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"Information is physical."

-Rolf Landauer

"With the tools and the knowledge, T could turn a developing snail’s egg into an elephant.
It is not so much a matter of chemicals because snails and elephants do not differ that
much; it is a matter of timing the action of genes."

-Barbara McClintock
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ABSTRACT

Obesity-associated mortality is exacerbated by high abdominal obesity. Here, we identify
genes associated with obesity and waist-to-hip ratio adjusted for body mass index (WHRad-
jBMI), and allele-sensitive enhancers which are predicted to regulate female WHRadjBMI
genes. 76% (45/59) of obesity and waist-to-hip ratio-associated variants are located in
primate-specific Alu elements which contain a motif associated with adipocyte differenti-
ation. SNX10, the strongest female WHRadjBMI-associated gene, is required for adipocyte
differentiation and is required for adipose expansion in female mice, but not males, and the
lead variant at the SNX10 locus affects intracellular lipids in human adipocytes. In conclu-
sion, we find novel genes and a system of gene regulatory elements which regulate adipocyte

differentiation and may affect human health.



CHAPTER 1
INTRODUCTION

1.1 Creating cellular diversity from a single genome

Many billions of cells comprise the human body. Cells must perform an astonishing variety
of functions in order to create and maintain a complex human organism. The codex from
which all these cells receive instruction is the genome. While human cells come in many
types and accomplish a variety of functions, the genome of each cell is identical (or rather,
should be identical; exceptions are cancer and deleterious somatic mutations).

The genome contains approximately 20,000 genes that code for proteins. Genes are not
all expressed at once: rather, the are expressed in certain times, places, and conditions.
A gene may produce a protein that is unique to certain cell types, or specific to certain
actions that only certain cells perform. In this way, cells can generate diversity sufficient
to create the human body from a fixed set of genes. The process of selectively expressing
genes appropriate to the right cell type and context is accomplished through gene regulation.
Increasingly, genetics is the study of gene regulation, as gene regulation is necessary to create
a complex organism from a single genome.

Because gene regulation is fundamental to the functioning of cells, most human diseases
involve, or indeed are caused by derangements of gene regulation. Therefore, in the process
of understanding how genes are regulated, we can also learn the fundamental mechanisms
that lie behind many human diseases. Conversely, by studying the changes that occur in gene
regulation that occur in a single human disease, we can learn principles of gene regulation
that apply to the whole genome. This, in part, has been the goal of this project: to use
the gene misregulation that occurs in obesity and fat to understand how a gene network is
constructed to control a human trait.

Whereas the sequence of genes, the 'coding’ part of the genome, determines the structure
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of proteins,gene regulation is largely controlled by the sequence of the non-coding part of the
genome. Gene regulation is accomplished in a number of different ways. Below, I describe
three major ways in which non-coding sequences are used to control gene expression, and

thereby change the structure and function of cells.

1.1.1 Gene regqulation by transcription factors

Perhaps the primary means of regulating gene expression is through transcription factors.
Transcription factors are, proteins that recognize specific sequences of DNA, and preferen-
tially bind at these locations. 10% of all genes are transcription factors, by this definition[93].
When tanscription factors recognized and bind to their cognate DNA sequences, called mo-
tifs, they recruit other factors and promote the formation of protein assemblies that can
perform a variety of functions. In the case of the simplest transcription factor, RNA poly-
merase, the assembled protein complex transcribes the gene at that genomic locus. More
complex transcription factors can encourage gene expression at more distal loci, by recruiting
factors that promote the unwinding of DNA from nucleosomes, such as histone acetyltrans-
ferase, by recruiting transcription preinitiation proteins such as Mediator[4, 99] which will
encourage the transcription of neighboring genes. Alternatively, transcription factors can
suppress gene expression, by recruiting factors that induce heterochromatin formation|39).
In these ways, transcription factors can tune the degree of gene expression to a level appro-
priate to the function of a specific cell type. By controlling which transcription factors are
present, a cell can determine which genes will be expressed, and to what degree. Through
transcription factors, cells determine their identity, and perform many of their functions.
The motifs which transcription factors recognize are often located in the promoters of
genes. This is sensible, as it allows transcription factors to recruit activating or repres-
sive complexes directly to the promoter of a gene. However, gene promoters reside in a

nucleosome-depleted region, rendering them constitutively accessible[42]. Transcription fac-
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Exon 1 [Exon 2] Exon 3

Figure 1.1: Three major mechanisms of gene regulation. a) Regulation of gene ex-
pression by a transcription factor. In teal is shown a transcription factor sequence, bound
to a transcription factor (TF). The transcription factor recruits the transcription initiation
machinery, including cofactors such as Mediator (Med), which recruits polymerase IT (PollT)
to the gene promoter and initiates transcription. b) Alternative gene splicing. On the left is
shown the primary transcript, which contains 3 exons. Alternative splicing of exon 2 results
in a longer final mRNA transcript, seen on the right. c¢) Expression of gene regulation via
genome architecture. Shown are two topologically associating domains (TADs), each with
one enhancer (E1, E2) and one gene (G1,G2). Although E1 is much closer to G2 in two-
dimensional sequence space than G1, E1 regulates G1 expression and cannot regulate G2
due to genome structure.



tors binding at a gene promoter, therefore, cannot easily achieve tissue-specific expression.
Therefore, many transcription factor motifs are located at non-coding sites many kilobases
distant from the genes upon which they act. These distal transcription factor binding sites
are often grouped together in sequences called enhancers[99], and confer exquisite restric-
tion of gene expression to the appropriate cell type, function, or moment in time. To work
appropriately, enhancers must locate the gene promoter in nuclear space. This is controlled
in a number of ways. One major way is through genome architecture, which is discussed in
the next section.

The "master regulator of adipogenesis", peroxisome proliferator activated receptor gamma
(PPARG), is an example of many of these features of transcription factors. PPARG is suf-
ficient to induce adipocyte(fat cell) differentiation, and therefore its behavior needs to be
carefully controlled, lest the wrong cells suddenly become fat cells. This tissue specificity
is achieved in a number of ways. PPARG expression is signalled by upstream transcription
factors active in developing adipocytes|[78]. As PPARG is expressed, it induced the expres-
sion of its partner transcription factor, CCAAT /enhancer-binding protein o« (CEBP«)[51].
These two transcription factors amplify one another’s expression, and co-bind to the same
sites|8]. This partnership is specific to adipocytes, ensuring that the correct PPARG targets
are found.

PPARG targets thousands of motifs in the genome, and activate hundreds of genes.
It initiates the initiation of other transcription factors that in turn initiate the transcrip-
tion of more factors, eventually producing the gene expression profile necessary for ma-
ture adipocytes to function. With relatively few but precise starting signals, developing
adipocytes can achieve a specific and complex gene regulation that is unique to fat.

When a new transcription factor binding site emerges in the neighborhood of a gene, that
gene’s expression is now increased in the presence of that transcription factor. In this way,

novel cellular functions can evolve without direct changes to the sequence of genes. Recent



literature has highlighted the important of repeat elements for the evolution of gene regula-
tory networks. Repeat elements are the genomic remnants of retroviruses and other elements
which have replicated and inserted themselves into the genome throughout evolutionary his-
tory. Some families of repeat elements still have the capacity to insert themselves into novel
locations; most, however, are inert in the genome. Because of their ubiquity and ability
to amplify within a genome across evolutionary time, repeat elements have been co-opted
in multiple evolutionary lineages to rapidly form gene regulatory networks regulating inter-
feron response, mammalian pregnancy, and other traits subject to evolutionary pressures
[22 59 49). Alu elements, a class of repeat elements unique to primates, contain sequences
related to a number of human binding sites, and as such are an attractive candidate for the

origin of traits that have evolved along the primate and human lineages[69].

1.1.2 Alternative splicing of gene transcripts

A gene that is expressed is transcribed from genomic DNA into a primary RNA transcript,
mRNA. This mRNA is not simply a chain of instructions for an amino acid sequence. Rather,
some sections will be translated into amino acids, while others will be excised out, or 'spliced’.
The average gene has approximately 8 exons, or segments to be transcribed, and 8 introns,
to be excised|73]. Thus, most genes are composed of distinct modules, which are composed
after transcription into a sequence of codons that will be translated into a protein.

Cells can use this modularity to produce complexity from a fixed set of genes through
alternative splicing. In alternatively spliced gene transcripts, some exons are included that
are not present in the primary gene transcript, or excluded when they are typically present.
In this way, the cell can produce proteins that are sub-specialized to a given cell type,
developmental stage, or function by adding or excluding domains from a protein template.
As an example, in neuronal progenitor cells the protein Nin is localized to the centrosomes.

As neurons mature, this protein becomes diffuse throughout the cytosol. Recently, Zhang



and colleagues found that exon 18 is required for Nin to localize to the centrioles[105]. In
mature neurons, exon 18 is not included, but another exon, exon 29 is spliced in. In neurons,
and Nin is expressed diffusely throughout the cytoplasm, where it facilitates the binding
of cargo to dyenin, enabling cellular transports. Cell fate is controlled by which exons are
translated from Nin: if exon 18 is included and exon 29 spliced out, the cell remains a
progenitor. If exon 18 is removed and exon 29 is included, the cell becomes a neuron.

Which exons are included in a gene transcript is often determined by the sequence of
the non-coding introns that flank each exon. These sequences can contain binding sites for
RNA-binding proteins, which recruit the mRNA splicing apparatus to an exon and faciliate
or prevent its inclusion. For example, in spinal motor neurons NOVA-1 binds to a specific
intronic sequence found in a number of genes, including GABA 4 and GlyRa2 [48]. In these
genes, NOVA-1 facilitates the inclusion of the exon immediately downstream of its motif.
If this motif is disrupted, this exon is not included. For spinal motor neurons, the correct
transcript of GlyRa2 is essential. If splicing is disrupted in this gene, these cells die, and the
mice soon die themselves of motor defects.

In these ways, alternative splicing of gene transcript can change the structure and function
of proteins. By controlling where and how exons are included in the processed mRNA
transcript, non-coding splice site regulators refine the function of proteins in ways that are

essential for specialized cellular functions and complex life.

