
imaging methods, variety of transgenic backgrounds, and high throughput, zebrafish can be
employed as an effective model systemto characterise the genes/variantsandideally the
tissues, cell types and pathways through which these variants and genes exert their effect.

Concerning the findings made in this thesis project, the research found interesting
associations and trends with anti-diabetic drugs and their clinical outcomes in zebrafish
larvae. The study proved that the experimental pipeline can also be used to characterize
mechanisms of action for other existing drugs, and may prove useful for target specific small
molecule screen.

As for the tolbutamide and rosiglitazone drug, it would be very interesting to characterise
the cardiovascular complexities associated with the administration of these drugs in
zebrafish. Transcriptomic studies could also be conducted to identify differentially
expressed genes involved in LDLc levels and arthrosclerosis related traits along with the
phenotypic screening of diabetic traits.

Further studies are also necessary to validate zebrafish as a model to study associations with
metabolic or genetic interventions to various organ failures in diabetic conditions. Apart
from liver and pancreatic beta cells, the organ changes including glomerulosclerosis in
diabetic kidney, diabetic retinopathy, macular edema and other microvascular
complications also need to be characterised.

Eventhoughthereisalack of modelforstudyinglongtermeffects ofdiabetes, there have
been numerous approaches to study diabetic complications using adult zebrafish. Ability of
adult zebrafish induced with hyperglycaemia on impaired wound healing, changes in bone
metabolism and the heritability of epigenetic changes has been extensively studied. Overall,
theadventofzebrafishmodelsoffersparticularadvantagestomodelmetabolicdiseases
andwillfosterknowledgetounderstandthe aetiology of disease and provide newinsights
for disease treatment.
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APPENDIX

A: Tables
Table 3: Showingthe maineffects oftolbutamide and of mutation offive genesonbetacellnumber
(N=279)
Effect size SE LCI uci P-VALUE
gck | 0.063 0.173 -0.276 0.173 7.15E-01
hnfla | -0.203 0.152 -0.501 0.152 1.82E-01
hnflba | 0.197 0.189 -0.173 0.189 2.97E-01
hnflbb | 0.039 0.116 -0.188 0.116 7.38E-01
pdx1 | -0.309 0.106 -0.517 0.106 3.62E-03
Tolbutamide | -0.216 0.105 -0.421 0.105 3.98E-02
treatment
body length(in | 0.080 0.061 -0.040 0.061 1.90E-01
SD)
length- | 0.230 0.065 0.103 0.065 3.98E-04
normalised dorsal
body surface area
(inSD)
time ofday(in | 0.063 0.020 0.024 0.020 1.35E-03
hours since 9AM)
intercept_fixed | -0.223 0.199 -0.613 0.199 2.64E-01
var_batch | 0.357 0.122 0.182 0.122
intercept_random | 0.860 0.037 0.790 0.037
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Table 4: Showingthe maineffects oftolbutamide and of mutation offive genesonbetacellvolume

(N=334)
Effect size SE LCI uci P-VALUE
gck_D 0.157 0.166 -0.169 0.483 3.45E-01
hnfla D
-0.217 0.151 -0.513 0.078 1.50E-01
hnflba D
0.257 0.184 -0.104 0.619 1.63E-01
hnflbb_D
0.026 0.110 -0.191 0.242 8.17E-01
pdx1_D
-0.104 0.102 -0.305 0.096 3.07E-01
tolbutamide
-0.217 0.103 -0.419 -0.015 3.54E-02
time ofday (in
hours since 9AM)
0.120 0.019 0.083 0.158 3.31E-10
intercept_fixed
-0.590 0.177 -0.937 -0.244 8.36E-04
var_batch
0.231 0.094 0.104 0.513
intercept_random
0.906 0.037 0.836 0.981

Table 5: Showingthe maineffectsoftolbutamide andof mutation offive genesoninsulinsecretion

(N=333)
Effect size SE LCI uci P-VALUE

gck D 0.043 0.132 -0.216 0.301 7.47E-01

hnfla_D
0.027 0.114 -0.197 0.250 8.16E-01

hnflba_D
0.125 0.141 -0.151 0.402 3.75E-01

hnflbb_D
0.082 0.086 -0.087 0.251 3.40E-01

pdx1_D
-0.354 0.081 -0.513 -0.196 1.21E-05

tolbutamide
-0.112 0.079 -0.267 0.044 1.59E-01

time ofday (in

hours since 9AM)
-0.104 0.015 -0.133 -0.075 2.03E-12

intercept_fixed
0.831 0.228 0.383 1.279 2.77E-04
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var_batch
0.574 0.146 0.349 0.944

