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Popular Science Summary

Obesity and type 2 diabetes mellitus (T2DM) are increasingly common health issues
that affect people all over the world. These conditions are caused by a combination
of different factors, including our DNA and the environment we live in. The way
our DNA interacts with our lifestyle and surroundings can impact our risk of
developing obesity and T2DM. We know that overeating, lack of exercise, and other
lifestyle factors can contribute to these conditions, but it is also important to
understand how variations in our DNA may cause obesity and T2DM. By study of
human DNA mutations, i.e. small differences in DNA found in different individuals,
we can gain a better understanding of how these diseases develop. By use of this
knowledge, we may eventually develop more effective prevention and treatment
strategies, ultimately helping people live healthier lives.

How do scientists identify which DNA mutations contribute to disease? Researchers
use a technique called genome-wide association studies (GWAS) to explore which
mutations could be involved in causing obesity and T2DM. Through GWAS,
scientists have found hundreds of mutations that are connected to either the
development or treatment efficacy of obesity and T2DM.

Although we now have associated many mutations with obesity and T2DM, we still
rarely know exactly how they work or why they affect some people more than
others. Scientists have found that many of the mutations are found in the parts of
the DNA that may control how certain genes are turned on (up) or off (down).
However, we still do not fully understand which genes are affected or how this
regulation works in different organs or different environments. These gaps in our
knowledge make it difficult to use the findings from GWAS to develop new
treatments for obesity and T2DM.

Scientists are therefore developing new ways to study DNA mutations. One
promising approach is called functional genomics, which helps researchers
investigate how particular mutations affect cells and living organisms. One of the
most promising functional genomics approaches is a technology called
CRISPR/Cas9 genomic editing. This cutting-edge technique allows researchers to
make precise changes to the genome of a living cell and study the effects of those
changes.

How does the CRISPR/Cas9 machinery work? CRISPR/Cas9 can be likened to a
tiny pair of scissors that can cut our DNA at a specific location. Scientists guide the
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scissors to the right location using a small piece of barcode (called guide RNA).
Once the DNA is cut, the cell will attempt to repair it, and can be tricked into
introducing new, specific DNA mutations if we provide it with a specific DNA
template. This allows scientists to edit the DNA, e.g. by switching the genetic code
from A to G.

In our research, we used the CRISPR/Cas9 technique to investigate the genetic basis
of body weight regulation. We wanted to identify which specific DNA mutations
are responsible for differences in body weight change and fat metabolism, and how
they affect the cells involved.

Our work led to several exciting discoveries. We found that a mutation in our DNA
called rs67785913 can affect the production of a gene called MTIF3. Curious to
discover the function of this gene, we studied how it works in fat cells (adipocytes).
We found that MTIF3 is important for controlling how the cells use and store fat,
and it accomplishes this by helping the cells' energy factories called mitochondria
to work efficiently during fat combustion.

In our second study, we looked at a specific DNA mutation known as rs8192678.
We found it to be involved in the development of white fat cells and their
metabolism. The mutation itself influenced the activity of a gene called
PPARGCI1A, which then affected the production of a protein called PGC-1a; it is
important for the function and production of several other proteins.

In our third study, we focused on a specific DNA mutation called rs10071329 and
how it influences the function of fat-burning brown fat cells. We found that it
affected the production of a gene called PPARGCIB, which is responsible for the
proper functioning of brown fat cell powerhouse — the mitochondria — and their
response to norepinephrine — a hormone that helps burn fat.

In our fourth paper, we focused on a specific DNA mutation (called rs2289669) that
has been linked with the effectiveness of a commonly prescribed drug called
metformin, which helps lower blood glucose in people with T2DM. We found that
this mutation and its tightly linked mutation (called rs8065082) do not have any
impact on a gene called SLC47A41 in liver cells. While these results are negative,
they further show the value of combining association studies with experimental
science to validate which DNA mutations are relevant for T2DM and its treatment.

In conclusion, we used a state-of-the-art technique, CRISPR/Cas9, to unveil the
specific DNA mutations and genes responsible for regulating body weight and
T2DM, and our work provides a valuable workflow for future studies of other DNA
mutations. By studying how our genes control body weight and metabolism, we
hope to eventually be able to devise personalized plans to help people stay healthy,
and to develop new drugs that help people lose or maintain weight. Our research has
shown how complex the interplay between DNA mutations and lifestyle can be, but
we also hope it will help us find new ways to help people live healthier lives.
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Popularvetenskaplig Sammanfattning

Fetma och typ 2-diabetes (T2DM) ér allt vanligare hilsoproblem som péverkar
ménniskor dver hela vérlden. Dessa tillstand orsakas av en kombination av olika
faktorer, inklusive vart DNA och den milj6 vi lever i. Sittet som véart DNA
interagerar med var livsstil och omgivning kan paverka risken att utveckla fetma
och T2DM. Vi vet att dverdtande, brist pd motion och andra livsstilsfaktorer kan
bidra till dessa tillstand, men det &r ocksé viktigt att forstd hur vart DNA bidrar till
att orsaka fetma och T2DM. Genom att studera mianniskans DNA mutationer, d.v.s.
sma skillnader i DNA som &r unika for olika individer, kan vi fa en battre forstaclse
for hur dessa sjukdomar utvecklas. Genom att anvinda denna kunskap hoppas vi
senare kunna foresla mer effektiva forebyggande- och behandlingsstrategier, vilket
i slutdndan hjalper ménniskor att leva hilsosammare liv.

Hur uppticker forskare DNA mutationer som bidrar till sjukdomar? Forskare
anvinder en teknik som kallas for genomtickande associationssstudier (GWAS) for
att utforska vilka mutationer som kan vara involverade i orsakande av fetma och
T2DM. Genom GWAS har forskare funnit hundratals mutationer som ar kopplade
till antingen utveckling eller behandlingseffektivitet av dessa sjukdomar.

Aven om manga mutationer har kopplats till fetma och T2DM, vet vi ofta inte hur
de fungerar eller varfor de paverkar vissa médnniskor mer dn andra. Forskare har
funnit att ménga av mutationerna finns i de delar av DNA som kontrollerar hur vissa
gener aktiveras eller inaktiveras. Men vi forstér fortfarande inte fullt ut vilka gener
som péverkas eller hur denna reglering fungerar i olika organ eller i olika miljGer.
Dessa kunksapsluckor gor det svart att anvinda GWAS-resultaten for att utveckla
nya behandlingar mot fetma och T2DM.

Darfor utvecklar forskare nya sitt att studera DNA mutationer. Ett lovande
tillvigagangssatt kallas funktionell genomik, vilket hjélper forskare att undersoka
hur specifika mutationer paverkar celler och levande organismer. En av de mest
lovande metoderna inom funktionell genomik &r en teknik som kallas
CRISPR/Cas9-genomredigering. Denna toppmoderna teknik gor det mojligt for
forskare att gora precisa fordndringar i genomet hos en levande cell och studera
effekterna av dessa fordndringar.

Hur fungerar CRISPR/Cas9? CRISPR/Cas9 kan liknas vid en liten sax som kan
klippa vart DNA pé en specifik plats. Forskare styr saxarna till rétt plats med hjilp
av en "streckkod" (kallad guide-RNA). Nér DNA:t har klippts forsoker cellen att
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reparera det, och kan da luras att introducera nya, specifika DNA-mutationer,
forutsatt att vi tillhandahéller den en specifik DNA-mall. Detta gor det mojligt for
forskare att redigera DNA:t, t.ex. genom att byta genetisk kod fran A till G.

I var forskning anvénde vi CRISPR/Cas9-tekniken for att undersoka den genetiska
grunden for reglering av kroppsvikt. Vi ville identifiera vilka specifika DNA-
mutationer som dr ansvariga for skillnader i foréndringar av kroppsvikt och
fettmetabolism, och hur de péverkar celler som &r involverade i dessa process.

Vart arbete ledde till flera spannande upptickter. Vi fann att en mutation i vart DNA
kallad rs67785913 kan péverka produktionen av en gen som kallas MTIF3. For att
upptécka funktionen av denna gen, studerade vi hur den paverkar fettceller
(adipocyter). Vi fann att MTIF3 ar viktig for kontroll av cellernas anvindning och
lagring av fett, och att MTI/F3 &stadkommer detta genom att hjélpa cellernas
energifabriker, s& kallade mitokondrier, att arbeta effektivt nér fettforbranning sker.

Det andra studiet fokuserade pa en specifik DNA mutation betecknad rs§192678.
Vi fann att den é&r involverad i utvecklingen av vita fettceller och deras
amnesomséttning. Sjdlva mutationen paverkade aktiviteten av en gen kallad
PPARGCIA4, vilket i sin tur paverkade produktionen av ett protein kallat PGC-1a,
som é&r viktigt for funktionen och produktionen av flera andra proteiner.

I vér tredje studie fokuserade vi pa en specifik DNA mutation som kallas
rs10071329 och hur den paverkar funktionen av fettforbrannande bruna fettceller.
Vi fann att mutationen péverkade produktionen av en gen som kallas PPARGCIB,
som dr ansvarig for den korrekta funktionen av de bruna fettcellernas kraftverk -
mitokondrierna - och deras respons pa noradrenalin - ett hormon som hjélper till att
forbrénna fett.

I vér fjarde artikel fokuserade vi pa en specifik DNA mutation (kallad rs2289669)
som har kopplats till effektiviteten av en vanligt foreskriven medicin kallad
metformin, som hjélper till att séinka blodsockret hos personer med T2DM. Vi fann
att denna mutation och dess nérliggande mutation (kallad rs8065082) inte har ndgon
paverkan pa en gen kallad SLC47A41 ileverceller. Aven om dessa resultat &r negativa
visar de ytterligare virdet av att kombinera associationsstudier med experimentell
forskning for att validera vilka DNA mutationer som &r relevanta for T2DM och
dess behandling.

For att summera, i var forskning anvénde vi en toppmodern teknik, CRISPR/Cas9,
for att kartldgga de specifika DNA-mutationerna och generna som ér ansvariga for
att reglera kroppsvikt och T2DM. Vért arbete demonstrerar dven ett arbetsflode som
kan utnyttjas for framtida studier av andra DNA-mutationer. Genom att studera hur
véra gener kontrollerar kroppsvikt och metabolism hoppas vi sd smaningom kunna
utveckla individanpassade strategier som hjélper ménniskor att hélla sig friska, samt
utveckla nya lakemedel som hjélper ménniskor att gé ner i vikt eller behalla sin vikt.
Var forskning har visat hur komplex samverkan mellan DNA mutationer och livsstil
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kan vara, men vi hoppas ocksa att den kommer att hjédlpa oss att hitta nya sétt att
hjélpa ménniskor att leva hidlsosammare liv.
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Chapter 1 - Introduction

Obesity

Overweight and obesity are major risk factors for diabetes, cancer, heart disease,
and stroke, and are leading causes of death and disability '. Body mass index (BMI),
calculated as the ratio of weight (in kilograms) to square of height (in metres), is
commonly used to define categories of body corpulence. For adults, a person with
a BMI > 25-29.9 kg/m? is considered overweight, and a BMI > 30 kg/m? is
considered obese.