1.1.3 The control of gene expression by genome architecture

As mentioned in the above section, enhancers consist of groups of transcription factor tran-
scription sites at a distance from the promoters which they regulate. This distance confers
the ability of enhancers to create cell type- and condition-specific gene expression, as pro-
moters are generally always in a euchromatic state, while distal non-coding regions can be

tuned between accessible and repressed states, according to the needs of a cell.



Enhancers can be as close as 5-10 kilobases from their target promoter[98]. However,
in larger genomes such as the human genome, enhancers are often located far from their
target promoter. For example, an enhancer located approximately 500 kilobases upstream
of SOX9regulates its expression in the gonads in a way that is critical for sexual development
[33]. Despite this distance enhancers reliably contact the correct gene promoters, achieving
sophisticated control of complex patterns of gene expression.

One way that large genomes direct enhancers to their correct gene targets is by taking ad-
vantage of genome architecture. The human genome can be conceived of as 46 strings coiled
into a very small space. Research has shown that this folding does not occur randomly, but
is organized in a heirarchical fashion. Genomic areas which are adjacent in two-dimensional
space are also clustered together in three-dimensional space[52]. Different regulatory mecha-
nisms maintain this architecture at different scales. At a megabase scale, these territories are
called topologically-associating domains (TADs), and are bounded by redundant, convergent
binding sites for CCCTC-binding factor (CTCF) [25]. Within these TADs, and especially
at their boundaries, are genes. The promoters of these genes preferentially make contact
with enhancers within the TAD, and not without it. In this way, genes are segregated with
the enhancers appropriate to their function, and protected from ectopic expression by other
enhancers.

A demonstration of the control of gene expression by TAD insulation was reported by
Franke et al.[33]. At the Soz9 locus in mice, as mentioned earlier, an upstream enhancer
controls Soz9 expression in the gonads in development. Another enhancer, even further
upstream, directs Soz9 expression in developing limb buds. This gene and its enhancers
are all located within the same TAD, thus ensuring appropriate expression. A gene located
in the adjacent TAD, Kcnj2, is not expressed in limb buds. However, when the region
encompassing the boundary and upstream Sox9 enhancers is duplicated, a new TAD is

formed which contains Kcnj2 and enhancers that ought to only have access to Soz9. This



induces Kcnj2 expression in a Soz9 pattern in developing limb buds. As a result of this gene
misexpression, the mutated mice are absent claws and nails. This is a phenotype identical
to the analogous mutation in humans, which induces an absence of fingernails and terminal
digits called Cooks syndrome.

(GGenome architecture, while not the only determinant of gene expression, imposes a spatial
logic on gene regulation. Genes are more likely to be controlled by enhancers in their
neighborhoods, in terms of two-dimensional and also three-dimensional space. Researchers
can take advantage of genome architecture, therefore, to identify the target genes of enhancers
of unknown function. For instance, Hi-C, a sequencing strategy which identifies sequences in
physical proximity, identifies TADs genome-wide. Using this, researchers can identify which
genes an enhancer may regulate based on TAD structure. An evolution of HiC, called capture
Hi-C, allows researchers to detect individual physical interactions between ’bait’ sequences
and other sections of the genome[64]. By applying this approach to gene promoters, our
lab has been able to identify enhancers which directly contact genes of interest in three-

dimensional nuclear space.

1.2 The effects of non-coding genetic mutations

Genome-wide association studies (GWAS) are our primary tool for identifying genetic risk
for complex polygenic traits, such as obesity and waist-to-hip ratio. However, the utility of
GWAS is limited by the difficulty of 1) identificating true causal variants from GWAS data,
and 2) identificating how variants act to cause disease.

GWAS identifies common variants present in the population that are associated with
disease. At a significant GWAS locus, not one but many variants will be statistically as-
sociated with the trait of interest|75]. This phenomenon is due to genetic linkage. Due to
random rearrangement of segments of the chromosomes during meiosis, the likelihood that

two variants will be co-inherited decays as a function of linear distance. Nearby variants are
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thus often in close linkage: variants within 10kb of each other will have 72

scores greater than
0.95, meaning that the same alleles are co-inherited >95% of the time. Identifying which of
these variants disrupts gene regulation and leads to disease represents a significant challenge.
Statistical "fine-mapping" approaches have been developed that attempt to identify the true
causal variant based on the pattern of linkage and trait association[37, 06]. Experimental
approaches, such as the massively parallel reporter assay used in this project, identify which
of the variants disrupt active enhancers in the cell types and contexts of interest[62].

Once the causal variants have been identified, the next challenge is to identify which genes
are disrupted in the context of disease. Non-coding variation may disrupt gene function via
any of the processes described in the previous section. A small polymorphism, such as a single
base-pair substitution, can disrupt the sequence-specific binding of a transcription factor to
its binding site on DNA, or may disrupt a splice acceptor site and induce the skipping
of an important exon during mRNA splicing. Larger events, such as deletions, may remove
enhancers entirely, or may remove enough CTCF sites to induce the fusion of two neighboring
TADs and alter the regulatory structure of an entire region of the genome. FExpression-
and splicing- quantitative trait loci (eQTL, sQTL) studies associate variants to changes
in the expression levels and splice isoforms of specific genes, enabling the identification
of gene targets associated with traits of interest. Once a variant is known to affect gene
expression or splicing, investigation of the sequence surrounding it can often produce insight
into how it affects gene regulation. Experimental approaches can knock down or knock
out the expression of a gene of interest, and observe the effects of altered gene regulation on
cellular and organismal function. In this project, I first identify obesity and WHR-associated
genes from GWAS using an sQTL/eQTL-based approach. We then experimentally knock
down an identified gene in fat tissue, identifying cellular phenotypes that depend on its
expression. In this way, non-coding variants identified through GWAS can be associated to

target genes, and their effects can be investigated.



1.3 How excess fat causes disease

The ultimate cause of obesity is caloric excess. When the body is presented with more
calories than it requires, it will attempt to store this energy in the form of fat. In order to do
so, new adipocytes will differentiate from preadipocytes (hyperplasia), existing adipocytes
will expand (hypertrophy). At some point, adipocytes can no longer expand.

The health consequences of obesity are a result of the limits of adipose tissue expansion.
Overly hypertrophic adipocytes become insulin resistant, and will no longer accept glucose
[5]. As a result, glucose levels in the bloodstream increase. High glucose levels in the
bloodstream cause microvascular damage, inducing damage that can cause sensory loss,
coronary artery damage, and strokes in type 2 diabetes[31]. In addition to inducing high
blood glucose, hypertrophic adipocytes, especially those in the visceral compartment, release
free fatty acids|5]. Circulating free fatty acids, denied the appropriate storage location within
adipose tissue, form ectopic fat deposits in the vasculature and in other organs. Free fatty
acids within the vasculature increase the rate of myocardial infarctions and strokes; when
they deposit as ectopic fat on organs they cause other diseases, such as non-alcoholic fatty
liver disease[36], [1T].

Genome-wide association studies have been conducted to identify genetic variation as-
sociated with a propensity to become obese. A central insight that has emerged from
these GWAS is that genetic variants associated with obesity affect gene regulation in the
brain[54], 30]. By affecting appetite and basal metabolic rate, these variants upset the bal-
ance between caloric intake and caloric requirement. An example is ADCY3, the gene that
encodes adenylate cyclase. Adenylate cyclase is an important secondary messenger in many
cell types. In cells in the developing brain, it localizes to primary cilia. In cilia in a subtype
of neurons in the hypothalamus, it colocalizes with MC/R, another gene whose dysfunction
leads to obesity. Disruption of either of these genes in this neuronal subtype leads to severe
obesity[14].

10



A body mass index (BMI, measured as weight over height squared, kg/m?) greater than
30, is the quantitative definition of obesity. However, BMI provides only limited information.
It does not capture the distribution of fat between visceral and subcutaneous fat stores, or
the balance between adipose tissue and ectopic fat storage. These properties vary widely
between individuals, and people of the same BMI can have large differences with regard to
where and how they store excess fat.

Different fat depots have different metabolic properties. Therefore, an individual’s pat-
tern of fat storage-how they become obese-largely determines their health outcomes if they
gain excess weight. Adipose tissue is divided into the subcutaneous depot, the layer of fat
immediately beneath our skin, and the visceral depot, which in our abdomen. Subcutaneous
adipose tissue has a relatively large capacity for expansion in response to increased food
intake[35] 2] 46]. Compared to visceral adipose tissue, subcutaneous adipose tissue is inert:
it can accept new fat storage without large changes in cellular function, hormonal signalling,
or inflammatory profile[46, 27, [85]. In comparison, visceral adipose tissue has a more limited
ability to expand. In the context of obesity, overwhelmed, hypertrophic visceral adipocytes
begin to lose their responsiveness to insulin, more inflammatory cytokines, and return free
fatty acids to the circulation. [85,92]. The release of free fatty acids from visceral tissue may
mediate liver insulin resistance, as visceral adipose tissue drains directly into the liver via
the portal vein [5]. In these ways, visceral adipose tissue, rather than subcutaneous adipose
tissue, may mediate obesity-associated disease.

An individual’s balance of subcutaneous versus visceral fat storage can be approximated
by waist-to-hip ratio, adjusted for BMI (WHRadjBMI). High WHRadjBMI indicates that
an individual is prone to storing fat in the visceral fat depot. High WHRadjBMI predicts
the development of obesity-associated disease independently of obesity itself. For exam-
ple, a mendelian randomization study of 228,466 women and 195,041 men from the UK

Biobank showed that WHRadjBMI was causally implicated in coronary artery disease and
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diabetes|18]. Another study, a meta-analysis 0f~200,000 participants, causally implicated
WHRadjBMI in coronoary heart disease and stroke[23].