Table 6 : Showing the main effects of tolbutamide and of mutation of five genes on LDLc (N= 380)

Effectsize SE LCI uci P-VALUE

gck D -0.007 0.153 -0.307 0.293 9.63E-01

hnfla_D
-0.242 0.130 -0.496 0.013 6.27E-02

hnflba D
-0.065 0.165 -0.389 0.260 6.96E-01

hnflbb_D
-0.005 0.095 -0.191 0.182 9.60E-01

pdx1_D
-0.064 0.093 -0.247 0.119 4.94E-01

tolbutamide
0.035 0.091 -0.143 0.212 7.03E-01

time of day (in

hours since 9AM)
0.027 0.017 -0.006 0.060 1.05E-01

intercept_fixed
-0.243 0.200 -0.635 0.149 2.24E-01

var_batch

0.426 0.114 0.252 0.720
intercept_random
0.878 0.032 0.817 0.943

Table 7: Showing the main effects of tolbutamide and of mutation of five genes on HDLc (N= 380)

Effect size SE LCI uci P-VALUE

gck D 0.049 0.166 -0.277 0.375 7.69E-01

hnfla_D
0.035 0.143 -0.246 0.315 8.09E-01

hnflba_D
0.008 0.181 -0.347 0.363 9.65E-01

hnflbb_D
-0.056 0.105 -0.261 0.150 5.96E-01

pdx1 D
-0.154 0.100 -0.350 0.041 1.21E-01

tolbutamide
0.185 0.101 -0.013 0.383 6.74E-02

time ofday (in

hours since 9AM)
-0.009 0.018 -0.044 0.027 6.30E-01

intercept_fixed
0.023 0.158 -0.287 0.334 8.82E-01
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var_batch

intercept_random

0.125

0.982

0.099

0.036

0.027
0.914

0.592

1.056

Table 8: Showingthe maineffectsoftolbutamide and of mutation offive geneson cholesterol (N=

380)
Effectsize uci P-VALUE
gck D 0.000 0.146 -0.286 0.287 9.99E-01
hnfla_D
-0.194 0.124 -0.438 0.049 1.17E-01
hnflba D
0.037 0.158 -0.274 0.347 8.17E-01
hnflbb_D
0.011 0.091 -0.168 0.189 9.06E-01
pdx1_D
0.009 0.089 -0.166 0.184 9.20E-01
tolbutamide
0.178 0.087 0.009 0.348 3.94E-02
time of day (in
hours since 9AM)
0.043 0.016 0.011 0.074 7.75E-03
intercept_fixed
-0.553 0.210 -0.966 -0.141 8.49E-03
var_batch
0.484 0.127 0.289 0.809
intercept_random
0.838 0.031 0.780 0.901

Table 9: Showingthe maineffectsoftolbutamide and of mutation offive genesonvascularlipid

deposition (N=246)

Effect size uci P-VALUE

gck D 1.269 0.523 0.243 2.294 1.54E-02

hnfla_D
0.302 0.372 -0.427 1.032 4.17E-01

hnflba D
0.256 0.431 -0.588 1.100 5.52E-01

hnflbb D
0.111 0.278 -0.433 0.655 6.90E-01

pdx1 D
-0.841 0.258 -1.347 -0.336 1.11E-03

tolbutamide
-0.655 0.291 -1.225 -0.085 2.43E-02
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time ofday (in
hours since 9AM)
0.430 0.153 0.130 0.730 4.91E-03
intercept_fixed
0.171 0.157 -0.137 0.479 2.76E-01
var_batch
-0.042 0.047 -0.134 0.050 3.75E-01
intercept_random 0.401 4.256 5.829 3.25E-36
5.042

Table 10: Showing the main effects of tolbutamide and of mutation of five genes on length (N= 326)