In 2016, the World Health Organization (WHO) reported that worldwide 39% of
adults were overweight, and 13% were obese . Strikingly, the incidence of obesity

has tripled in recent years, a health problem that continues to worsen **,

The growing number of people with overweight or obesity is overwhelming
healthcare systems. People with obesity often require more medical attention and
specialized care, and experience more interactions with healthcare services, and are
hospitalized and under surgery more frequently than people with low BMIs *. One
study estimated the economic impact of obesity and overweight will be between
2.19% and 3.3% of gross domestic product (GDP) in 161 countries by 2060 ’.

Efforts have been made to reveal the mechanisms of overweight and obesity. There
are key drivers of overweight and obesity: Environmental factors: factors for
positive energy balance and weight gain include increased eating and consumption,
especially of high-calorie foods, reduced physical activity, use of medications with
adverse effects of weight gain, and insufficient sleep *''. Many people who have
overweight or obesity will have energy homeostasis (i.e. they will not be losing or
gaining weight) and they may have developed overweight or obesity in childhood
or adolescence. Genetic factors: families-based studies, some involving twins have
shown that BMI is highly heritable, with an estimated heritability between 40% and
70% '2. In addition, 11 rare genetic forms of obesity have been observed, such as
genetic deficiency in the leptin gene and melanocortin-4 receptors, with the
hypothalamus and play a role in regulating energy balance '*'*,

Current therapies for obesity and overweight management are lifestyle intervention,
pharmacotherapy, and bariatric surgery ''. Lifestyle interventions, which typically
consist of diet intervention, physical activity, and behavioral therapy, are a standard
approach for weight loss in people with overweight or obesity '°. Examples of
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lifestyle interventions can be found in two ground-breaking randomized control
trials: the Diabetes Prevention Program (DPP) '® and the Action for Health in
Diabetes (Look AHEAD) trial '’. People with obesity typically lose about 8 kg
(about 8% of their initial weight) with intensive lifestyle interventions using the
Guidelines for the Management of Overweight and Obesity in Adults as a
framework '®. Pharmacotherapy is often used in conjunction with lifestyle
interventions to achieve weight loss and to prevent weight regain '**. There are 7
medications so far that can be used for chronic weight management in adults,
namely: semaglutide, bupropion-naltrexone, liraglutide, orlistat, phentermine-
topiramate, tirzepatide, and setmelanotide. However, concerns about side effects
and the common occurrence of weight regain after stopping the medication may
discourage some patients from using it ''. Bariatric surgery, which is a weight
management option for patients with a BMI of 40 or higher, or a BMI between 35
and 39 in the presence of an additional health condition. There are three main types
of bariatric surgery: laparoscopic adjustable gastric banding, vertical-sleeve
gastrectomy, and Roux-en-Y procedures. Although the surgeries are more effective
in reducing body weight than lifestyle changes and medications, they are also riskier
and more expensive >,

Nevertheless, patients with lifestyle interventions and treatments often show a very
wide interindividual response to bodyweight loss and maintenance 22,
Accumulating evidence has shown these inconsistent results might be mediated by
genetics **?’, which highlights the importance to study the biological mechanisms
of conception: how genetics and environmental factors interplay affects body
weight control.

Type 2 diabetes mellitus

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterised by
impaired insulin secretion and insulin resistance resulting in hyperglycaemia. It has
become a global health threat; by 2040, the estimated prevalence will be 642 million
people worldwide, with about 98% with T2DM **. This type of diabetes usually
develops slowly over many years, and is often accompanied by obesity, lack of
physical activity, and an unhealthy diet ».

It is generally accepted that T2DM is a polygenic disease resulting from a complex
interaction between environmental factors and genetic components *°.
Environmental risk factors that influence the development of T2DM include
obesity, sedentary lifestyle, low or high birth weight and stress. Other dietary factors
and toxins may also play a role *'. These environmental factors undoubtedly affect
the onset of T2DM, but they do not impact everyone in the same way.
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Epidemiological studies have shown that the estimated heritability of T2DM ranges
from 20% to 80% in different populations ****. The lifetime risk of developing
T2DM is 40% for people with one parent with T2DM and 70% if both parents are
affected. An abundance of genes associated with T2DM have been uncovered
through linkage investigations, candidate gene studies, and genome-wide
association studies; these include PPARG, TCF7L2, IRS1, IRS2, FTO, MTNRIB,
and others. However, how these genes interact with each other, and with the
environmental factors to cause T2DM is still not well understood.

Although the etiology and disease mechanisms are not fully understood, there are
several treatment options for T2DM. Glucose-lowering drug therapy, along with
maintaining a healthy lifestyle, is an essential part of managing T2DM. Among
these drugs, metformin remains one frontline therapy for people with T2DM in
many countries.

Metformin primarily acts in the liver to reduce the expression of gluconeogenic
enzymes and inhibit mitochondrial respiration to decrease hepatic glucose output
3435 1t also improves insulin sensitivity of peripheral tissues and stimulates GLP-1
secretion *. Furthermore, metformin nominally reduces HbAlc concentration by
about 1-2%, and rarely causes hypoglycaemia; it has modest beneficial effects on
blood pressure and lipid profile *’. Because of these biological actions, the benefits
of metformin are not limited to T2DM, but also apply to the prevention of
cardiovascular diseases, obesity, etc 37 However, metformin is not effective for all
the people with T2DM, nearly around 30% of patients do not respond to the drug **,
and ~20 to 30% of patients experience intolerable side effects *. This inefficacy and
side effects might be partly explained by genetics *°.

The role of adipose cells in obesity and T2DM

In humans, normal fat mass ranges from 9 to 18% in males and from 14 to 28% in
females; while people with obesity have fat mass exceeding 22% of body weight in
males and 32% in females *'. Adipose tissue is highly heterogenous and has diverse
functions in regulating human metabolic homeostasis, including insulin sensitivity
2 glucose and lipid metabolism, inflammatory responses **, as well as non-
shivering thermogenesis **.

There are distinguished adipose tissue types: white adipose tissue (WAT) and brown
adipose tissue (BAT) *. The primary role of WAT is as an energy reservoir to
regulate energy homeostasis by storing excess lipids, and secreting paracrine factors
to regulate other metabolic tissues, e.g., leptin ***’. By exposing the adipocytes to a
sustained excessive energy supply, their capacity for lipid storage can be pushed to
their limits *’. Consequently, the ectopic fat may end up stored in other organs,
which are essential for glucose homeostases, such as the muscle, pancreas (islets),
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and liver. This phenomenon is referred to as "lipotoxicity” and is the cause of whole-
body insulin resistance **. Unhealthy WAT expansion occurs when people are
under prolonged positive energy balance conditions. To compensate for the
increased need for lipid reserves, white adipocytes increase in size and number,
which may cause stress in the fat cells *’. Many adverse effects are associated with
unhealthy WAT expansion, including inflammation, impaired adipokine secretion,
and mitochondrial dysfunction. Targeting each of the listed outcomes may be
helpful in the development of treatment for obesity *°.

Unlike the role of white adipose tissue in energy storage, BAT largely oxidizes fatty
acids without generation of ATP. This uncoupling is achieved through uncoupling
protein 1 (UCPI) which depolarizes the inner mitochondrial membrane and
generates heat *. BAT is found predominantly in rodents and infant humans, where
it’s located around the scapula area *°. BAT may contribute 60% of "non-shivering"
thermogenesis in small mammals, allowing them to survive in cold environments
! In human adults, recent studies using the 18-fluorodeoxyglucose (‘*FDG)
imaging analysis also provided clear evidence of the existence of BAT, and the
estimated volume is typically from 50 to 150 ml. However, the true volume of BAT
in humans might be underestimated due to the technical limitations of *FDG
PET/CT; for example, it is very challenging to measure regions smaller than 1 cm?.
> Brown fat mass and metabolic activity have been inversely correlated with body-
mass index in humans >**. Enhancing the activity of BAT has been proposed as a
strategy for the prevention and treatment of obesity and obesity-related metabolic
disorders **.

GWAS in obesity and T2DM

The completion of the Human Genome and International HapMap Projects created
unique opportunities for studying genetic associations with selected diseases and
traits in a “genome-wide” fashion. GWAS was at that point propelled, and rapidly
became a powerful tool in finding multiple genetic variants in diseases with
individually small effects. The single nuclear polymorphism (SNP) found in GWAS
could have additionally identified some novel genetic insights into obesity.
However, the hope for personalized prevention and treatment of obesity by using
the identified variants is still far away because most genetic variants connected to
BMI and obesity have not been proven to be biologically or clinically relevant for
obesity treatment or prevention >°.

To facilitate the clinical use of the genetic discoveries through GWAS, attempts
have been made by testing the variants and lifestyle interactions on body weight loss
and regain in randomized control trials *°. For example, in DPP and Look AHEAD
trials, researchers found the minor G allele of MTIF3 rs1885988 was consistently
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associated with greater weight loss following lifestyle intervention over 4 years,
indicating the significant SNP and treatment interaction *°.

Regarding T2DM, there have been over 400 genetic variants identified by GWAS
associated with T2DM in European ancestry participants > and 242 loci associated
with glycemic traits **. A large portion of the identified loci seems to be relevant for
B-cell function. Indeed, as many SNPs associated with T2DM and glycemic traits
are enriched in open chromatin sites in islets, suggests that their potential regulatory
functions are for insulin production or secretion. These genetic findings also
provided an opportunity for pharmacogenetic studies, which may help generating
precision therapeutic options for T2DM. There is a growing body of evidence from
cohort studies and clinical trials supporting the use of genotype to predict the
response to diabetes medication ¥,

From association to causality: the challenges

The information provided by GWAS helps link a genetic variant to a particular
disease but because it only identifies the genomic region that contains the causal
variant, it does not clearly define the functional DNA sequence. Identifying disease-
causal variants underlying GWAS associations remains challenging due to several
reasons:

The existence of linkage disequilibrium (LD) When two or more genetic variants
(or alleles) are physically close to each other on a chromosome, they tend to be
inherited together more often than expected by chance, which is called Linkage
disequilibrium (LD) . On average, there is an occurrence of SNPs every 300 base
pairs ®'. Consequently, a SNP identified in GWAS (tag SNP) is often just a
representative of a genomic region (the whole LD block) that harbors the causal
variant. The causal variant might be the tag variant itself or other variants in the
haploblock.

Most GWAS signals reside in non-coding regions More than 90% of variants
found in GWAS are in non-coding regions, making it difficult to identify which
gene or genes are affected by the genetic variation. These non-coding variants are
commonly enriched in predicted regulatory regions, suggesting that their effects on
affecting disease risk occur through regulating gene expression, splicing or mRNA
stability ®%. Once a specific polymorphism is associated with a disease, it is usually
annotated by naming the gene in closest proximity. However, owing to the complex
nature of eukaryotic transcriptional regulations, this doesn’t implicate the nearest
gene as the actual target gene .