As with obesity, WHRadjBMI is a partially heritable trait, where many genetic vari-
ants, mostly located in non-coding regions of the genome, affect WHRadjBMI risk in the
general population|[75]. However, where variants associated with obesity largely act in the
brain, variants associated with WHRadjBMI largely act in adipose tissues|30]. For example,
DNAHI10, LSMBTL3, and CCD(C92, three genes whose loci are associated with WHRad-
jBMI, have been shown to regulate the differentiation of adipocytes|57]. By doing this,
they change the balance between proliferation of fat cells (hyperplasia) and the expansion
of pre-existing fat cells (hypertrophy). Risk alleles at these loci increase the risk of familial
partial lipodystrophy, a genetic disorder characterized by an inability to maintain fat tissue,
resulting in type 2 diabetes, high cholesterol, and high rates or heart disease.

Given the divergent genetic regulation of obesity and WHRadjBMI, there are two main
avenues to preventing human morbidity and mortality associated with disease. One is to
correct the imbalance between appetite and energy expenditure, and thereby prevent the
development of obesity. The other is to correct the imbalance between subcutaneous, visceral,
and ectopic fat deposition, and foster metabolic health in individuals who are already obese.
Both these approaches ultimately be important; however, as adipose tissue is more accessible
than brain tissue, a focus on WHRadjBMI may provide more mechanisms by which to treat
obesity-associated disease. In this project, we identify novel genes associated with both
obesity and WHRadjBMI, which may provide therapeutic targets for both of these targets.
We then characterize the genetic regulation of WHRadjBMI, identifying genetic mechanisms

and gene regulatory networks associated with this trait.
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1.4 Overview of dissertation

This projects seeks to synthesize data contained in GWAS of obesity and WHRadjBMI to
identify new genetic regulatory mechanism that contribute to these traits. Here, we convert
that which has been considered a liability of GWAS, that most significant variants are non-
coding, into an asset which allows us to identify both genes and gene regulators implicated
in obesity and metabolic disorder. First, we leverage non-coding genetic variants to sta-
tistically identify novel gene whose expression is associated with obesity and WHRadjBMI.
For WHRadjBMI, we investigate each sex independently, as this WHRadjBMI is sexually
divergent in humans, and may have gene regulatory mechanisms unique to each sex. The
results of these analyses are seen in Chapter 2 and in Supplementary Tables [N] and [N]. We
find many more genes whose expression is associated with WHRadjBMI in females than in
males.

To better understand the sexual dimorphism of this trait, we first interrogate the locus of
SNX10 , a gene whose expression is exclusively implicated in female WHRadjBMI. We test
the role of SNX10 in human adipocyte differentiation and in organismal fat gain, and test
the role of rs1534696, the lead GWAS variant at this locus, in lipid phenotypes in human
adipocytes. These results are further discussed in Chapter 2, sections 3.4 and 3.5.

Next, we interrogate gene regulatory mechanisms of female WHRadjBMI on a genome-
wide level. To accomplish this, we use a massively parallel reporter assay[62, 1] to test the
enhancer activity of each allele 1,882 variants at the loci of genes associated with female
WHRadjBMI. We identify a subset of variants that are located in enhancers and where
the allele of the variant modulates enhancer activity in preadipocytes. By interrogating
these loci, we determine that female WHRadjBMI-associated enhancers are associated with
a motif located within Alu repeat elements and associated with transcription factors that

coordinate adipogenesis. These results are discussed in detail in Chapter 2, section 3.3.
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CHAPTER 2
REPEAT ELEMENTS AND NOVEL GENES CONTRIBUTE TO
SEX-SPECIFIC MECHANISMS OF METABOLISM

2.1 Abstract

Increased obesity-associated mortality is exacerbated by abdominal obesity. Here, we identify
genes associated with obesity and waist-to-hip ratio adjusted for body mass index (WHRad-
jBMI), and allele-sensitive enhancers which may regulate female WHRadjBMI genes. 76%
(45/59) of these variants are located in primate-specific Alu elements which contain a tran-
scription factor motif associated with adipocyte differentiation. SNX10, the strongest female
WHRadjBMI-associated gene, is required for adipocyte differentiation, and the lead variant
at the SNX10 locus affects intracellular lipids in human adipocytes. Snz10 is also required
for adipose expansion in female mice, but not males. In conclusion, we find genes, variants,
and a gene regulatory network which regulate adipocyte differentation and may affect human

health.

2.2 Introduction

Several common chronic illnesses, including diabetes and cardiovascular diseases, are caused
or exacerbated by obesity. However, some obese individuals are more susceptible to disease
than others, as the location of excess fat deposition strongly modulates risk for obesity-
related cardiometabolic disease[I] 13 5]. Abdominal fat deposition, which represents vis-
ceral adipocyte accumulation and ectopic fat deposition on vital organs, is associated with
increased insulin resistance and systemic inflammation mediated by the release of free fatty
acids and inflammatory cytokines into the bloodstream[I8]. Increased immune cell infiltra-

tion leads to further insulin resistance, increasing the risk of type 2 diabetes|[I]. Waist-to-hip
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circumference ratio, adjusted for BMI (WHRadjBMI) is a proxy for the balance of subcuta-
neous versus visceral and ectopic fat deposition[I3]. A high WHRadjBMI indicates a high
burden of abdominal fat and is an independent predictor of cardiovascular disease, type 2
diabetes, non-alcoholic fatty liver disease, renal failure, and stroke[I3], [18].

Obesity and WHRadjBMI are both complex, polygenic genetic traits[102] [75]. For such
traits, genetic heritability is distributed over many variants of small phenotypic effect that
map primarily to non-coding regions of the genome[54]. Despite the identification of these
variants[102], [75], our appreciation of the mechanisms underlying genetic heritability of
metabolic health remains limited. In most loci, we have yet to determine which variants
are causal, to identify which genes mediate the phenotypic effects non-coding risk variants,
and to understand the role these genes play in human fat distribution and metabolism. To
address these questions, we applied a series of experimental and computational approaches
to identify genes that may underlie obesity and high WHRadjBMI. Using these gene loci, we
identify a gene regulatory network that regulates fat deposition in females. We demonstrate
the sex-specific effects in vivo of a female WHRadjBMI-associated gene, illustrating how this
gene is involved in adipocyte differentiation and function.

Our work advances the understanding of sex-specific fat distribution from variants of
small effect to novel genes whose roles in adipocyte biology may underlie pathologic weight

gain, and identified genetic regulation of fat deposition by primate-specific elements.

2.3 Results

2.3.1 Waist-to-hip ratio and obesity show divergent patterns of tissue

specificity and sexual dimorphism.

While obesity and high WHRadjBMI predispose individuals to the same chronic metabolic

diseases, previous studies have demonstrated that obesity-associated genetic variation is as-

15



sociated primarily with gene expression in the central nervous system, while adipose tissues
play a larger role in WHR heritability[54, 30] [77]. To identify specific tissues with high en-
richment for each of these traits for further analyses, we performed ldsc-seg[29], identifying
tissue-specific gene expression in linkage to GWAS-identified risk for obesity and WHRad-
jBMI, using gene expression data from the Genotype-Tissue Expression (GTEx) consortium,
consisting of postmortem bulk RNA sequencing data from 53 different human tissues[56] and
GWAS data from the GIANT consortium [102, [75]. We find that obesity is strongly enriched
in central nervous system tissues, with the strongest enrichment in frontal cortex (Figure
2.1A)[54]. In contrast, WHRadjBMI is associated with gene expression in several tissues. Fe-
male reproductive tissues and adipose tissues, especially subcutaneous adipose tissue, show
the highest enrichment for WHRadjBMI, as seen in other investigations of this trait[30)]
(Figure 2.1A, Supplementary Figure 2.6).

Association between tissue-specific gene expression and human traits such as obesity and
WHRadjBMI is complicated by the fact that tissues are assemblies of multiple cell types.
To account for this heterogeneity, we estimated cell type proportions for 63 cell types in all
samples from GTEx and frontal cortex samples from the CommonMind Consortium using
xCell[3], [44], which compares sample gene expression with gene set enrichments from primary
human cell lines to estimate cell type prevalence. We found that samples from frontal cortex,
the tissue most strongly enriched for obesity, show a high estimated proportion of neurons
relative to all other cell types. In contrast, subcutaneous adipose tissue showed several cell
types with proportions over 5%, including adipocytes and preadipocytes, immune cells such
as dendritic cells and natural killer T cells, vascular cells, and stromal cells. (Supplementary
Figure 2.7). This cell type diversity is a known attribute of adipose tissue[63]. As a result, the
association of adipose bulk tissue with WHR could, in principle, be due to gene expression
in any of the cell types present at a significant proportion.

To determine whether adipocytes in particular are associated with WHRadjBMI, we
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quantified the estimated adipocyte/preadipocyte proportion (‘fat content’) for each tissue
in GTEx. Across all tissues, high estimated fat content was associated with enrichment for
waist-to-hip ratio heritability (Figure 2.1B). Together, these data suggest that WHRadjBMI
is associated specifically with gene expression in preadipocytes and adipocytes.

Both obesity and WHRadjBMI are sexually dimorphic traits[68]. Women have lower
mean WHR than men but are somewhat more likely to become obese[21] [67, 6]. Based on
the sexual dimorphism of these traits at the phenotypic level, we tested whether genetic risk
for obesity and WHRadjBMI is also sexually dimorphic. Genetic correlation analyses showed
high correlation between male and female genetic risk for obesity, (ry=0.923, se=0.0083),
and lower correlation between male and female genetic risk for WHRadjBMI (r,—0.6447,
se=0.0262) (Figure 2.1C)[9]. Additionally, we found that total heritability is similar between
women and men for obesity (female h2=0.2029, se=0.0064, male h2=0.2166, se=0.0075), but
larger for female WHRadjBMI than male WHRadjBMI (female h2:0.1582, se=0.0099, male
h2=0.1169, se=0.0059). These findings suggest that while genetic risk factors for obesity
are likely shared between the sexes, there may be female-specific genetic determinants of
fat deposition, which account for the increased heritability of WHRadjBMI seen in this and

previous studies|75].