Effectsize SE LCI uci P-VALUE

gck D -0.185 0.152 -0.483 0.113 2.24E-01

hnfla D
-0.284 0.133 -0.544 -0.024 3.22E-02

hnflba D
0.120 0.158 -0.190 0.429 4.49E-01

hnflbb_D
-0.052 0.098 -0.244 0.140 5.96E-01

pdxl D
-0.229 0.092 -0.409 -0.049 1.28E-02

tolbutamide
-0.208 0.088 -0.381 -0.035 1.85E-02

time of day (in

hours since 9AM)
-0.015 0.016 -0.047 0.017 3.62E-01

intercept_fixed
0.314 0.208 -0.094 0.722 1.32E-01

var_batch

0.477 0.123 0.288 0.790
intercept_random
0.789 0.031 0.730 0.853

Table11: Showingthe maineffectsoftolbutamide and of mutation offive genesonlateralarea(N=
248)

Effect size SE LCI uci P-VALUE
gck D -0.160 0.204 -0.561 0.240 4.32E-01
hnfla_D
-0.345 0.196 -0.729 0.038 7.78E-02
hnflba_D
0.262 0.230 -0.188 0.712 2.54E-01
hnflbb_D
0.093 0.132 -0.165 0.351 4.79E-01
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pdx1l D
tolbutamide

time ofday (in
hours since 9AM)

intercept_fixed
var_batch

intercept_random

-0.102

-0.114

0.011
-0.008
0.261

0.950

0.129
0.122

0.022
0.206
0.097

0.043

-0.355
-0.353

-0.032
-0.412
0.127

0.868

0.152
0.125

0.055
0.396
0.539

1.038

4.31E-01

3.51E-01

6.11E-01

9.69E-01

Table 12: Showingthe main effects oftolbutamide and of mutation offive genesonbodyvolume

(N=232)
Effectsize P-VALUE
gck_D -0.120 0.200 -0.512 0.273 5.50E-01
hnfla_D
-0.404 0.162 -0.722 -0.087 1.26E-02
hnflba D
0.459 0.211 0.045 0.873 2.98E-02
hnflbb_D
-0.050 0.129 -0.303 0.204 7.01E-01
pdx1 D
-0.320 0.124 -0.563 -0.077 9.82E-03
tolbutamide
-0.277 0.120 -0.511 -0.042 2.07E-02
time of day (in
hours since 9AM)
-0.015 0.022 -0.059 0.028 4.88E-01
intercept_fixed
0.435 0.205 0.034 0.837 3.34E-02
var_batch
0.291 0.100 0.149 0.570
intercept_random
0.897 0.042 0.818 0.984
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Table 13: Orthologues of candidate genes in MODY associated locus

Human ENSG Zebrafish ENSDARG CHR Target Query
Gene orthologue %ldentity Identity
HNF1A ENSG00000135100 Hnf1a 8 51.96 45.61
HNF1B ENSG00000275410 Hnf1ba 15 80.90 80.61
HNF1B ENSG00000275410 Hnf1bb 21 67.86 64.81
PDX1  ENSGO00000139515  Pdx1 24 55.28 48.06
GCK ENSG00000106633  gck 8 78.99 80.69

Target %identity: percentage of the orthologous sequence matching the human sequence; Query %identity: percentage of
the human sequence matching the sequence of the orthologue
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Figure 1. The effectof treatmentwith rosiglitazone and metformin on glycaemic traits including beta cellnumberand
volume, insulin expression, whole-body lipid, glucose levels, Dorsal and lateral body surface area and body volume; For

thesetraits effect sizes and 95% confidence intervals are expressed in standard deviation units (SD). For normally

distributed traits, associations were examined using hierarchical linear models on inverse-normally transformed outcomes.
Associations were adjusted for time of day and batch; and transgenic background. The red square portion shows the effect
of treatment with metformin and rosiglitazone on food intake, assessed using multilinear regression models regression on,

adjustedfortime since feeding and batch (n=204). Dots and whiskers show effect size and 95% confidenceinterval.
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http://www.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000009470
http://www.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000006615
http://www.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000022295
http://www.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000002779
http://www.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000068006

Figure 6. Foodintakeasafunctionofdietary ordrugtreatmentintervention. Mixingfluorescently labelled tracersinwith
standard dryfood, standard dry food enriched with 4% extra cholesterol using diethyl ether, standard dry food treated
withdiethylether,and standard dryfood enriched with4% extracholesterolusingdiethyl etherandfurtherenriched with
atorvastatinand ezetimibe allowedimage-based quantification of food intake -i.e. surface areaoffluorescenceinthe
gastrointestinal tract - in eight-day-old zebrafish larvae
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