The role of the non-coding variant may be cell type specific Many functional
elements in non-coding regions are tissue- and cell-type specific *. Assaying the
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correct cell types that are causally related to the phenotype is essential for the
annotation of GWAS SNPs. Integrating gene expression and chromatin state
annotation into SNP enrichment assays is a helpful approach for prioritizing cell
types *%. However, the involvement of multiple cell types in the mediation of many
traits through SNPs adds complexity to the dissection of disease-causal variants.
The use of single-cell approaches may aid in the elucidation of the role of disease-
associated variants in specific cell subpopulations .

From association to causality: the experimental
approaches

Mapping causal DNA variants from GWAS studies and identifying their target
genes, and furthermore, linking the causal variants and target genes to molecular,
cellular, and physiological phenotypes is extremely important for the translation of
GWAS results into clinical practice, with the goal of advancing precision medicine
% While numerous statistical methods and genomic functional annotations have
been applied to prioritize causal variants (termed fine-mapping) and their target
genes 6768 the crucial evidence, validating these causal variants and their targets in
a laboratory setting, is largely lacking. To dissect the causal variants, genome
editing in the native genome provides perhaps the best evidence for causality or lack
thereof. Thanks to the development of genome editing techniques, we now have
numerous tools for precise genome editing. Among them, CRISPR/Cas9 genome
editing system has shown great potential .

CRISPR/Cas9 is an abbreviation of Clustered Regularly Interspaced Palindromic
Repeats (CRISPR) and its associated protein 9, and was initially discovered as an
adaptive immune system in bacteria and archaea . Later, this system was utilized
for modifying genomes in eukaryotic cells and extensively employed in biomedical
research and clinical applications "°. The CRISPR/Cas9 system consists of two
components, the Cas9 nuclease and a guide RNA. The Cas9 nuclease is the effector,
which cuts the target double-strand DNA, while the guide RNA connects (targets)
to the Cas9 enzyme to a specific DNA sequence. The guide RNA can be either a
complex of crispr RNA (crRNA) and trans-activating crispr RNA (tractRNA), or a
chimeric single-guide RNA (sgRNA). Guide RNA has a 20-nucleotide sequence
(spacer sequence) that can complementarily match with the DNA target
(protospacer) in the genome. In front of the protospacer DNA sequence, it requires
a motif 5-NGG-3' (the protospacer adjacent motif, called PAM) for Cas9 binding
70

Once a DNA double stand break (DSB) has been introduced by the Cas9 nuclease,
the cells start to repair the DSB using two mechanisms: either homology-directed
repair (HDR) or non-homologous end joining (NHEJ) ”'. NHEJ typically results in
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random mutations with the creation of small insertions or deletions at the location
where the breakage occurred, and this repair system predominates in most cases .
Alternatively, when provided a donor DNA template, the HDR mechanism may be
triggered, resulting in an error-free repair that can introduce precise genetic
modifications . These two distinguished pathways are used by researchers for
generating different genomic engineering outcomes. The former is normally used
for creating a general gene knockout or DNA element deletion, while the latter is
used for precise genome editing, e.g., allele switching or DNA fragment insertion.
Notably, when applying the CRISPR/Cas9 system for single nucleotide substitution,
as the two repair mechanisms are competing for the DSB repair, usually a mixed
proportion of precisely edited cells and cells with random mutations is found .

Using CRISPR/Cas9 genomic editing system, researchers have successfully
identified some causal variants observed in GWAS (summarized elsewhere ‘). The
methods used include the introduction of indels nearby the causal variants, genomic
deletion of the causal variants, as well as the allele substitution of the causal variant.
A pioneering study using CRISPR/Cas9 to generate allele switch allowed
identifying causal variant in FTO locus was conducted in 2015 ™. In that study,
Claussnitzer et al. applied CRISPR/Cas9 in primary pre-adipocyte cells,
successfully made an rs1421085 T-to-C single-nucleotide switch, and confirmed its
causal role in regulating /RX3 and /RX5 expression which affected adipocyte
thermogenesis 7*. This revealed the potential of using CRISPR/Cas9-mediated allele
editing in dissecting GWAS causal variants.

Nevertheless, the application of CRISPR/Cas9 in precise genomic editing is limited
by the low efficiency of HDR. In fact, the CRISPR/Cas9 mediated HDR efficiency
depends on many factors such as cell type or the sequence and accessibility of the
edited locus. Although some methodologies have been developed for improving
HDR efficiency 7, their efficiency is often not satisfactory. Given the hundreds of
SNPs found for one specific trait and the colocalized variants in the same haplotype
block, it is extremely resource-demaning to edit all the variants and evaluate their
causality using the CRISPR/Cas9-mediated allele switch approach. Therefore, the
common initial step for dissecting the causal variants is to perform fine mapping
using either publicly available annotation tools or prioritize variants in an
experimental setting using reporter assays.

It is usually straightforward to test the causal role of a coding DNA variation, as the
coding variation may disrupt the protein structure and further affect the protein
function. For the non-coding genetic variants, a luciferase reporter assay may be
applied for prioritizing potential causal variants, assaying both the risk and
protective alleles of the candidate SNPs. The basic workflow for the cell culture-
based luciferase reporter assay is that several hundred base pairs surrounding the
SNPs are cloned into a plasmid carrying a promoter and a reporter gene. They are
then transfected into a relevant cell type, and the transcriptional activity of the
fragments is read out. This assay is scalable; so rather than testing reporter
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constructs one-by-one in cell culture contexts, several research groups have
developed massively parallel reporter assays (MPRAs), in which thousands of

variants can be tested in a single experiment .

rs8192678 and PPARGCIA

rs8192678 (C/T, Gly482Ser) is a missense mutation in the PPARGCIA gene, and it
is the only common polymorphism in its haploblock. The minor T allele frequency
is 5% in African populations, and ranges from 26 to 44% in American, East Asian,
European, and South Asian populations. Epidemiology studies have shown the T
allele is extensively associated with T2DM, insulin resistance, and obesity s
Interestingly, the T allele also associates with a better response to certain lifestyle
interventions on metabolic outcomes *°.

138192678 C/T encodes peroxisome proliferator-activated receptor y coactivator 1-
o (PGC-1a) Gly482 and Ser482, respectively. PGC-1a protein is a transcription
coactivator, which interacts with numerous transcription factors to regulate the
expression of genes involved in oxidative metabolism and mitochondrial function
182 The rs8192678 T allele has shown an association with lower PPARGCIA
mRNA expression in muscle and islets ***. When PGC-la was episomally
overexpressed in HepG2 cells and Ins-1 cells, the T allele-encoded Ser482 degraded
faster than the C allele-encoded 482Gly protein **®. The above studies, in
epidemiological and experimental biology, suggest that the 158192678
polymorphism may affect PGC-1a protein abundance, which in turn may contribute
to the observed phenotypes. However, direct evidence that the biological
mechanisms linking the Gly482Ser PGC-1a variant with cellular phenotypes in
metabolic disorders are still missing.

rs1885988 and MTIF3

rs1885988 (A/G) is a non-coding genetic variation, and the G allele is the minor
allele, with a frequency of 19% in the European population and 15% in the East
Asia population. This variant has shown significant association with lifestyle
intervention-mediated weight change in the world’s largest randomized controlled
weight loss trials (Diabetes Prevention Program [DPP] and Look AHEAD).
Researchers found that the G allele carriers were slightly more prone to weight gain
in the control arm, yet achieved significantly greater weight loss at 12 months post-
randomization and retained lost weight longer (18-36 months) than A allele carriers
56 Elsewhere, the same locus has been associated with greater and more sustained
weight loss following bariatric surgery *’. These observational studies give a hint
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that genetic variations in rs1885988 haplotype may play a causal role in lifestyle
intervention-mediated weight regulation. However, there are some questions that
remain to be answered: which genetic variation(s) is causal for the observed
phenotype? Which gene(s) is the target of the variant(s)? What is the function of the
target gene? What is the biological mechanism linking the gene to the weight change
outcome?

MTIF3 is the nearest gene to rs1885988, and other genetic variants within the
MTIF3 gene locus have also been associated with body weight regulation outcomes.
MTIF3 encodes the Mitochondrial Translation Initiation Factor 3 protein ®%.
Functional studies in cell and mouse models have shown the important role of
MTIF3 in regulating mitochondrial protein synthesis, and oxidative phosphorylation
OXPHOS complexes assembly in heart and skeletal muscle * . In the context of
body weight regulation, these studies suggest that MTIF3 may influence obesity
predisposition and weight loss potential by modulating mitochondrial function.
MTIF3 may play a key role in adipose tissue metabolic homeostasis, as adipocyte
mitochondria are involved in lipid metabolism, thermogenesis, and regulation of
whole-body energy homeostasis °'*>. However, studies for validation of the causal
role of genetic variant candidates and genes in the weight regulation-related cellular
models are needed.

rs10071329 and PPARGCIB

rs10071329 is a biallelic (A/G) variant, the minor allele frequency is 1% globally,
but higher in African populations, reaching 7-8% in ESN (Esan in Nigeria) and YRI
(Yoruba) subpopulations (according to population genetics data in 1000 Genomes
Project Phase 3). This genetic variation has been associated with subcutaneous
adiposity change after lifestyle intervention **. But whether the rs10071329 is a
causal variation that regulates the observed phenotype is still unknown.

rs10071329 resides downstream of PPARGCIB, whose protein coding product,
peroxisome proliferator-activated receptor y coactivator 1 (PGC-1p), is established
as an effector in brown adipocyte lipid metabolism and energy metabolism ** .
Importantly, rs10071329 is the only variant in its haplotype block. These findings
together suggest that rs10071329 may play a regulatory role in regulating
PPARGCIB expression, thus affecting body weight regulation. However, this
hypothesis needs to be experimentally examined in the relevant cellular model and
in vivo models.
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152289669 and SLC47A41

Metformin is the first-line drug for glycaemic control in type 2 diabetes. However,
patients” responses to metformin vary widely *°, which motivates researchers to
search for the genetic determinants of this phenotype. There is one genetic variant,
132289669, that has been consistently associated with an HbAlc-lowering effect
after metformin treatment, with the A allele being more beneficial °’'"'. Moreover,
138065082, which is in tight linkage disequilibrium with rs2289669, has been shown
to mediate the risk of T2DM development after metformin treatment, with the minor
T allele being more beneficial '®*. In contrast, the rs2289669-mediated metformin
HbAlc-lowering effect was not supported by analyses within the MetGen
consortium'®. To explain these contradictory findings, direct evidence is needed
that links the causal SNP candidates to their effector genes.