2.3.2  Identification of novel genes associated with obesity and high
waist-to-hip ratio.

To identify novel genes associated with obesity and WHRadjBMI, we performed transcriptome-
wide association studies (TWAS), which combine a gene expression panel from a set of indi-
viduals, their genotype data, and GWAS summary statistics|[102] [75] to identify genes whose
expression are associated with genetic risk for a complex trait[41]. We used frontal cortex
gene expression as the panel for our obesity TWAS and subcutaneous adipose gene expres-

sion as the panel for our WHRadjBMI TWAS, using cortex samples from the CommonMind
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Figure 2.1: Characteristics of obesity and WHRadjBMI genetic risk. a) Linkage
disequilibrium score regression (LDSC-seg) measuring enrichment of trait near genes with
tissue-specific expression. P-values are based on standard error, and represent contribution
of tissue-specific expression to trait heritability after correction for baseline annotations.
b) xCell-derived cell type enrichment predictions, normalized to generate proportions and
averaged across adipose cell types (preadipocyte and adipocyte. ¢) Genetic correlation and
heritability for sex-specific genome-wide association studies (GWAS) conducted for obesity
and WHRadjBMI (F=female, M=male). Genetic correlation is high between sexes in obesity
and lower for WHRadjBMI. The sexual dimorphism of WHRadjBMI is partially driven
by increased heritability of WHRadjBMI in women. Obesity GWAS N~700,000 , female
WHRadjBMI N~380,000, male WHRadjBMI N~315,000.
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consortium[44] and adipose samples from GTEx[56]. To account for cell type heterogeneity
in subcutaneous adipose tissue, we selected the top seven most enriched cell types, rep-
resenting an average of 47.4% of the sample, and included cell type proportions for these
cell types as covariates in gene expression models in the WHRadjBMI TWAS. To identify
putative sex-specific mechanisms for WHRadjBMI, GWAS summary statistics from female
participants were combined with gene expression samples from females, and male GWAS
data were used in conjunction with male gene expression samples.

Our obesity TWAS identified 460 genes after Bonferroni correction whose expression
in cortex is associated with obesity risk. The most significant genes include those whose
dysfunction in the brain has been implicated in obesity, including MC/R and ADCY 3|38, 26|,
in addition to genes with uncharacterized roles in obesity (Figure 2.2A). Our WHRadjBMI
TWAS identified 91 genes whose expression is associated with high WHRadjBMI in females,
and 42 genes in males. CCDC92, DNAH10, and LSMBTLS3, which are among the most
significant associations, have previously been associated with familial partial lipodystrophy,
a disorder which causes subcutaneous adipose loss, visceral fat accumulation, severe insulin
resistance, and diabetes[57].

Notably, our WHRadjBMI TWAS results show strong sexual dimorphism: despite equiv-
alent sample sizes, WHRadjBMI TWAS identify 2.16-fold as many genes in women than
in men. Genes that are associated with WHRadjBMI in both sexes have, on average, a
1.8-fold larger effect size in women (Figure 2.2B). To evaluate whether sexual dimorphism in
WHRadjBMI is the result of sex-specific cis-regulatory effects of variants, we compared the
effect size of the top eQTL of female TWAS genes in each sex with the effect size of these
variants in WHRadjBMI GWAS from each sex. We observe that eQTLs have comparable
effect sizes on gene expression in men and women; however, they have much large GWAS
effect sizes in women (Figure 2.2D). This is in concordance with recent observations from

GTEx suggesting that there are very few sex-specific eQTLs throughout the genome, despite
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common sexual dimorphism in human traits[65]. Our results suggest that although genetic
variation affects gene expression similarly between men and women, the consequences of
genetically regulated gene expression can differ significantly based on biological sex. We
illustrate this effect on SNX10, the strongest previously unidentified WHRadjBMI gene and
the strongest female-specific WHRadjBMI TWAS gene. A variant located in an intron of
SNX10, rs1534696, is a strong eQTL in subcutaneous adipose tissue for SNX10 in both sexes,
and is strongly associated with WHRadjBMI in women, but not in men (Figure 2.2C,2.2E,
female eQTL p=1.32%10"14 male eQTL p:1.04*10_11). While the eQTL effect is preserved
in both sexes, SNX10 expression itself is consistently higher in women (Figure 2.22C), with
a fold change of ~1.3 across rs1534696 genotypes. These data suggest that rs1534696 affects
SNX10 expression in adipocytes in both sexes, and that this activity modulates WHRadjBMI
in women, but not in men, perhaps because of higher SNX10 expression in women. SNX10
expression does not differ between women of typical pre-menopausal and post-menopausal
age (Supplementary Figure 2.8, p=0.44), suggesting that the female-specific effect is not the
result of increased systemic estrogen levels. rs1534696 is also a lead variant for triglyceride
levels and HDL cholesterol in women, but not in men (Supplementary Figures 2.9 and 2.10),

suggesting that rs1534696 may also have sex-specific effects on other features of metabolism.

2.3.8 Enhancers at WHRadjBMI gene loci share an adipogenesis-associated

motif that is located within Alu repeat elements.

Through TWAS, we identified 91 genes whose expression is associated with high WHRad-
jBMI in women. Some of these genes are associated with WHRadjBMI specifically in females,
but others are associated with WHRadjBMI in both sexes. By identifying enhancers which
regulate the expression of these genes, we can gain insight into the gene regulatory network
that controls WHRadjBMI. However, owing to extensive linkage equilibrium it is generally

impossible to differentiate which variants disrupt gene expression, and which are merely in
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linkage with true causal variants from GWAS summary statistics. Therefore, we performed a
massively parallel reporter assay (MPRA) to experimentally determine the regulatory prop-
erties of all candidate variants in all loci|91) 62]. For each gene identified in our female
WHRadjBMI TWAS, we derived a set of variants with a high likelihood of causality: first,
we selected the lead GWAS variant, the top eQTL for the TWAS gene, and coloc-identified
shared causal variant underlying GWAS and eQTL signal, if present. Next, we selected all
variants in high LD (12 > 0.95) with the variants identified above. This resulted in a list
of 1,882 biallelic single-nucleotide polymorphisms (SNPs). For each variant, we constructed
175-bp sequences from the human genome centered around each allele of that variant. We
synthesized this sequence with 19 independent 10-bp DNA barcodes, allowing for indepen-
dent measurements of enhancer activity per allele.

We transfected constructs representing 175bp of human genomic sequence, centered
around each allele of the selected variants, ligated to a minimal promoter and barcode into
3T3-L1 preadipocytes, allowing the sequences with enhancer activity to self-transcribe and
enrich their barcodes in the resulting RNA output. Using this approach, we identified 426
variants in regions that display significant enhancer activity in preadipocytes (significant
enhancers). Of these, 59 harbored variants whose alternate alleles significantly modulate
enhancer activity (enhancer-modulating variants, or EMVars) (Figure 2.3A, Supplemen-
tary Figure 2.11). Significant enhancer variants were more likely to lie within accessible
chromatin than nonsignificant variants (p=1.253*1075, Supplementary Figure 2.12A) in
Simpson-Golami Behmel Syndrome (SGBS) human adipocytes. Significant enhancers also
participated in more physical interactions between enhancers and promoters captured by pro-
moter capture Hi-C in SGBS adipocytes (as vs. nonsignificant variants, p=1.591*10—302,
Supplementary Figure 2.12B).

To understand how regulatory active MPRA sequences can promote gene expression in

adipocytes, we performed two transcription factor motif enrichment analyses. First, we
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compared the 175-bp sequences centered around each of the 426 significant MPRA enhancer
variants to the same-sized sequences corresponding to nonsignificant MPRA variants. This
analysis yielded 13 transcription factors whose motifs are enriched in significant enhancer
sequences. Of these, 7 are directly involved in adipogenesis, based on previous literature
(COUP-TFII, KLF1/, LXRE, THRB, CEBP, RARA, EAR2)|100, 83, [76, 58, 140, 15], and 3
others are involved in adipocyte-relevant metabolic processes such as cholesterol synthesis,
adipocyte browning, and glucose metabolism (SP2, ERRA, USF2)|88, 45, [16]. In the second
analysis, we looked for enrichment of transcription factor motifs in the sequences surrounding
the 59 EMVars versus nonsignificant variants. Here we also found strong enrichment for
factors involved in adipogenesis and adipocyte metabolism, and significant overlap with
motifs enriched in enhancers. 7 of the 14 motifs are directly involved in adipogenesis (COUP-
TFII, LXRE, THRB, RARA, EAR2, ATF4, ATF1)|32,103], and 2 are involved in adipocyte
metabolism (ERRA, USF2) (Figure 2.3B). The results of these motif enrichment analyses
are available in the Supplementary Tables. Interestingly, almost all the identified adipogenic
motifs are characterized by a common core sequence (Figure 3B), AGGTCA, corresponding
to half of the DR1 DNA motif which binds PPARG, a master regulator of adipogenesis.

To further assess the functional importance of MPRA sequences, we tested whether sig-
nificant MPRA enhancers were more conserved than nonsignificant sequences across mam-
malian species, with the expectation that conserved sequences may have greater functional
importance. Surprisingly, we found that enhancer sequences are less conserved than non-
significant sequences, and sequences containing EMVars are the least conserved sequences in
the MPRA (Figure 2.3C, Student’s t-test nonsignificant variants vs. enhancers p=7.073%1072,
nonsignificant variants vs. EMVars p=3.173*1072). This unusual lack of conservation is
due to an enrichment of primate-specific Alu repeat elements overlapping enhancer vari-
ants in sequences included in the MPRA (FC over nonsignifcant variants=3.17, Chi square

p=1.063*10726). Notably, 76% of identified EMVars map within Alu elements (Figure 2.3C).
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In our MPRA data, most Alu sequences tested (344 of 551 Alu elements containing an
MPRA variant) do not drive reporter gene expression in adipocytes. However, a subset of
Alu elements are associated with very high enhancer activity in adipocytes (Figure 2.3D).
suggesting that some Alus have been co-opted as enhancers to stimulate the expression
of nearby metabolism-related genes. Alu elements do not drive enhancer activity in other
MPRA datasets (Supplementary Figure 2.13), suggesting that these Alu elements may act
as enhancers specific to the context of adipocyte metabolism.