132289669 resides in an intron of the SLC4741 gene, which encodes a
transmembrane cationic transporter MATE] (multidrug and toxin extrusion 1).
MATE1 modulates metformin efflux from the liver and kidney '**'%. Putting the
above evidence together, it is reasonable to hypothesize that the intronic genetic
variants at 1s2289669, or closely linked variants, could affect SLC4741 gene
expression or splicing, ultimately determining metformin efflux rate from the liver
and kidney, thus affecting the metformin efficacy in lowering HbAlc. However,
this hypothesis needs to be experimentally tested.
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Chapter 2 — Methods

The experimental procedures of each assay are described in the papers included in
the thesis. In this chapter, I will focus on explaining the principles of the key
methods, and on describing the key resources used in the projects.

Cell lines

Human white pre-adipocyte cell line (hWAs) and brown pre-adipocyte cell line
(hBAs) were kindly shared by Professor Yu-Hua Tseng (Joslin Diabetes Center,
Boston, USA). The cells of origin were from a female subject aged 56, with a BMI
of 30.8 ''°. The cells were immortalized by introducing human telomerase reverse
transcriptase (hTERT) into primary white pre-adipocyte cells isolated from the
subcutaneous fat pad, or into primary brown pre-adipocyte cells from deep neck fat.
Both cell lines were used in this thesis for genomic editing and for functional assays
to identify causal genetic variation. hWAs cell line was used in paper I and II and
hBAs cell line was used in paper I1L.

The hWAs-iCas9 cell line was established in our lab by integrating the doxycycline-
inducible Cas9 cassette into the hWAs genome. This cell model was used for
elucidating the function of MTIF3 in human white adipocytes in paper 1.

HepG2 cell line was purchased from Sigma-Aldrich. This cell line was originally
isolated from a hepatocellular carcinoma of a 15-year-old, white, male youth """,
Here, it was used for genomic editing and assessment of hypothetical causal genetic
variation in paper IV.

Luciferase reporter assays for causal variant prioritization

A luciferase reporter assay typically requires an expression plasmid that carries
luciferase-encoding cDNA (reporter) and a proximal regulatory element. In paper
L, for prioritization of causal variants, hypothetical regulatory elements were derived
from genomic DNA sequences that surround genetic variants in the haplotype block
of interest. Thus-constructed plasmids are then transfected into cells, whereby the
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regulatory elements recruit cellular transcriptional machinery to express the
luciferase reporter gene. The luciferase expression level in the cells is dependent on
the regulatory effects of the DNA element inserted (e.g. enhancer), and can be
quantified with a bioluminescence assay. Different luciferase expression levels
suggest different functional impacts of the interrogated regulatory elements, and
potentially also of the associated genetic variants ''2. An illustration of how a
luciferase reporter assay works is shown in Figure 1.
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Figure 1. An illustration of a luciferase reporter assay, the figure was obtained from 12,
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sgRNA and HDR donor template design for
CRISPR/Cas9-mediated allele editing

To simplify the genomic editing process and to improve its efficiency, we used
ribonucleoprotein (RNP) complexes ' instead of CRISPR/Cas9 plasmids in our
experiments. To design the editing assays, we first used the UCSC genome browser
(https://genome-euro.ucsc.edu) to retrieve the human reference genome sequences
surrounding the genetic variants of interest. The sequences were parsed into Primer3
web tool (https://primer3.ut.ee/) to design primers for PCR amplification and later
Sanger sequencing. The sgRNAs and HDR donor templates used for CRISPR/Cas9
allele substitution were designed manually by, in general, finding the shortest
distance between the possible CRISPR/Cas9 cut sites and the alleles to be edited.

Limiting dilution cloning for clonal screening

After the initial CRISPR editing reaction, the cell population is a mixture of
scarlessly allele-edited cells and cells with random mutations. To isolate the
properly edited cells, we, therefore, utilized single-cell cloning. The illustration of
the workflow is as below:
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Figure 2. The workflow of limiting dilution cloning. The CRISPR-edited cell population is diluted to 5 - 20 cells/ml
medium and seeded into 96-well plates at 100 ul/well. The cells in the plate are then allowed to proliferate for 3
weeks and apparent single clonal populations are genotyped. (This illustration is made with Biorender,
https://app.biorender.com/).
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RT-qPCR

To quantify gene expression in our allele-edited cells, in all four papers, we used
reverse transcription quantitative real-time PCR (RT-qPCR). The RT-qPCR assay
includes two procedures. First, mRNA extracted from samples is reverse-
transcribed into cDNA by reverse transcriptase; second, the synthesized cDNA is
used as a template for PCR amplification, in the presence of either dyes or probes
for quantification of the amplification products. In our study, we used the Tagman
probe-based method for the RT-qPCR assay. The reason for using Tagman assays
is, compared with the dye-based method (SYBR-Green), higher accuracy and
sensitivity, and the optional multiple-target detection.

The principle for Tagman assay is described in Figure 3 ''*. A Tagman probe is a
short DNA oligonucleotide complementary to the cDNA of the PCR-amplified
target, carrying a fluorescent reporter (reporter) and a quencher at opposite ends. An
intact probe does not emit fluorescence, as the reporter and the quencher remain in
proximity. However, during an ongoing real-time PCR reaction, the probe that binds
to its target is cleaved, whereby the quencher inhibition of the fluorescent reporter
is released, increasing the fluorescence in the sample.
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When the TagMan probe is intact, the reporter
and quencher stay close to each other, which
prevents the emission of any fluorescence

Reporter TagMan _ Quencher
fluorophore probe
Primer
The primer and TagMan probe 5’m—>
anneal to the complementary
DNA strand following denaturation 3'W
cDNA
Reporter

fluorophore ~ Quencher
After hybridization and during the M ’ Q
extension phase, the 5° endonuclease P Ul
activity of the Taq DNA polymerase ) ‘

cleaves the probe, which separates 5 m
reporter and quencher dyes and | | | | | | | | | | | | |
fluorescence is detected 3’

Figure 3. The principle of Tagman assay, the figure is from 114,

Mitochondrial respiration profiling using Seahorse
analyzer

Mitochondria play a crucial role in regulating adipocyte glucose and lipid
metabolism, and their dysfunction has been demonstrated to contribute to the
development of obesity and T2DM '**. In papers I, I, and III, we found that the
genetic variants studied could regulate the expression of genes involved in
mitochondrial function. To measure cellular respiration in our allele-edited cells, we
employed a Seahorse XF analyzer (Agilent Technologies, Santa Clara, California,
USA) which is a sensitive instrument for directly monitoring cellular metabolic
functions. Seahorse analyzer provides label-free measurements of the oxygen
consumption rate (OCR) and the extracellular acidification rate (ECAR) in a
microchamber with about 2 pl medium 200 pum above a monolayer of cells, all in a
microplate. OCR measurements trace the mitochondrial oxidative phosphorylation,
as oxygen is consumed as the final electron acceptor in aerobic metabolism. ECAR
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represents the glycolytic (lactate or lactic acid production) and non-glycolytic (CO>
production through the TCA cycle) acidification, but mainly reflects glycolytic
metabolism.

During a Seahorse assay, different drugs or substrates are added to allow evaluation
of the different aspects of mitochondrial respiration. For example, to perform a
mitochondrial stress test, oligomycin, carbonyl cyanide 4 (trifluoromethoxy)
phenylhydrazone (FCCP), rotenone, and antimycin A are sequentially added during
the assay. Oligomycin inhibits ATP synthase (complex V) resulting in decreased
OCR, which reveals how much of the respiration is driving ATP synthesis in the
cells. Here, the residual OCR can be attributed to proton leak maintaining minimal
Electron transport chain (ETC) and non-mitochondrial respiration. FCCP, an
uncoupler of oxidative phosphorylation, disrupts the proton gradient across the
mitochondrial membrane, showing maximal oxygen consumption -capacity.
Rotenone and antimycin A inhibit Oxidative phosphorylation (OXHPOS) complex
I and I respectively, completely stopping ETC activity. Taken together, by
extracting the OCR data from the respiration trace, we can calculate ATP production
OCR, maximal respiration OCR, proton leak OCR, and non-mitochondrial
respiration OCR accordingly (an illustration is shown in Figure 4).

Other than the above-mentioned types of drugs can be used for other specific
purposes. For instance, to study brown fat thermogenesis, we used norepinephrine
(NE) to activate UCP1 (paper I1I), and to study the effects of high glucose on white
adipocyte respiration, we used glucose as an additive during Seahorse assays (Paper
10).
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Figure 4. An illustration showing how the different respiration components are extracted from a Seahorse assay-derived
OCR trace. The figure is from 'S,

SDS-PAGE and Western Blotting

For protein expression detection, SDS-PAGE followed by immunoblotting (also
called Western Blotting) has been extensively used since it was first described in
1981 '"7. In the thesis, this technique was used in papers I, II, and III for
quantification of target proteins.

SDS-PAGE is used to separate denatured protein mixtures. As the protein samples
are prepared with SDS, the protein molecules become negatively charged. When the
samples are electrophoresed on polyacrylamide gels the proteins migrate toward the
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positively charged electrode. Because of the size differences of the proteins, the
light proteins will travel faster than the heavy ones, resulting in a size-dependent
separation of the proteins in the gel.

The proteins on the gel can be electrophoretically transferred to a hydrophilic
polyvinylidene fluoride (PVDF) membrane, which captures the proteins through
hydrophobic interactions. There are different types of transfer methods, including
tank transfer (wet transfer) and rapid-transfer systems. Both methods were used in
this thesis, the choice is based on the expression level and the size of the target
protein. After transfer, the membrane can be incubated with milk or BSA-blocking
buffer to avoid non-specific binding of the antibodies. The membrane is then
incubated with specific primary and secondary antibodies, and visualized for protein
quantification (see details in the methods parts in each paper).

Blue Native PAGE and immunoblotting

In paper I, we applied Blue native polyacrylamide gel electrophoresis (BN-PAGE)
to study the function of MTIF3 in mitochondrial OXPHOS complex assembly in
adipocytes. BN-PAGE was developed in the early 1990s by Schigger and Von
Jagow ''® and is based on the use of mild neutral detergents to extract OXPHOS
complexes, followed by electrophoretic separation of the complexes.
Electrophoresis is performed in native buffer conditions to maintain the interactions
between the subunits of each complex.

After BN-PAGE, to quantify the amount of each OXPHOS complex, the proteins
can either be stained with Coomassie Blue or transferred to a PVDF membrane for
immunodetection using antibodies against specific complex subunits. Yet another
option is to use in-gel activity assays, which employ substrates for catalytic staining
of different complexes (e.g. diaminobenzidine for CIII and CIV) '*°. In paper I, we
used immunoblotting to visualize the assembly of OXPHOS complexes (a detailed
method description can be found in the paper).

Oil red O staining

Oil red O is an inexpensive fat-soluble dye commonly used to stain lipids in tissues
or cells '°. Oil red O is dissolved in alcohol, but when applied to biological material
it migrates from the solution to the cellular fat because of its greater solubility in
lipids. In this thesis, we used Oil red O to stain the differentiated adipocytes in
papers L, 11, and III (detailed staining protocols can be found in the papers).
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Chapter 3 — Aims of the Thesis

The major aim of this thesis was to apply novel experimental approaches to pinpoint
the genetic variants that underpin obesity and T2DM. We also aimed to investigate
the biological mechanisms through which genetic variation interacts with
environmental factors. Knowledge of how such interactions contribute to the
development of obesity and T2DM can provide support for genotype-based
precision medicine and prevention. To accomplish that, we used various functional
genomics approaches, including genome editing (CRISPR/Cas9) of human
adipocyte and hepatocyte cell lines. Below, the aims of each paper are briefly
described:

Paper I

The main aim of this study was to identify the molecular basis behind the
epidemiological findings wherein the rs1885988 variant was associated with body
weight change outcome during specific lifestyle interventions. The specific aims
were:

1. To map the causal genetic variation in the rs1885988 haplotype block and
determine its target gene in human white adipocytes.

2. To study the role of MTIF3 in white adipocyte biology using a gene
knockout cell model.

3. To investigate the biological mechanism through which MTIF3 affects
adipocyte function under physiological or glucose-restricted conditions
(lifestyle mimetics).

4. To establish the molecular mechanism that links causal genetic variation
with lifestyle intervention-mediated weight loss outcome in previously
published observational studies.
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Paper 11

Genetic variation at rs8192678 has been extensively associated with obesity and
T2DM in various cohorts, but the functional basis at the molecular level is largely
missing. In this study, we aimed to gain more understanding of how rs8192678
affects the adipocyte phenotype in an experimental setting. The specific aims were:

L.

To apply CRISPR/Cas9 tool kit to perform allele editing at rs8192678 in a
human white pre-adipocyte cell line.

Using the rs8192678 allele-edited cell lines to investigate the functional
consequences caused by the allele switch in human white adipose cells.

To study the biological mechanisms of how the rs8192678 variant affects
PGC-1a protein activity in white adipose cells.

To establish the causal role of rs8192678 in regulating the metabolic
activity in human white adipocytes.

To elucidate the mechanisms behind the association between rs8192678 and
various metabolic outcomes relating to obesity and T2DM.

Paper 111

Motivated by a previous epidemiological finding that the PPARGCIB rs10071329
variant is associated with adiposity in humans, we aimed to test if rs10071329 is a
causal variant that affects adipocyte biology. The specific aims were:

L.

To conduct a genotype-based cohort study to replicate the previously
published association between rs10071329 and adiposity.

To generate human brown isogenic pre-adipocyte cell lines for rs10071329
using CRISPR/Cas?9.

To assess whether rs10071329 causally affects PPARGCIB expression in
differentiating brown adipocytes, using the allele-edited cells.

To differentiate the allele-edited cells, and evaluate the brown adipocyte-
specific functional consequences caused by the rs10071329 allele switch.
This aims to explore the molecular mechanisms that underlie the association
between rs10071329 and adiposity.
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Paper IV

In this study, we aimed to validate if the rs2289669 variant, or the closely linked
genetic variants, causally affect SLC47A41 expression, which could shed light on
studies that demonstrated an association of rs2289669 with the glucose-lowering
efficacy of metformin. The specific aims were:

1. To perform genomic editing using CRISPR/Cas9 in a human liver cancer
cell line (HepG2) thereby generating cell lines homozygous for the different
alleles at rs2289669 and the closely linked rs8065082.

2. To use the allele-edited cell lines to study if rs2289669 or rs8065082 affect
SLC47A1 expression or splicing.

3. To provide a mechanistic explanation of the previously observed
association between rs2289669 or rs8065082 and metformin efficacy.
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Chapter 4 — Results and Discussions

Paper I

Previous studies have robustly associated genetic variants at the MTIF3
(Mitochondrial Translational Initiation Factor 3) locus with obesity and body weight
regulation in humans >°. However, before genetic variation can become a reliable
toolkit in precision medicine, the question of genetic causality needs to be answered.
In this study, we applied methods like luciferase reporter assay and CRISPR/Cas9
genomic editing in a human white adipocyte cell line to investigate whether the
reported variants are truly causal for the observed associations, and whether they
target MTIF3 expression. We also investigated the biological mechanisms that
potentially underlie these associations.

rs67785913 is a causal regulatory variant for MTIF3 expression

Firstly, through lookups in the GTEx database, we found that individuals who carry
the C allele at the rs1885988 locus have increased levels of MTIF3 expression in
subcutaneous fat. And we also found MTIF3 has a high level of expression in
adipose tissue. This finding suggests that genetic variants within the rs1885988
haplotype block may regulate MTIF3 expression in adipose tissue. To prioritize
putative causal variants experimentally, we segmented all tightly rs1885988-linked
(1*>0.8) SNPs, and their surrounding genomic sequences, into 12 DNA fragments.
We then inserted these fragments into luciferase reporter plasmids, and measured
their impact on luciferase expression in hWAs adipocytes. We found that the
genomic fragment containing rs67785913 had the highest capability to increase
luciferase transcription, when compared with other fragments and with minimal
promoter-driven luciferase expression. This data indicated the potential
transcription-enhancing role of the rs67785913 locus. The luciferase assays, due to
their plasmid-based design, do not reveal any specific gene targets of the discovered
enhancer sequences. Also, at that point, it was unclear whether the enhancement of
target gene expression could be dependent on the different alleles at rs67785913.

We, therefore, employed the CRISPR/Cas9 toolkit to substitute the prominent CT
allele at rs67785913 with the alternative CTCT allele in the hWAs cell line. Because
differential MTIF3 and GTF3A gene expression are both associated with
rs67785913 in adipose tissue and muscle (in the GTEx database), we examined the
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expression of both genes in the allele-edited cells before and after adipogenic
differentiation. In all experimental conditions, the rs67785913 CTCT/CTCT
genotype conferred a higher level of MTIF3 expression, and unchanged GTF3A4
expression, when compared with the rs67785913 CT/CT genotype. Taken together,
our data demonstrated that the rs67785913 variant is probably the causal eQTL for
MTIF3 expression. This finding could explain the correlation found between the
tightly linked rs1885988 and MTIF3 expression in adipose tissue.

Generating inducible Cas9-expressing pre-adipocyte cell line (hWas-iCas9)

Once we established that rs67785913 confers differential MT/F3 expression, we
then attempted to examine the biological consequences caused by the rs67785913
allele substitution. However, after differentiation, we found that the allele-edited
cells exhibited large intra-group variation in adipogenesis and mitochondrial
content, probably due to clonal variation introduced during single-cell cloning of
allele-edited cells. This hampered further use of these cells in functional studies of
adipocyte metabolism, as large variations in baseline parameters (e.g. differentiation
capacity, triglyceride, and mitochondrial content) would confound the results. To
further study the function of MTIF3 in adipocytes, we, therefore, sought to
establish a cell line that allowed us to generate gene knockouts at any stage during
adipocyte differentiation, without the necessity of single-cell cloning. We thus
established a doxycycline-inducible Cas9-expressing human pre-adipocyte cell line
(hWAs-iCas9), in which endogenously expressed Cas9 can form complexes with
synthetic single guide RNAs (sgRNAs) that can be transfected into cells to generate
gene knockouts. This cell model allowed us to generate consistently efficient
MTIF3 knockouts in mature adipocytes, but even more importantly it provides a
relatively accessible method for generating other gene knockouts. Another
advantage of this model is that it circumvents the limitations of using pre-adipocyte
cell lines where cell passage-dependent altered differentiation capacity '*' and
differential genetic effects '* could easily introduce confounders. The established
hWAs-iCas9 cell model may therefore be very useful for the adipocyte research
community, as it allows e.g. metabolism studies that require similar baseline
parameters, such as triglyceride or mitochondrial content.

MTIF3 knockout disrupts mitochondrial DNA-encoding gene and protein
expression, mitochondrial content, as well as mitochondrial OXPHOS
assembly in hWAs-iCas9 adipocytes

MTIF3 encodes Mitochondrial Translation Initiation Factor 3, and is important for
the expression of proteins in mitochondria. MTIF3 facilitates the initiation of
complex formation on mitochondrial 55S ribosomes in the presence of MTIF2,
fMet-tRNA, and poly(A, U, G) '*. In humans, there are 13 proteins encoded by the
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mitochondrial genome, all forming parts of the OXPHOS complex L, III, IV, and V
124 Loss of MTIF3 can decrease the assembly of OXPHOS complexes in muscle
and heart in the mouse *’, and decrease the translation of A7P6 mRNA in the HepG2
cells *°. In adipose tissue, mitochondria play an essential role not only by making
ATP but also by triggering cellular signaling pathways by OXPHOS respiration
products '**. However, the impact of MTIF3 on white adipocyte metabolism has not
been investigated, but is of interest because of the association between the MTIF3
locus and body weight regulation. In our study, using the hWAs-iCas9 cell model,
we examined the effects of MTIF3 ablation on differentiated hWAs adipocytes.
Firstly, compared with the wildtype control cells, we found that the MT7F3 knockout
cells had lower expression of COX II (a subunit of OXPHOS complex V), ND2 (a
subunit of OXPHOS complex I), and trending lower expression of CYTB (a subunit
of OXPHOS complex III). We did not find any changes in the expression of ATPS
(a subunit of OXPHOS complex V). Secondly, using RT-qPCR, we observed that
several mitochondrial DNA-encoding genes’ expression was significantly altered in
MTIF3 knockout cells. Specifically, we found increased expression of MT-ND1 and
MT-ND2, a trending increase of MT-ND4, and lower expression of MT-ND3, and
MT-CO3. This imbalanced mitochondrial gene expression could reflect a feedback
regulation caused by mitochondrial dysfunction after the loss of MTIF3. In addition,
we also found that mitochondrial content was significantly reduced in the MTIF3
knockout adipocytes. Taken together, our data suggested that MTIF3 knockout
disrupts mitochondrial DNA-encoding gene and protein expression, as well as
mitochondrial biogenesis.

Furthermore, we examined if MTIF3 plays a role in mitochondrial OXPHOS
complex assembly in adipocytes. We found that MT7F3 knockouts assembled
significantly less complex II12/IV2 and IV1, but, interestingly, assembled more
complex II. We also found several undefined bands in the MTIF3 knockouts,
possibly suggesting complex disassembly or degradation.

Taken together, our data showed that MTIF3 deficiency in adipocytes results in
disrupted mitochondrial gene and protein expression, as well as disassembly of
mitochondrial respiration OXPHOS complex, along with decreased mitochondrial
content. These data reveal the molecular mechanisms of how MTIF3 affects
mitochondrial respiration in adipocytes.

MTIF3 knockout affects mitochondrial respiration and endogenous fatty acid
oxidation in hWAs-iCas9 adipocytes

To study the functional consequences caused by the disrupted mitochondrial
OXPHOS complex expression and assembly, we employed a Seahorse analyzer to
assess the oxygen consumption rate (OCR) in MTIF3 knockout adipocytes. As
expected, we found that MTIF3 knockout cells exhibited significantly lower basal
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respiration OCR, ATP production OCR and a trending decrease in maximal
respiration OCR.