Given that some Alu elements stimulate gene expression in preadipoctyes and other Alu
elements do not, we suspected that the partial DR1 motif that we found to be enriched in
significant MPRA results (Figure 3B) may be part of the sequence of Alus with enhancer ac-
tivity. To test this, we first determined that Alu elements and adipogenesis-associated motifs
co-occur more frequently than is expected by chance (FC=1.57, chi-square p:2.167*10_40).
Next, we mapped the relative locations of Alu elements and motifs, and identified that partial
DR1 motifs in significant MPRA sequences are consistently located within the first monomer
of the Alu element (65-80bp from the Alu start site) (Figure 2.3E). The partial DR1 motif
is not likely to be the product of a mutation that has emerged from a single Alu ancestor,
as multiple sequence alignment shows that the Alu sequences which drive expression in the
MPRA are not more closely related than nonsignificant sequences (Supplementary Figure
2.12). Our data suggest that a subset of Alu elements in the human genome may have served
as a tool to construct a gene regulatory network that is active in adipocytes, regulates the

expression of genes important for fat cell maturation, and modulates body fat distribution.

2.8.4 181534696 affects lipid-related morphological features in in vitro

differentiated primary human adipocytes

The MPRA results suggest that many WHRadjBMI genes may be affecting body fat dis-

tribution by modulating the development and/or function of adipocytes. The strongest
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WHRadjBMI TWAS signal we identified was for SNX10, a gene and locus that has not
been previously associated with fat metabolism. Although the SNX170 locus does not have
a ‘AGGTCA’-associated enhancer identified through our MPRA analyses, the lead variant,
rs1534696, shows strong evidence for being causal for female WHRadjBMI risk at this locus.
The rs1534696 variant is the top eQTL for SNX10, and colocalization analyses suggest that
rs$1534686 is responsible for both the GWAS and eQTL signal at this locus (Supplementary
Figure 2.15). rs1534696 has been previously shown to lie within an enhancer active in ma-
ture adipocytes[12], but not in preadipocytes, suggesting that this variant acts to modulate
processes in mature adipocytes. We confirmed this time-point-dependent regulatory activity
of this locus by applying activity-by-contact (ABC), a modeling tool that predicts interac-
tion between enhancers and gene promoters based on chromatin accessibility and H3K27ac
histone modifications[34], to pre-adipocytes at several time-points of adipogenesis. ABC
analysis predicts that the rs1534696 enhancer interacts with SNX170 in fully differentiated
adipocytes, but not at earlier stages in adipocyte maturation (Figure 2.4A).

To decipher the consequences of rs1534696 on adipocyte morphological and cellular phe-
notypes, we next used a recently-developed high-content imaging approach, LipocyteProfiler.
In brief, LipocyteProfiler generates morphological and cellular profiles describing the struc-
ture, function and relationship between cellular organelles, namely AGP (actin cytoskeleton,
Golgi body, and plasma membrane), Lipid (lipid droplets and cytoplasmic RNA), Mito (mi-
tochondria) and DNA (nucleic-acid related phenotypes). We assessed LipocyteProfiles across
four time-points of adipocyte differentiation (days 0, 3, 8, and 14) in subcutaneous and vis-
ceral human adipose-derived mesenchymal stem cells (AMSCs) between different rs1534696
genotypes (Figure 2.4B). We observed significant changes in adipocyte morphological and cel-
lular features dependent on the rs1534696 genotype only in mature subcutaneous adipocytes
(Figure 2.4C). Specifically, the majority (50 of 74) of haplotype-driven differential features

are Lipid associated features describing the structure of intracellular lipids (Figure 2.4D).
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Figure 2.4: Effects of rs1534696 allele on human primary adipocytes. ) ABC-
predicted interactions between SNX10 promoter and gene body loci in differentiating pri-
mary adipocytes. b) Adipocyte Profiler paradigm. c¢) Adipocyte Profiler features across
primary human adipocyte differentiation. Dotted line and larger dots represent significance,
defined as p<0.05 and q<0.05. Significance determined by multi-way ANOVA with subse-
quent FDR correction. d) Adipocyte Profiler features significant in day 14 subcutaneous
adipocytes, grouped by cellular stain target and collapsed across redundant features. Sub-

cutaneous adipocytes: CC/CA N=20, AA N=11. Visceral adipocytes: CC/CA N=23, AA
N=12.

This suggests that rs1534696 affects the function of mature adipocytes by dysregulating
intracellular lipids.

Together, these data suggest that the rs1534696 allele may act by disrupting an enhancer
for SNX10 specifically in mature subcutaneous adipocytes which results in altered lipid han-
dling in these cells. This depot-specific adipocyte cellular phenotype driven by rs1534696 is
consistent with an organismal phenotype of altered body fat distribution in which subcuta-

neous WAT would be primarily affected by rs1534696.
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2.3.5 SNX10, a female-specific waist-to-hip ratio gene, is required for

adipocyte differentiation in vitro and in vivo

To validate the function of the target gene SNX10 in adipocyte development and func-
tion, we knocked down the expression of SNX10 in human mesenchymal stem cells via the
transfection of anti-SNX70 short hairpin RNA (shRNA) and differentiated these cells into
mature adipocytes. In comparison to wild type cells or a scrambled vector, SNX10 knock-
down resulted in impaired lipid accumulation, and reduced expression of markers of mature
adipocytes (Figure 2.5A) (ADIPOQ ACt scramble shRNA=6.18, ACt SNX10 shRNA=8.86,
p=1.7%10"%), confirming an important role of this gene in the formation of mature, func-
tional adipocytes. In line with rs1534696-driven effects specific to mature adipocytes, we
found that SNX10 expression correlated with expression of markers of mature adipocytes,
but not with markers of progenitor cells or stromal cells (Supplementary Figure 2.16), further
suggesting that SNX10 is the causal target gene at this locus.

To assess whether SNX10 ablation in adipose tissue has an effect on obesity-related
metabolic phenotypes an organismal level, we next developed a mouse knockout (KO) of
Snx10 specific to mature adipocytes (mmASnxlOAdiqu), and then administered a 10-week
high fat diet (HFD, D12492, 60kcal% fat)41 Control littermates of knockout animals became
obese upon HFD administration. Male mmASnx1049P°¢ mice also became obese. However,
female mmASnx1049iP%¢ mice maintained did not become obese (Figures 2.5B-D, Supple-
mentary Figures 17-18), (KO mean mass F=28.1g, M=48.5g, p=6.5*10"3; KO mean body
fat F=24.4%, M=42.1%, p=0.029). This suggests that SNX10 is required for expansion of
adipose tissue in a female cellular context, but not in a male one, which may explain its

robust association with female WHRadjBMI, but not male WHRadjBMI.
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Figure 2.5: SNX10-mediated inhibition of adipogenesis. a) Oil Red O staining and
qPCR quantification representing lipid accumulation after adipocyte differentiation in hu-
man mesenchymal stem cells upon SNX10 shRNA introduction. Oil Red O images are
representative of samples from that condition. b) DEXA scans from wild-type mice (top)
and female and male mmASnx1049P%¢ mice. ¢) Body weight of WT and mmASnx1044iroq
mice after high-fat diet administration. Asterisk indicate significance between groups (F-
WT N=8, F-KO N=3, M-WT N=3, M-KO N=2, pairwise t-test, p<0.05). d) Body fat
percentage of WT and mmASnx1049iP%7 mice after high-fat diet administration. Asterisks
represent results of pairwise t-testing.
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2.4 Discussion

This study then illustrates how sexual dimorphism on cellular and organismal traits can
emerge from a locus despite variant-mediated gene regulation being shared between both
sexes. By closely investigating a genetic locus that is associated with fat metabolism in
women, we found gene regulation of SNX10 to be depot-specific, developmental time point-
specific, and sexually dimorphic, potentially explaining the female-specific association of this
gene with changes in fat distribution in humans.

Our data also suggest that human patterns of fat deposition may be regulated through
co-opted, primate-specific Alu transposable elements. Recent reports have demonstrated
examples of repeat elements being used to form novel transcriptional networks to create new
functions, including mammalian pregnancy and species-specific interferon-mediated immune
responses[87, 61]. Our data indicate that Alu elements in the vicinity of WHRadjBMI genes
often display enhancer-like regulatory properties, as well as enrichment for accessible chro-
matin. Future work will determine the extent to which Alu repeats regulate the development
of mature adipocytes in humans.

To explore the role of defects of mature adipocyte function in WHRadjBMI, we chose
the strongest novel WHRadjBMI association, SNX10. SNX10 is a sorting nexin that reg-
ulates early endosome trafficking and is essential for the function of osteoclasts and gastric
zymogenic cells[7T, T01]. Here, we demonstrate that SNX10 is required for adipocyte differ-
entiation, for lipid accumulation, and for expansion of adipose tissue in response to a high-fat
diet.

Interestingly, the role of Snz10 in adipocyte function was female-specific: when exposed
to a high-fat diet, male mmASnx1049P%¢ mice gained fat mass, but females did not. The
likely causal variant for SNX10 expression in human mature adipocytes, rs1534696, affects
gene expression in both sexes. However, the GWAS signal at this locus shows a strong

relationship with WHRadjBMI in women, but not in men. These findings illuminate a
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vexing problem in genetics: how sexually dimorphic traits emerge from gene regulation that
is common to both sexes. Sexual dimorphism is present in many human traits, from height
and weight to lifespan and disease burden |87, [61]. Recently, the GTEx consortium[65] showed
that 37% of genes have sex-biased expression, most only in a few tissues. However, this sex-
biased expression is not driven by sex-biased effects of allelic variation. Of the ~500,000
cis-eQTLs identified by GTEx, only 369 had effects that were biased by sex[65].

In this work, we describe how SNX10 expression affects adipocyte maturation and fat
accumulation in a female-specific manner, explaining a GWAS locus for WHRadjBMI that
is also specific to females. In this respect, SNX10 bears remarkable resemblance to KLF14,
a gene that is causal at a female-specific locus for type 2 diabetes, and has been described by
Small et al[83]. KLF1/ is a master transcription factor that likely acts through disrupting
later stages of adipocyte maturation. Small et al. attribute many of the effects of KLF'14
disruption to reduced expression of SLC2A/, which encodes the glucose transporter GLUT4.
Without sufficient GLUT4, KLF1/-deficient adipocytes cannot perform lipogenesis, resulting
in limited adipose capacity, ectopic fat deposition, and predisposition to diabetes.