Moreover, we also found that endogenous fatty acid oxidation decreased
significantly, which was evaluated by treating the cells with etomoxir in the
Seahorse assay. Etomoxir is an inhibitor of carnitine palmitoyltransferase (CPT)-1
and diglyceride acyltransferase (DGAT) activity in mitochondria, which are two key
enzymes involved in fatty acid oxidation in mammalian cells. Therefore the
decreased OCR found in etomoxir-treated adipocytes in the Seahorse assay reflects
the mitochondrial fatty acid oxidation respiration.

Furthermore, we detected the expression of genes related to mitochondrial function,
fatty acid oxidation, lipolysis, and lipid catabolism. We found that MT/F3 knockout
cells had decreased expression of the mitochondria-related MT-CO1, and the fatty
acid oxidation-related ACADM and ACAT1I.

Collectively, our data shows that MTIF3 loss in adipocytes can lead to truncated
mitochondrial function, and decreased fatty acid oxidation and ATP production in
human white adipose tissue. These consequences have frequently been associated
with obesity '**!'*’ and while other factors could also underpin these phenotypes,
our findings suggest that low MTIF3 content, which could result from specific
genetic variation, might be a contributing cause to the development of obesity.

MTIF3 knockout affects hWAs-iCas9 adipocyte triglyceride content after
glucose restriction challenge

Mitochondrial function in white adipocytes has been inversely correlated with
weight change '**; we therefore hypothesized that MTIF3 expression in adipocytes
could affect a dietary intervention outcome. We tested this hypothesis in vitro by
exposing hypertrophic adipocytes to glucose restriction (which limits glucose usage
by the cells) and evaluated its effects on triglyceride content. Compared with 25
mM glucose medium, we observed that different levels of glucose restriction led to
decreased triglyceride content in MTIF3 knockout and control cells. Interestingly,
when cultured in 1 mM glucose medium for 3 days, the control cells showed a more
extensive triglyceride content decrease than the MTIF3 knockout cells (p=0.053,
n=4). These data might suggest that MTIF3-deficient adipocytes have limited
capacity for lipid metabolism under glucose restriction.

In summary, in this study, using different functional genomics approaches, we
established a causal link between rs67785913 and MTIF3 expression, as well as
showing the molecular mechanisms through which MTIF3 affects mitochondrial
function and lipid metabolism in a human adipocyte cell model. Our results thus
help establish the link between common genetic variation in M7IF3 and the
mechanisms related to the regulation of human body weight. Additionally, our data
may also imply that individuals possessing cis-eQTLs leading to higher MTIF3
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expression may achieve greater benefits from lifestyle interventions aimed at body
weight management.

Key findings:

e 1567785913 is a causal genetic variant in the rs1885988 haplotype block,
with the CTCT allele conferring higher MTIF3 expression in white
adipocytes.

e The newly established hWAs-iCas9 cell line allows an efficient generation
of MTIF3 knockouts in mature adipocytes, and could be useful for the
generation of various gene knockouts in other projects.

e  MTIF3 plays a vital role in regulating mitochondrial respiration, fatty acid
oxidation, and lipid metabolism in human white adipocytes.

e MTIF3 ablation in adipocytes hampers triglyceride content reduction
during glucose restriction, which might be explained by decreased fatty acid
oxidation.

e Mechanistically, MTIF3 controls mitochondrial gene and protein
expression, as well as affects mitochondrial OXPHOS complex assembly.

e The findings may support the notion that people carrying the rs67785913
CTCT allele may have higher MTIF3 expression, and could therefore
benefit more from lifestyle interventions aiming at body weight loss.

Paper 11

PGC-1a protein is encoded by the PPARGCIA gene, which plays a central
regulatory role in energy metabolism and mitochondrial function . Genetic
variation in PPARGCIA has been extensively examined in association with
metabolism-related traits . Among the variants, a common polymorphism,
rs8192678 (C/T, Gly482Ser), showed a robust signal. However, the direct allele-
specific functional effects of rs8192678 are still unknown; in this study, therefore,
we tried to fill in this knowledge gap. We applied the CRISPR/Cas9 genome editing
tool to generate rs8192678 C/C, C/T, and T/T genotypes in an isogenic human pre-
adipocyte white adipose tissue (hWAs) cell line, and conducted functional studies
to examine rs8192678 allele-dependent effects on white adipocyte differentiation
and mitochondrial function.
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CRISPR/Cas9-mediated rs8192678 editing in hWAs pre-adipocyte cell line

r$8192678 is a missense variant in PPARGCI1A, the C allele encodes Gly and the T
allele encodes Ser. Interestingly, this variation is the only common polymorphism
in its haplotype block. In this study, motivated by numerous epidemiological studies
on the association between rs8192678 and metabolic disorders-related traits 77-**!2%-
1 we dedicated our efforts to dissect the functional role of rs8192678 in white
adipocytes. Since the hWAs cells are heterozygous at rs8192678, we designed
sgRNAs and donor templates for CRISPR/Cas9 editing to establish rs§192678 C/C,
T/T, and C/T clonal cell lines. After clone screening, we obtained eight C/C clonal
populations, eight T/T clonal populations, and six C/T clonal populations, as
confirmed by Sanger sequencing. These edited clones were used in further
functional assessments.

The rs8192678 polymorphism regulates hWAs differentiation, lipid
accumulation, and lipogenesis

Next, we studied the effects of rs8192678 on adipocytic phenotypes including white
adipocyte differentiation, lipid accumulation, and lipogenesis. We observed that
1$8192678 T/T and C/T cells had higher differentiation capacity than C/C cells, as
assessed by BODIPY staining. Consistently, the triacylglycerol content was
markedly higher in T/T and C/T cells than in C/C cells.

When evaluating lipogenesis in the allele-edited cells, we found that T/T cells had
higher lipogenesis (p=0.05) than C/C cells at basal condition. Interestingly, after
insulin stimulation, lipogenesis increased in all three genotypes and the T allele
showed an apparent additive dose-dependent effect.

Moreover, to further confirm these phenotypes, we detected the expression of gene
markers involved in white adipocyte metabolism. The white adipocyte adipogenesis
markers PPARG, ADIPOQ, CEBPA, and SLC2A44 were significantly more
expressed in T/T vs C/C cells. T/T cells also showed higher expression of ACACB
(a lipid catabolism marker gene), FASN, SCD, SREBF I, and FABP4 (lipogenesis
marker genes), and ABHDS5 and PNPLA2 (lipolysis marker genes) than C/C cells.
Collectively, our data showed that rs8192678 affects white adipocyte differentiation
and lipid metabolism.

The role of PPARGCIA in adipocyte differentiation remains inconclusive despite
several studies. In humans, PPARGCIA expression was shown to continuously
increase during subcutaneous adipocyte differentiation, and PPARGCIA
knockdown was detrimental for human brown adipocyte differentiation **'3, In
mice, although Ppargcla deficiency led to reduced body fat mass despite being fed
with a normal or high-fat diet '**, the white pre-adipocyte cell differentiation was
not affected when cultured ex vivo '*°. Similarly, Ppargcla knockout did not affect
mouse brown adipocyte differentiation, but it decreased thermogenic gene
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expression '*°. Taking our results into account PPARGCIA appears to regulate

adipocyte differentiation in a species- and tissue-dependent manner. Our study may
also raise concern that when seeking to determine the functional role of human
genetic polymorphisms, researchers may not readily draw conclusions from results
obtained from animal genetic knockout models.

The rs8192678 polymorphism affects mitochondrial respiration during white
adipocyte differentiation

Previous studies have shown that PGC-1a regulates mitochondrial biogenesis *’.
Given the crucial role of mitochondria in adipocyte differentiation '**, we tested the
effects of 158192678 on mitochondrial respiration during adipogenic differentiation
in the allele-edited cells. Using the Seahorse extracellular flux analyzer, we found
that T/T and C/T adipocytes had higher basal respiration and ATP production OCR
than C/C adipocytes. T/T adipocytes also showed higher maximal respiration
capacity than C/C and C/T adipocytes.

To further confirm the effects of the rs8192678 variant on mitochondrial function,
we measured the mRNA expression of genes involved in mitochondrial function
and found significantly higher transcript levels of TOMM20, MT-CO2, and CS in
T/T cells than in C/C cells. Taken together, our data suggest that the rs8192678
polymorphism regulates white adipocyte differentiation by influencing
mitochondrial oxidative respiration. The improved mitochondrial function in T/T
cells may also explain the associations where the T allele carriers appear to benefit
more from various weight loss interventions like energy-restricted diets '*°, bariatric
surgery *, and acarbose treatment .

The 158192678 polymorphism regulates PPARGCIA mRNA expression, PGC-1a
protein content, and degradation, as well as PPARY transcriptional activity

Next, to understand the molecular mechanisms underlying the effect of rs8192678
variation on adipogenesis, we examined cell proliferation, PPARGCIA mRNA
stability, PGC-1a protein expression, and degradation. We found that rs8192678
does not affect pre-adipocyte differentiation. We also found that at the end of
adipogenic differentiation, the T/T cells had more PPARGCIA mRNA than C/C
cells, but the endogenous PPARGCIA mRNA degradation rate was the same as in
C/C cells. In terms of protein degradation, we found that the PGC-1a protein
contents in T/T adipocytes decreased rapidly after 1 h cycloheximide treatment (that
blocks protein translation) and remained at a low level after 2 h, but were largely
unchanged in C/C adipocytes at all treatment timepoints. This result is consistent
with previous findings in HepG2 and Ins-1 cells ***. Interestingly, we also found
that PGC-1a content in C/C cells is significantly lower than in T/T cells at steady
state, which is coherent with the PPARGC14 mRNA expression difference.
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PGC-1a is a coactivator of PPARY (Peroxisome proliferator-activated receptor 7y)
which is a master regulator of adipocyte differentiation '*’. Because we found that
T/T cells had higher PGC-1a content, we reasoned that their higher differentiation
capacity might be due to an increased PPARYy transcription activity. To test this
hypothesis, we assessed endogenous PPARY transcriptional activity by transfecting
the PPRE-luciferase reporter plasmid into C/C and T/T cells. We found that T/T
cells had higher PPRE-luciferase expression, indicating a higher PPARYy
transcriptional activity. We further validated these findings by checking PPARy
downstream target gene expression using RT-qPCR. As expected, LPL, FABP4,
CEBPA, ADIPOQ, and FASN were significantly more expressed in T/T than in C/C
cells. Collectively, the data suggests that during adipogenic differentiation, the T
allele confers higher PPARYy transcriptional activity than the C allele.

In summary, we established the following mechanisms of rs8192678 allele-
dependent biological processes. 1s8192678 482Ser (T allele) confers a higher level
of PPARGCIA mRNA and PGC-1a content, a faster turnover of PGC-1a protein,
and higher PPARY transcriptional activity during white adipocyte differentiation.
Judging from the current results, the higher differentiation capacity in the rs8192678
T/T cells may well be explained by the higher PGC-1a content modulating PPARy
activity, but the faster PGC-1a protein turnover rate may also play a role. As a
coactivator in energy metabolism, the half-life of PGC-1a is short '*! and tightly
controlled by 20S— and ubiquitin—proteasome-mediated degradation '**'**. This
might suggest the need for tight regulation of PGC-1a, to quickly respond to shifting
metabolic demands, and to decrease the interference with shifting metabolic
pathways (e.g. adipogenesis vs lipolysis) '*.

Our experimental data shows that the rs8192678 genetic variation can cause
different white adipocyte phenotypes, and may provide some explanation on why T
allele carriers had higher body fat mass and BMI, and excessive weight gain, as well
as better response to certain lifestyle interventions 77-*'2*1314 However, our data
fails to explain why the T allele carriers have a higher risk for type 2 diabetes. To
answer this question, more data are needed on how rs8192678 affects other tissues
as well as whole-body metabolism.

Key findings:

e We established rs8192678 allele-edited human white pre-adipocyte cell
lines on isogenic background, and studied the allele-dependent effects on
adipocyte-specific biological processes.

e 158192678 can regulate human white adipocyte differentiation, with the T
allele conferring higher adipogenesis capacity.

e In differentiating adipocytes, cells carrying the rs§192678 T allele showed
higher PPARGCI4A mRNA and PGC-1a protein content, as well as more
dynamic and higher PPARy transcriptional activity.
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e Qur findings may provide guidance for genotype-based precision medicine
in obesity treatment, but the proof-of-concept remains to be shown in
genotype-based clinical trials.

Paper I1I

Genetic variation in PPARGC1B has previously been associated with adiposity, but
the experimental validation is largely lacking. rs10071329 is a non-coding variant
in the PPARGCIB locus and has been linked with lifestyle intervention-mediated
subcutaneous adiposity [28]. However, if this variant is the actual cause of
differential PPARGC1B expression, and how this variant affects adiposity, is yet to
be answered. In the current study, we used CRISPR/Cas9 to scarlessly edit the
alleles of rs10071329 in the human brown adipocyte cell line (hBAs). Using the
generated homozygous A/A and G/G cell lines, we examined PPARGCIB
expression and mitochondrial function, in order to establish the rs10071329 allele-
dependent effects on brown adipocyte biology.

Epigenetics lookups for rs10071329

The rs10071329 SNP has no common variants in tight linkage disequilibrium
(*>0.8). When checking for chromatin features at rs10071329 in WashU
Epigenome Browser (http://epigenomegateway.wustl.edu/browser/), we observed
that the rs10071329 locus resides downstream of PPARGC1B and upstream of the
PDE6A gene, and shows high DNase I hypersensitivity, H3K27Ac, and H3K4mel
signals in human adipocytes and subcutaneous fat. These features drove us to
hypothesize that rs10071329 may be a causal eQTL for gene expression regulation
in human adipose tissue.

Establishment of rs10071329 allele-edited human brown adipocyte cell lines
(hBAs)

Next, we performed rs10071329 allele editing in a human brown pre-adipocyte cell
line hBAs using CRISPR/Cas9 toolkit. The hBAs rs10071329 A/A homozygous
cells were electroporated with sgRNA/Cas9 RNP complex and DNA donor
templates to accomplish a genotype switch, either from A/A to G/G, or mock A/A
to A/A. After the editing, the single-cell clones were expanded through limiting
cloning, and the homozygous scarlessly edited cells were identified by Sanger
sequencing. We obtained 3 correctly edited A/A and 3 G/G clonal cell lines at the
rs10071329 locus, out of 95 and 90 screened single-cell clones, respectively. These
cell lines were validated for their capacity to differentiate into brown adipocytes,
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and for their lipolytic response to norepinephrine, and were further used in our
functional studies.

rs10071329 locus regulates PPARGC1B expression in hBAs

To examine whether the rs10071329 editing affects potential target gene expression,
we differentiated A/A and G/G hBAs cells to mature adipocytes and detected
PPARGCIB and PDE6A gene expression by RT-qPCR. At all examined
differentiation days 7, 12, and 28, the G/G cells showed consistently higher
expression of PPARGCIB, and the expression of PDE6A was below the limit of
detection in both A/A and G/G cells. Our results experimentally validate that
rs10071329 is an eQTL for PPARGCIB expression in human brown adipocytes.

Electrophoretic mobility shift assay (EMSA) on rs10071329-derived DNA
probes

To gain further insight into how the rs10071329 variant affects PPARGCIB
expression, we performed an EMSA assay to examine the binding ability of nuclear
proteins to genomic sequence-based DNA probes with rs10071329 A or G alleles,
respectively. We observed that the G allele probes bind a larger quantity of at least
one nuclear protein than the A allele probes. This result confirms the differential
role of 1s10071329 alleles on nuclear protein binding, which may further support its
role as a regulatory variant. However, the identity of the binding proteins remains
to be determined.

rs10071329 regulates mitochondrial respiration and mitochondrial gene
expression in hBAs adipocytes

The role of the target gene of rs10071329, PPARGC1B, in regulating mitochondrial
function in brown adipocytes has been previously established. Adipocyte-specific
Ppargclb knockout mice showed disrupted brown adipocyte lipid metabolism,
thermogenesis, adrenergic stimulated lipolysis, as well as interactions between
mitochondria and lipid droplets ***. In addition, the Ppargclb-deficient brown
adipocytes, which were isolated from mice exposed to cold (21°C), showed a clear
whitening phenotype, with large triglyceride-filled vacuoles and reduced
mitochondrial gene and Ucpl expression '**. In this project, we focused on
mitochondrial function as the functional consequence caused by rs10071329 allele
substitution. In human brown adipocytes, mitochondria are the main source of ATP,
but when activated by e.g. norepinephrine or cold exposure, they shift to adaptive
thermogenesis mediated by uncoupling protein-1 (UCP1) [36]. We found a higher
basal mitochondrial respiration in G/G than in A/A cells. After the addition of
norepinephrine, which activates thermogenesis in brown adipocytes [37], both
genotypes increased their respiration, but G/G cells responded more than A/A cells.
The G/G cells also had a higher fold change of norepinephrine-stimulated-to-basal
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OCR. Lastly, the proton leak was higher in G/G cells, but the ATP production was
comparable between the genotypes.

Furthermore, we also examined the effect of rs10071329 on the expression of
mitochondrial-encoded genes. The expression of MT-NDI1 and MT-ND2 trended
higher, and MT-ND3 and MT-CO3 were significantly increased in differentiated
G/G cells.

Taken together, the higher PPARGCIB expression in rs10071329 G/G brown
adipocytes correlated with improved mitochondrial gene expression, mitochondrial
function, and response to norepinephrine. Our findings are thus largely consistent
with previous results in Ppargclb-knockout mice °*%*'%6. Furthermore, the
improved mitochondrial respiration and uncoupled, norepinephrine-induced,
respiration in rs10071329 G/G cells, are also supported by the previously reported
improved mitochondrial respiration after PPARGC1B overexpression *714%,

rs10071329 regulates norepinephrine-stimulated lipolysis in hBAs
adipocytes

To further assess the effect of the rs10071329 genotype on hBAs, we also examined
their lipolytic activity (glycerol release) in the presence of norepinephrine, which is
normally secreted during cold exposure or exercise. We measured the fold change
of norepinephrine-stimulated-to-basal lipolysis and observed that G/G cells had
markedly higher glycerol release than A/A cells.

In summary, we have experimentally demonstrated that rs10071329 is a causal
eQTL in human brown adipocytes, with the G allele conferring higher PPARGCIB
expression, as well as improved mitochondrial function and response to
norepinephrine. This suggests that the development of drugs that manipulate
PPARGCIB levels, to improve beige/brown adipocyte and mitochondrial function,
could be desirable in treating T2DM and obesity. Conceivably though, one could
also leverage the gain-of-function effect of genetic variants in PPARGCIB carried
by specific individuals: previous observational data, and now the experimental
validation, suggest that rs10071329 G allele carriers could benefit from response to
lifestyle interventions to improve weight loss or attenuate weight regain.

Key findings:

e  We found rs10071329 is showing a trend association (p = 0.055) for BMI
and a significant association with mid-upper arm circumference (p = 0.008)
in a cohort of 132 women from Tanzania.

e We generated isogenic rs10071329 G/G and A/A homozygous brown
adipocyte cell lines.

e We validated rs10071329 as a cis-eQTL, with the G allele conferring
enhanced PPARGCIB expression in brown adipocytes.
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e Brown adipocytes with the rs10071329 G/G genotype have improved
mitochondrial function and response to norepinephrine.

e We have established the causal role of rs10071329 in human brown
adipocyte function, which provides molecular insights into the previously
reported associations with adiposity.

e QOur findings may help the development of precision medicine for obesity
treatment based on this genotype.

Paper IV

Human multidrug and toxin extrusion 1 (MATE1) is encoded by the SLC47A41 gene
and plays an important role in metformin transport in the liver and kidney.
Therefore, hypothetically, any DNA polymorphisms that affect SLC47A41
expression may affect metformin efficacy by regulating the cellular metformin flux.
In support of this hypothesis, previous pharmacogenetics studies have associated a
SLC47A1 intron genetic variant, rs2289669, with metformin-dependent HbAlc
decrease. However, if this SNP is causal, or how this genetic variant affects the
putative gene target (SLC47A41) was still unknown. In this paper, we sought to
answer the above questions using various approaches including in silico analysis, in
vitro CRISPR/Cas9 genome engineering as well as locus-wide meta-analysis from
the MetGen cohort.

In silico functional annotation identifies rs2289669 and rs8065082 as
putative causal variants

Starting with the tag SNP 152289669, we used the PredictSNP2 algorithm and
manually analyzed chromatin features in the liver, using WashU EpiGenome
Browser (v52.5.2), to map potential causal variants in the tag SNP haplotype block.
This in silico functional annotation revealed two variants, rs2289669, and
rs8065082, that could play gene regulatory roles, as rs2289669 resides in an Alu
motif and rs8065082 may interact with several transcription factors like JUNDI,
HNF4G, and FOXA1. Whether these variants are responsible for the cis-regulation
of SLC47A1 had to be experimentally validated.
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152289669 and rs8065082 do not regulate SLC47A 1 expression or splicing in
HepG2 cells

To experimentally validate the role of predicted causal variants, we applied
CRISPR/Cas9 to substitute the alleles at rs2289669 and rs8065082 in the human
liver HepG2 cell model. As HepG?2 cells are heterozygous at rs2289669 (G/A) and
rs8065082 (C/T), we generated homozygous cell clonal populations at rs2289669
(G/G vs A/A), and rs8065082 (C/C vs T/T). We then examined if these two variants
are functional by quantifying SLC47A41 gene expression and by assessing splicing.
Unexpectedly, we did not observe any SLC47A41 expression or splicing differences
between the two genotypes at either rs2289669 or rs8065082. These results showed
that the predicted putative causal variants were not regulatory for SLC4741 in
HepG?2 cells. The SLC47A1 gene expression data, however, showed a rather large
intra-group variance among clones of the same genotype, and it could have obscured
small differences in gene expression. (The variance probably originated from the
single cell cloning process that was necessary for obtaining scarless allele-edited
cells.) To further expand on our findings, we therefore used CRISPR/Cas9 to make
small deletions at both 152289669 and rs8065082 loci.