SNX10 differs from KLF1/ in a number of important ways. SNX10 is not imprinted;
while KLF14 is expressed only from the maternal chromosome[90]. SNX10 is not regulated
by KLF1/, not is it a transcription factor itself. SNX10 is a sorting nexin, a class of proteins
that regulate intracellular trafficking. SNX10 in particular localizes to early endosomes and
is critical for their function[71, T0I]. In adipocytes, early endosomes are responsible for
trafficking GLUT4 to and from the membrane, regulating glucose intake in response to diet.
Therefore, whereas KLF1/ disrupts GLUT4 expression, SNX10 may disrupt GLUT4 on
a post-translational level. Disruption of glucose intake and lipogenesis, process critical to
mature adipocyte function, may disrupt the cellular function of adipocytes globally, resulting
in reduced expression of mature adipocyte markers seen in this study.

Importantly, SNX10 shows sexual dimorphic effects on adipose tissue both in human
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and in mice. This is another way in which SNX10 differs from KLF1j: mice with a con-
ditional Kif14 knockout in adipose tissue knockout (driven by Adipog, as in our study)
showed metabolic phenotypes in both sexes. More research needs to be done to understand
how Snz10 depletion affects adipocyte metabolism in female cells, but not male cells. Our
data show modestly increased SNX10 expression in females relative to males (Figure 2.2C):
therefore, the sexual dimorphism could be a property that emerges at a threshold level of
SNX10 expression, as Small et al. theorize. SNX10 expression is not significantly different
between younger and older women, suggesting that sexual dimorphism is not a property of
systemic estrogen signalling. As X chromosome dosage has been shown to affect adipopos-
ity independent of gonadal hormones|[19], SNX10 could also be acting through interaction
with X chromosome genes. In any case, because SNX10 affects fat metabolism in a sex-
specific manner in both human women and female mice, this gene is a valuable resource for
understanding sex differences in adipocyte physiology and metabolism.

With this work, we how recently evolved gene regulatory networks formed from pre-
existing repeat elements regulate adipocyte differentiation, an important determinant of
human waist-to-hip ratio. We also describe how adipocyte differentiation is disrupted in
females by depletion of SNX10, a gene that may regulate intracellular GLUT4 trafficking.
In these ways, we expand our knowledge about how the genome regulates adipocytes to

control fat deposition, determining the impact of caloric excess on human health.
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2.5 Methods

2.5.1 LDSC-seq:

LDSC-seg analyses were conducted as described by Finucane et al[30]. For each tissue, en-
richment for a set of specifically-expressed genes was calculated in comparison to a baseline
model measuring non-specific enrichment near genes, histone annotations, and open chro-
matin, and enhancers. The set of specifically expressed genes were used as a functional
annotation, and the enrichment of this annotation in linkage to GWAS variants of low p-
value, conditioning on the baseline model and the expression of all genes. Tissues included

all 53 tissues available from the GTEx v8[56].

2.5.2 xCell:

xCell analyses were performed as described in Aran et al.[3]. All samples from GTEx v8
(N=17382), representing 53 tissues, were combined with frontal cortex data from the Com-
monMind Consortium (N=613)[44]. Enrichment analyses for 63 cell types and cellular land-
scapes were calculated, transformed to proportion estimates, and corrected for spillover
between similar cell types. Estimations for similar cell types (B cells, CD4+ T-cells, CD8+
T-cells, dendritic cells, macrophages, endothelial cells) were averaged, and outliers (smooth

muscle) and stem-type cell types removed prior to visualization.

2.5.3 Genetic correlation:

Heritability estimation and genetic correlation was performed using cross-trait LD score
regression as described by Bulik-Sullivan et al[9, 10]. Summary statistics were gathered
from sex-specific GWAS meta-analyses of obesity and WHRadjBMI|[102] [75]. Heritability
was obtained by solving the LD score regression equation for h2, given chi-square statistics
from GWAS variants and linkage disquilibrium data. Genetic covariance was obtained by
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obtaining the product of the Z-scores for each variant, accounting for linkage disequilibrium
and sample size. Genetic correlation was obtained by normalizing genetic covariance by SNP

heritability.

2.5.4 Transcriptome-wide association studies:

For the TWAS investigating waist-to-hip ratio adjusted for BMI (WHRadjBMI), we used
the following data: 1) subcutaneous adipose tissue samples from GTEx v8 segregated by sex,
2) Sex-specific WHRadjBMI GWAS summary statistics, and 3) xCell estimates of cell type
proportion derived from GTEx v8 and CommonMind Consortium data as described above.
Estimates for the 6 most prevalent cell types in subcutaneous adipose tissue (preadipocytes,
adipocytes, dendritic cells, chondrocytes, epithelial cells, and fibroblasts) were included as
covariates, as were participant age and race.

We used FUSION scripts to perform TWAS on both gene expression and intron splicing
data. First, we estimated the heritability of each feature (gene expression or intron boundary
usage) as a function of the genotypes of the variants in cis, using GCTA-GREML to compute
h? and a p-value representing the result of a likelihood ratio test. Genes and intron bound-
aries where p>0.05 after Bonferroni correction for multiple testing were included in further
analyses. Predictive models were calculated estimating the effect of cis-variation on gene ex-
pression and intron boundary usage. Four different models were used: lasso, elastic net, top
single eQTL, and best linear unbiased predictor. For the TWAS investigating WHRadjBMI,
cell type proportions from the seven most prevalent cell types (adipocytes, chondrocytes,
epithelial cells, fibroblasts, preadipocytes, dendritic cells)in adipose tissue from xCell pre-
dictions were included in the expression model. The best-performing model was selected via
cross-validation, using shuffled gene identifiers to generate a null distribution. The imputed
gene expression or boundary usage under the model was then correlated with WHRadjBMI

summary statistics for the relevant sex. Bonferroni correction was applied to resulting set of
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genes to yield a set of genes that are statistically associated with sex-specific WHRadjBMI
under strict criteria.

For the TWAS investigating obesity, we used the following data: 1) frontal cortex sam-
ples derived from the CommonMind Consortium, and 2) Sex-combined GWAS summary
statistics derived from the same samples as the WHRadjBMI GWAS. Cell type estimation
was performed but cell types proportions were not included in obesity cortex TWAS due to
the homogeneity of frontal cortex samples (see Figure 2.1). We performed a sex-combined
TWAS for obesity based on the high genetic correlation of obesity risk between the sexes
(Figure 2.1). Obesity TWAS was otherwise performed as described for WHRadjBMI.

Colocalization analyses were performed using coloc|37], version 3.1 to detect shared causal
variants between eQTL and GWAS signal. For each significant gene in each TWAS, coloc
was performed between the GWAS summary statistics that went into that TWAS (e.g.
female, male, or combined) and the sex-combined eQTL data for that gene. eQTL data used
was provided by the GTEx Consortium. The locus used was +/-0.5 MB of the canonical
transcription start site(TSS) of the gene. A variant was considered a single shared causal
variant if 1) it had the maximum posterior probability of being the single shared causal
variant, and 2) the posterior probability of there being a single shared causal variant (PP.H4)
was > 0.5. At the SNX10 locus, a secondary colocalization analysis was performed to account
for multiple female WHRadjBMI GWAS signals located within +/-0.5 MB of the SNX10
TSS. The locus boundaries of the new locus were chr7:26200000-26400000(hg19).

Sex-specific eQTL analyses (Figure 2.2C) were performed on rank-normalized expression
data from GTEx and matching genotypes using fastQTL[66], including as the first three
principal components from the genotype data as covariates. P-value represents nominal

p-value derived from linear modeling of relationship of SNX10 expression to genotype.
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2.5.5 UKBB GWAS locus zoom:

UKBB GWAS locus zooms were generated from sex-specific GWAS data generated by the
Neale lab ( http://www.nealelab.is/uk-biobank). Summary statistics were combined with
linkage disequilibrium information generated from GTEx v8 genotype data. Points shown

represent variants available in both UKBBJ|86] and GTEx v8.

2.5.6  Massively parallel reporter assay:

Variant selection: For each gene identified as associated with female WHRadjBMI by TWAS,
a collection of tag variants was created. Variants were included if they were either a) the top
eQTL for the gene within 1MB of the gene’s transcription start site; b) the variant with the
lowest p-value for female WHR within 1MB of the gene’s transcription start site, or c¢) the
variant predicted to be the single shared causal variant that explains the eQTL or GWAS
signal at that locus. This search resulted in 169 core variants.

Next, all variants were selected with close linkage to tag variants, defined as 2 > 0.95.
Loci were removed where 500 or more variants were in close linkage to allow for investigation
of all other loci. This resulted in a final list of 1882 biallelic variants included in the final
analysis.

Oligonucleotide assembly: For each variant, a 175-bp sequence centered around the vari-
ant was extracted from the GrCh38 (h38) genome assembly. This sequence was edited to
include each allele of the variant. Variants representing indels were excluded. Sequences
were assembled with a unique 10-bp barcode, primers, and Kpnl and Xbal binding sites as
follows: 3’ | F Primer | Enhancer sequence | Kpnl binding site | Xbal binding site | barcode
| R primer | 5. 19 barcodes were included per allele of each variant.

3T3-L1 cell culture and transfection: 3T3-L1 preadipocyte cells were grown at 37°C in
5% CO2 in DMEM (Gibco # 11995-065) media supplemented with 10% FBS, 1% penicillin-
streptomycin solution (10,000 U/ml; Gibco #15140122), 0.8mg/ml Biotin (Sigma; #B4639)
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and 0.8mg/ml Panthotenic Acid. For transfection, cells were plated into 6 well plates and
transfected with Lipofectamine LTX & Plus reagent (Invitrogen; #15338100) when 30-50%
confluent.