SLC47A1 expression in HepG2 cells carrying small deletions around
152289669 and rs8065082

Using the CRISPR/Cas9-mediated deletion approach, we successfully deleted 44 bp
surrounding rs2289669 and 3637 bp surrounding rs8065082 locus with over 85%
editing efficiency. The high editing efficiency, unlike the allele editing, allowed us
to perform the downstream functional assays without the need for single cell
cloning. The results were consistent with what we found in the allele-edited cells,
i.e. small deletions around rs2289669 and rs8065082 did not have any effects on
SLC47A41 gene expression or splicing. Importantly, compared with the results
obtained from allele-edited cells, the data from the deletion mutants had low intra-
group variance, and supported the conclusion of null effects on gene expression by
132289669 and rs8065082.

MetGen analysis of SNPs in SLC47A41 and association with metformin glycemia-
lowering effect

Based on our experimental findings, we next re-examined the associations between
genetic variants in SLC4741 and the metformin glycemia-lowering effect in the
MetGen cohort. The MetGen cohort includes over 10 000 participants, allowing a
high-powered association study. The analysis revealed that all common genetic
variants in the SLC47A41 locus were not significantly associated with metformin-
mediated lowering of glycemia. Particularly, the previously reported SNPs
152289669 and rs8065082 showed no significant association, with P values of 0.58
and 0.83, respectively.
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To summarize, in this study, we experimentally documented that the SNPs
152289669 and the tightly linked rs8065082 are not causal variants for SLC47A41
gene regulation, and, using a statistical approach, we also showed that common
genetic variants in the SLC47A41 locus do not associate with metformin efficacy in
reducing glycemia. The present study does not exclude the possibility that SLC47A4 1
plays a role in regulating metformin response. However, it is improbable that the
previously reported genetic variations in the SLC47A1 region have any functional
impact on metformin action in the liver. Our findings suggest that the net effect of
metformin on glucose regulation is likely to be multi-dimensional and influenced
not only by the cellular flux rate of metformin but also by factors such as target
protein abundance, differential organ distribution, individual organ decline, and
possibly even blood pressure and cardiovascular health. Studies have also indicated
that gut cells and microbiota play a significant role in regulating metformin release
149132 Other transporters like OCT1 '3 or proteins like GLUT2 "** in the liver or
kidneys may also impact the efficacy of metformin. Our study suggests researchers
to focus on other loci for functional investigation of the metformin glucose-lowering
efficacy.

Key findings:
e We generated 132289669 and rs8065082 allele-edited isogenic HepG2 cell
lines.

e We showed that rs2289669 and the tightly-linked variant rs8065082 do not
affect SLC47A41 expression or splicing in HepG2 cells.

e We also found there were no genetic variants in SLC4741 that were
associated with metformin-mediated efficacy on glycemia reduction in
MetGen participants.

e  QOur results raise a concern that the “candidate gene” approach might not be
a good strategy for mapping causal genes.
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Overall summary and discussion

Genome-wide association studies have connected thousands of human genetic
variants to diseases and trait-relevant phenotypes '*°. However, the biological
impact of those variants is rarely experimentally validated, which hinders the usage
of those findings. The ultimate goal of our research is to advance precision medicine,
identify novel druggable targets, and to design gene therapies for specific diseases.
To accelerate the translation of GWAS results to clinical practice, it is desirable to
identify the causal variants, their target genes and tissues, and importantly, the
molecular basis that causally links the variant to certain phenotypes at cellular and
organismal levels .

In this thesis, we used functional genomics approaches to dissect genetic variation
that underpins obesity and type 2 diabetes-related traits. These two chronic
metabolic disorders affect hundreds of millions of people around the world and have
strong genetic components. In paper I, we identified rs67785913 as a cis-eQTL for
MTIF3 and studied the impact of MTIF3 in regulating lipid metabolism in human
adipocytes. Our data reveals the important role of M7TIF3 in the maintenance of
mitochondrial function, which may potentially explain why people with rs67785913
CTCT allele are associated with better responses to weight loss intervention. In
paper II, we provided the first experimental evidence for the allele-specific causal
effects of the rs8192678 variant on human white adipocyte differentiation. The C
allele confers lower levels of PPARGC14 mRNA and PGC-1a protein, as well as
disrupted dynamics of PGC-1a turnover and activity, with downstream effects on
cellular differentiation and mitochondrial function. Our experimental data may
provide an explanation of why rs8192678 T allele carriers have higher body fat mass
and BMI, and excessive weight gain *'231144156 ‘bt fails to explain the T allele-
associated increased risk of type 2 diabetes. However, since our investigation only
focused on human white adipocytes, we must be aware that the effects of the T allele
in other tissues, including the liver, muscle, and brain, may also contribute to
metabolic dysfunction. In paper III, we documented that rs10071329 is a cis-eQTL,
with the G allele conferring enhanced PPARGC1B expression, which consequently
improves mitochondrial function and response to norepinephrine in brown
adipocytes. These data may provide an explanation for the observed associations
between rs10071329 and adiposity *°.

The findings presented in this thesis may have clinical significance in the future.
Firstly, the identified eQTL variants may prove useful in the development of
genotype-based precision medicine for obesity treatment. Secondly, studying the
function of the genes whose regulation is affected by the variants may help to
identify potential druggable targets for the development of anti-obesity drugs.
Lastly, knowing the genetic variants that contribute to causing disease may help risk
allele carriers in evaluating their lifestyles and entice them to actively prevent
obesity.
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Besides the obesity-related research, in paper IV we investigated the putative
causal variant rs2289669 in T2DM treatment-related traits. Through our functional
studies, we found that rs2289669-containing haploblock does not appear to regulate
SLC47A41 expression or splicing, and therefore it may not contain causal variants
that explain its previously reported association with glucose-lowering effects of
metformin.

The functional genomics approaches used in all four projects may provide a
framework for dissecting GWAS findings, especially the use of CRISPR/Cas9
mediated allele editing. The discovery of the CRISPR/Cas9 system has provided an
excellent tool in genetics research ®. Supplying the cells with a DNA donor
template, along with CRISPR/Cas9, will result in some cells using the template to
repair the DNA strand break through HDR, resulting in the generation of DNA
knock-in cells '¥’. This mechanism allows us to substitute single alleles of putative
causal GWAS-associated SNPs and to study their effects on gene expression or
protein function. However, one should bear in mind that the HDR efficiency
mediated by CRISPR/Cas9 is often low, and generating homozygous without DNA-
scarring edited clones can thus become very time-consuming. This highlights the
necessity of prioritization of putative causal variants for CRISPR/Cas9 allele
editing.

As most of the GWAS-associated SNPs reside in non-coding genomic regions, the
locations of the causal variants are often found in promoters or enhancers. The
activity of these two types of functional DNA elements is highly cell type-specific
138159 "and many disease-associated variants may regulate target gene expression and
cellular functions in a cell type-specific manner. While the obesity-associated
variants may be functional in different organs, in our studies we mainly focused on
human adipose cells (paper I, I, and III). It should be pointed out though that
further work on the function of these variants in other cell types is warranted.

In paper 1V, we studied the genetic variants in the SLC4741 gene in liver cells,
based on enriched expression of this gene in the liver (and kidney). Although the
present study does not completely rule out a role for SLC47A41 in the complex
network that probably controls the metformin response, it is unlikely that the
SLC47A1 variants reported to date play a functional role in liver-mediated
metformin action.

In summary, in the post-GWAS era, we are facing challenges to investigate the
function of the disease-associated genetic variation. In my thesis, I tried to fill this
knowledge gap by applying different functional genomics approaches to dissect
genetic variants correlated with obesity and T2DM. In my papers, I present a genetic
variant-to-function experimental workflow, and I have identified several causal
genetic variants that could contribute to obesity and T2DM. Our methodologies and
findings may provide valuable information on further functional genomics research
and the development of precision medicine.
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Future perspectives

In the current thesis, we applied functional genomics to human cell lines to identify
causal genetic variations that may contribute to obesity and type 2 diabetes. Future
investigations based on our findings could be extended as follows:

In paper I, we linked the genetic variant rs67785913 to MTIF3 expression, and
illustrated the functional basis of MTIF3 in adipocyte metabolism. However, all
studies were only from a cell model cultured in a dish. How the variation affects
human metabolism at the organismal level is still unknown. To further support the
translation of our findings to drug discovery, precision medicine, and developing
personalized therapy against obesity, future studies should aim to understand the
effects of rs67785913 on human metabolism through a genotype-based recall study
(clinical trial). To reveal the adipose-specific role of MTIF3, a conditional knockout
mouse study might also be helpful. Furthermore, rs67785913 may play a regulatory
role in other tissues, such as muscle or liver, and future functional genomics studies
could be performed to address this question.

In paper 11, we found that rs8192678 causally affects PGC-1a protein abundance
and stability, resulting in altered adipogenic differentiation in white adipocytes.
Although these findings can help explain several epidemiology findings, such as T
allele carriers having higher body fat mass, BMI, and excessive weight gain, the
long-term in vivo effects of this allele on other variables, such as insulin sensitivity,
remains to be investigated. Future studies may focus on the effect of rs8192678 on
other tissues, and on gaining a fuller understanding of how rs8192678 affects whole-
body metabolism. Furthermore, in the current study, we did not perform gene-by-
environment interaction experiments in similarly differentiated cells with similar
triacylglycerol content, and were unable to investigate some of the epidemiological
findings, e.g. insulin sensitivity, experimentally. Future genotype-based recall
studies, focusing on different environmental exposures, may be useful in finding the
environmental factors that will aid the development of genotype-guided precision
medicine.

Paper III shows that rs10071329 is a cis-eQTL for PPARGCIB expression. This
genetic variant, and yet unidentified eQTLs at PPARGCIB, could eventually prove
useful in genotype-based precision medicine for obesity treatment. As we only
assayed the effects of rs10071329 on brown adipocytes, studies to reveal its function
in other tissues or cell types may also be needed. Furthermore, a genotype-based
cohort study will be helpful in providing further evidence for this concept.

In paper 1V, although we found no causal relationship between the genetic variants,
future studies may focus on dissecting other variants which may affect the
metformin-mediated glucose-lowering effects. Also, variants in other presumed
metformin transporters could be investigated.
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Lastly, future functional genomics approaches, including methods used in this thesis,
may also be improved by integrating high throughput CRISPR screening to
prioritize candidate gene targets, and by MPRA assays to prioritize functional
genetic variants. Additionally, CRISPRi and CRISPRa screening also provides new
tools for finding regulatory sites in the genome, which may help to facilitate
functional genomics research.
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