MPRA library preparation: MPRA library design and preparation was performed as pre-
viously described in Ulirsch et al[91]. Briefly, oligonucleotides representing each allele of
selected variants (see ‘Variant selection’ above) were synthesized on an Agilent 100k oligonu-
cleotide array. Homology arms were added onto the fragments using emulsion PCR, which
reduces PCR amplification bias. Oligos were then cloned into a linearized pMPRAT1 vector
(addgene #49349) using Gibson Assembly. This pool of pMPRAL vector plus inserts was
then linearized and a truncated eGFP reporter gene containing a minimal promoter and
spacer sequence was then cloned into the vector using T4 DNA ligase (NEB; # B0202S) to
create the input DNA library. Once the final constructs were produced, they were trans-
fected into 3T3-L1 preadipocytes (3 technical replicates) as described above. At least 10
million cells were transfected per replicate. Cells were collected 48 hours after transfection
and flash frozen in liquid nitrogen. After all replicates were transfected, RNA was extracted
using a Qiagen RNeasy mini kit. mRNA was isolated from total RNA using Invitrogen Dyn-
abeads (ThermoFisher #61006). All mRNA was then converted to cDNA using Superscript
IIT reverse transcriptase and then PCR amplified using Illumina multiplexing primers. Two
reactions of input DNA (DNA used as transfection material) were also PCR amplified with
[lumina multiplexing primers at this point. Libraries were amplified with 10-11 PCR cycles
and pooled before being cleaned. Library quality was assessed using the Agilent DNA 1000
bioanalyzer chip, where a single sharp peak of around 250bp is expected. Samples were then
sent for paired end NGS sequencing. A 25% PhiX genome spike in must be added to each
sequencing run due to low complexity.

Significance testing: For each technical replicate of the MPRA, counts per barcode were

log2cpm format. Barcodes where log2cpm <= -3 were removed, as were variants where either
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allele was left with fewer than 7 barcodes after removal. Enhancer activity per barcode was
defined as log2cpm(replicate) — log2cpm(input). A nonparametric (Mann-Whitney U) test
was performed to identify variants with significant enhancer activity, comparing each allele of
a variant with all other sequences included in the analysis. Subsequent FDR correction was
performed on the set of significant enhancers to correct for multiple comparisons. Enhancers
are considered significant if FDR q<=0.05 in two or more replicates. Within the set of sig-
nificant enhancers, subsequent Mann-Whitney U tests were performed to identify significant
enhancer-modulating variants (EMVars), comparing one allele of the enhancer versus the
other. Subsequent FDR correction was performed and EMVars with FDR q<=0.05 in two

or more replicates were considered to be significant.

2.5.7 Enrichment of MPRA enhancers in functional chromatin and physical

interactions:

ATAC-seq was performed on Simpson Golabi Behmel Syndrome (SGBS) adipocytes at four
stages of differentiation (preadipocytes, day 2, day 8, day 16). Overlap was defined as an
MPRA variant lying within a chromatin accessibility peak in any of the four time points.
Promoter capture Hi-C was performed on the same time points across the differentiation
time course. An MPRA variant was defined as participating in a physical interaction if the
variant lay within the restriction enzyme fragment on either end of the physical interaction.
The number of physical interactions an MPRA variant participated in was averaged across
time points. For both ATAC-seq and promoter capture Hi-C, significance was determined

via chi-square testing.

2.5.8 MPRA motif analysis:

Significantly enriched motifs were identified using HOMER, using the set of known motifs

included in the HOMER motif database[43]. Motif detection was done using the 175-bp
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sequence surrounding each variant in hg38, using the reference allele of each variant. To
correct for strand-specific biases introduced by autonormalization in Homer v3, the analysis
was performed on both the sequences and their reverse complements. Motifs were consid-
ered enriched if FDR q<0.05. Motif enrichment was identified in a) the set of significant
enhancers compared to nonsignificant tested enhancers, and b) the set of EMVars compared
to nonsignificant tested enhancers. The location of the common adipose motif was defined as
the span from the earliest start of any of the transcription factor motifs which contributed to
this motif (COUP-TFII, EAR2, ERRA, LXRE, RARA, THRB, ATF1, USF2) to the latest

end of any of these motifs.

2.5.9 Repeat elements:

Repeat element location and class were obtained from the RepeatMasker data available for
assembly GrCh38 from UCSC (http://hgdownload.cse.ucsc.edu/goldenpath /hg38 /database/).
The Alu canonical sequence was obtained from RepeatMasker: http://www.repeatmasker.org/
AluSubfamilies/humanAluSubfamilies.html. The sequences of all Alu elements overlapping
an MPRA variant were aligned using Clustal Omega|79], version 1.2.4, using full distance
matrix calculation. The resulting guidetree was visualized as a cladogram (no branch length

information) using ggtree, with leaves labeled according to MPRA significance.

2.5.10 Repeat Element Conservation.:

Conservation of repeat elements was determined using the PhastCons score generated by
UCSC using a 20-way comparison between mammalian species: http://hgdownload.cse.ucsc.
edu/goldenPath /hg38/phastCons20way,/ Conservation was converted to a per-base score,
and the average score across the 175-bp sequences used in the MPRA was calculated and
compared between enhancer-modulating variant sequences, enhancer sequences, and non-

significant sequences. Significance was evaluated using pairwise t-tests between the three
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categories of variants.

2.5.11 Lipocyte Profiler in human adipose-derived mesenchymal stem cells:

Lipocyte profiles of morphological and cellular features were generated from a genotyped
cohort of subcutaneous and visceral adipose-derived mesenchymal stem cells (AMSCs) from
patients undergoing a range of abdominal laparoscopic surgeries (sleeve gastrectomy, fun-
doplication or appendectomy). The visceral adipose tissue was derived from the proximity
of the angle of His and subcutaneous adipose tissue was obtained from beneath the skin at
the site of surgical incision. Each participant gave written informed consent before inclusion
and the study protocol was approved by the ethics committee of the Technical University of
Munich (Study # 5716/13). Isolation of AMSCs was performed as previously described|[82].
Pre-adipocytes were differentiated for 14 days. LipocytePainting was performed at four
time-points of differentiation (days 0, 3, 8 14) and features were extracted. We compared
the lipocyte profiles in females between rs1534696 CC/CA and AA allele carriers using a
multi-way analysis of variance (ANOVA) adjusted for BMI, age and batch. p-values were
corrected for multiple testing using false positive rate (FDR) described in R package “qvalue”
(qvalue). Features with FDR < 5% were classified to be significantly different between risk

and non-risk haplotype carriers.

2.5.12  Activity-by-contact modeling of adipocyte enhancer-promoter

interactions:
Activity-by-contact (ABC) was performed as previously described|34, [80]. In brief, ABC
predictions were modelled based on H3K27ac ChIPseq and ATACseq55 from primary hu-

man adipose-derived mesenchymal stem cells from one female donor at four time-points of

differentiation (days 0, 2, 7, 14).
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2.5.13 shRNA-mediated knockdown of SNX10 during human adipocyte

differentiation:

Adipogenesis differentiation in human mesenchymal stem cells (hMSC) was followed as per
the manufacturer’s instruction (Lonza, Walkersville, MD, USA, Document #AA-2501-16
07/11). hMSC 2.1 x 104 cells/well were plated on a 24 well plate in MSCGMTM at 370C,
5% CO2 until confluency. At 100% confluence, the MSCGMTM were replaced with adi-

TM of h-insulin (recombinant), L-

pogenic induction media supplemented with SingleQuots
glutamine, MCGS, dexamethasone, indomethacin, IBMX (3-isobutyl-l-methyl-xanthine) and
GA-1000 (Lonza, Walkersville, MD, USA). hMSC cells were transfected with shRNA con-
trol (Cat #SHC202V) and SNX10 MISSION shRNA Lentiviral Transduction Particles (Cat
#SHCLNV) 5 hours prior to adding the adipogenic induction media. hMSC adipogenic
cultures were incubated with shRNA for 3 days. After 3 days, the medium was replaced
with Adipogenic Maintenance Medium supplemented with SingleQuotsTM of h-insulin (re-
combinant), L-glutamine, MCGS and GA-1000 (Lonza, Walkersville, MD, USA). The cells
again were transfected with SNX10 MISSION shRNA Lentiviral Transduction Particles 5
hours prior to adding the Adipogenic Maintenance Media and cultured for 3 days. The
hMSC cells were maintained in induction/maintenance media for two more cycles without
shRNA for optimal adipogenic differentiation. The cells were then maintained in Adipogenic

Mainteinance Medium for 7 more days (differentiation was carried for a period of 21 days).

hMSC adipogenic cultures were harvested for RNA as well as stained for Oil Red O.

2.5.14 Generation of Adipose tissue-specific Snxl0-deficient mice:

We obtained the Snz10 targeting vector, PG00216 _7Z 2 (C06, from the European Condi-
tional Mouse Mutagenesis Program (EUCOMM). This vector is a “knockout first” gene trap
which inserts a flippase site-flanked Neo selection cassette with an IRES and LacZ reporter

into intron 3 and inserts LoxP sites flanking exons 4 and 5. Exons 4 and 5 contain the
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functional domain of Snz10, the PX domain required for phospholipid interactions. This
allele is designated Snx10tmla(EUCOMM)Hmgu. Hereafter in this paper, we refer to the
resulting targeted allele as Snx10Neo-f. The vector was electroporated into V6.5 ES cells.
Infection was carried out at a multiplicity of infection (MOI) =1. Control cells were infected
with scrambled Snx10 shRNA virus. Both SNX10 MISSTON shRNA Lentiviral Transduction
Particles and shRNA Control Transduction Scrambled Particles were purchased from Sigma-
Aldrich. Neomycin resistant clones were picked, expanded and screened for correct insertion
by Long Range Genomic PCR using the following vector-specific primers and gene-specific
primers:

5’ Integration

Gene Specific Forward (GF3). 5-GCTTATGGTCGACTCATCGGAGAATC-3’

LacZ Reverse (LART), 5-GGTGTGGGAAAGGGTTCGAAGTTCCTAT-3’

Amplicon size=5,170 bp

3’ Integration

LacZ Forward (LAF), 5-GAGATGGCGCAACGCAATTAATG-3’

Gene Specific Reverse (GR4),5'-CACAGAAGTAATGTACGCTAATGGCAACG-3

Amplicon size=5,680 bp

The resulting clones were injected into host blastocysts to generate mouse chimeras. Two
male chimeras were bred with C57BL/6J females. Germ line transmission was confirmed by
PCR, using primers flanking the third loxP site:

LoxP3 Forward: 5~ ATAACTAACCCAGGCAAACA-3’

LoxP3 Reverse: 5’- TTGTCAAGTGCGT GTGTCGT-3’

Snx10Neo-f/+ offspring were bred to homozygosity to generate animals for experiments
at the expected Mendelian ratio of approximately 25%. PCR genotyping using the preceding
primer pair produced bands of 213 bp for the WT (+4/4), 273 bp for the Snx10Neo-f/Neo-f,

and both bands for the heterozygotes Snx10Neof/+. Adipose tissue-specific Snz10-deficient
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mice were generated in two steps. First, the Neo cassette was removed by crossing Snx10Neo-
f/+ males with females homozygous for Rosa26-driven FLP recombinase (strain B6.12954-
Gt(ROSA)26 Sortm1(FLP1)Dym/RainlJ), resulting in an allele with exons 4 and 5 flanked by
loxP sites (Snx10fl/-+). Snx10fl/fl animals were viable and fertile. Then, homozygous males
were crossed with females mice hemizygous for the Adipog-Cre BAC transgene (B6.FVB-
Tg(Adipog-cre)1Evdr/J Stock # 028020), in order to breed Adipoq;Snx10fl/+ males which
were backcrossed with Snx10fl/+ females. The resulting mice carry an adipose tissue-specific

Snx10 allele with exons 4 and 5 deleted, for adipose tissue-specific knockout.

2.5.15 In vivo measurement of fat and lean body mass:

Dual Energy X-ray Absorptiometry (DEXA) analysis was performed using the InAlyzer
DEXA (InAlyzer, Serial # INZ-201021-S002, MEDIKORS). The values for mass, body fat
percentage, and femur length were obtained. Magnetic resonance imaging of body composi-

tion estimation was acquired.
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2.6 Appendix A: Supplementary Figures

44



WHRad;jBMI|

Frontal Cortex
*I|Il||||||

Y

Adipose Subcutaneous

o [fe]

0

Cervix_Ectocervix
Uterus
Bladder
Vagina
Cervix_Endocervix
Fallopian_Tube
vary
Prostate
Testis
Cells_Transformed_fibroblasts
Minor_Salivary _Gland
Nerve_Tibial
Brain_Hippocampus
Brain_Anterior_cingulate_cortex_(BA24)
mqmm:\_._%o”:mm—a:m
Brain_Frontal_Cortex_(BA9)
Brain_Amygdala
Brain_Cortex
Brain_Nucleus_accumbens_(basal_ganglia)
“Brain_Caudate_(basal_ganglia)
Brain_Spinal_cord_(cervical_c-1)
Brain_Putamen_(basal_ganglia)
Brain_Substantia_nigra
Brain_Cerebellum
Brain_Cerebellar_Hemisphere
Muscle_Skeletal
Skin_Sun_Exposed_(Lower_leg
Skin_Not_Sun_Exposed_(Suprapubic)
Breast_Mammary_Tissue
Adrenal_Gland
Thyroid
Pituitary
Pancreas
Colon_Sigmoid
Esophagus_Muscularis
Esophagus_Gastroesophageal_Junction
Liver
Stomach
Colon_Transverse
Kidney_Cortex
Small_Intestine_Terminal_lleum
Esophagus_Mucosa
Artery_Coronary
Artery_Tibial
Artery_Aorta
Heart_Left Ventricle
Heart_Atrial_Appendage
Lung
Cells_EBV-transformed_lymphocytes
Spleen
Whole_Blood
Adipose_Subcutaneous
Adipose_Visceral_(Omentum)

o:_m>|m Emﬂc;o:cm 016oj-

Obesity

Frontal Cortex

AN L I..I|||||||||||| l

Adipose Subcutaneous

Uterus
Prostate
Ovary
Testis
Fallopian_Tube
Cervix_Endocervix
Bladder
Vagina
Cervix_Ectocervix
Cells_Transformed_fibroblasts
Minor_Salivary_Gland
Brain_Frontal_Cortex_(BA9)
mqmﬂzwﬂcﬁmamzwmvmwm_\mmzm__mv
Brain_Anterior_cingulate_cortex_(BA24)
Brain_Nucleus_accumbens_(basal_ganglia)
“Brain_Caudate_(basal_ganglia)
Brain_Hypothalamus
Brain_Amygdala
Brain_Hippocampus
Brain_Cortex
Brain_Cerebellar_Hemisphere
Brain_Substantia_nigra
Brain_Cerebellum
Brain_Spinal_cord_(cervical_c-1)
Nerve_Tibial
Muscle “Skeletal

Skin_Sun_Ex| Omma\nm_.oém_‘\_mowv
Skin_Not_Sun_Exposed_(Suprapubic)
“Pituitar:

Thyroi
Pancreas

Adrenal_Gland
Breast Mammary_Tissue
Esophagus_Muscularis
Esophagus_Gastroesophageal_Junction
Colon_Sigmoi
Liver
Stomach
Colon_Transverse
Esophagus_Mucosa
idney_Cortex
Small_Intestine_Terminal_lleum
Artery_Tibial
Heart_Left_Ventricle
Artery_Coronary
Cun,

Artery_Aorta
Heart_Atrial_Appendage
‘Whole_Blood
Spleen
Cells_EBV-transformed_lymphocytes
Adipose_Visceral_(Omentum)

.0

Adipose_Subcutaneous
2 3 a4 2

.5
5
0

o:_m>|1a wswyouug o 1boj-

y-axis 1s -

1S.

Figure 2.6: Enrichment for trait by GTEx tissue. ldsc-seg results for each tissue tested
ldsc-seg enrichment analys

m

log10(p) for the enrichment of trait in linkage

with genes specifically expressed in that tissue. P-values are based on standard error, and

represent contribution of tissue-specific expression to trait heritability after correction for

baseline annotations.
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Figure 2.8: SNX10 expression in women of premenopausal and postmenopausal
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Figure 2.9: UKBB GWAS summary statistics at SNX10 locus, triglycerides. Plots
represent UK biobank GWAS summary statistics for quantile-binned blood triglyceride lev-
els, separated by sex. x- axis represents genomic position; y axis represents -logl0(p) for
association with trait. Color of points represents linkage with rs1534696.
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Figure 2.10: UKBB GWAS summary statistics at SNX10 locus, HDL cholesterol.
Plots represent UK biobank GWAS summary statistics for quantile-binned HDL cholesterol
levels, separated by sex. x- axis represents genomic position; y axis represents -log10(p) for
association with trait. Color of points represents linkage with rs1534696.
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Figure 2.11: EMVars by allele. Normalized activity level of all 59 EMVars. y axis
represents normalized activity level; x axis represents allele. EMVars are labeled by rsid and
by female WHRadjBMI TWAS gene from which they were identified (see MPRA methods).
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Figure 2.12: Enrichment of significant MPRA enhancers in open chromatin and
enhancer-promoter interactions. a) y axis represents proportion of variants in ATAC-
seq peaks across adipocyte differentiation (preadipocytes, day 2, day 8, day 14); x axis
represents variant category (significant/nonsignificant). b) y axis represents number of loop
ends overlapping variant across adipocyte differentiation; x axis represents variant category.
P-values represent chi-square testing of observed values to values expected by chance.
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Figure 2.13: Expression of MPRA Alus, Ulirsch et al. Variant set from an MPRA con-
ducted in erythroid cells to identify enhancers regulating blood cell traits. Variants separated
by significance and by whether variant lies in an Alu element. y-axis represents normalized
expression. P-values represent pairwise t-tests between normalized activity, averaged across
all barcodes corresponding to each variant in condition and significance group.
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EMVar

Nonsignificant

Figure 2.14: Multiple sequence alignment of Alu elements overlapping MPRA
variants. Cladogram represents guide tree generated from multiple sequence alignment of
all Alu elements overlapping an MPRA variant. Leaves are colored according to MPRA
variant significance. Sequences included are all unique Alu elements containing MPRA
variants (n=478).
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Figure 2.15: Colocalization of female WHRadjBMI GWAS and SNX10 eQTL
signal at rs1534696. a) posterior probability from fine-mapping of causality for eQTL
effect for SNX10 expression in GTEx subcutaneous adipose samples. b) posterior probability
of GWAS effect for female WHRadjBMI. c) prior probability of shared causal variant for
SNX10 eQTL and female WHRadjBMI GWAS signal.
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Figure 2.16: Correlation of SNX10 expression with adipocyte markers. Numbers
represent Pearson’s r values. Genes included are mature adipocyte markers PLIN1, LEP,
FABP4, and ADIPOQ), adipocyte progenitor marker ICAM1, and multipotent progenitor
marker DPP/. Samples are all those included in GTEx v8 (n—17382).
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Figure 2.17: Metabolic and anthropometric attributes of mmASnx1049P°¢ mice
and control littermates. Asterisk indicates p<<0.05, cross indicates p < 0.10. All statistical
tests are pairwise t-tests between sex-genotype groups. F-WT N=8, F-KO N=3, M-WT
N=3, M-KO N=2. a) Mass of body fat of mmASnx1049P%0 mice and littermate controls
by sex. b) Femur length of mmASnx1049%%¢ mice and littermate controls by sex. c)
Lean mass of mmASnx1049P%¢ mice and littermate controls by sex. d) Lean percent of
mmASnx1049%P%¢ mice and littermate controls by sex.
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Figure 2.18: DEXA scans of mmASnx10497%¢ mice and control littermates. DEXA
composition scans of all mice after high-fat diet. Scans are organized by genotype status
and sex. F-WT N=8, F-KO N=3, M-WT N=3, M-KO N=2.
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Transcription Consensus p-value a- % Target % Back- Known
factor value with Mo- ground role in
(Ben- tif with adipose
jamini) Motif

Usf2 GTCACGTGGT 1.00E-12 0 13.40% 2.58% Lipid
metabolism

ZNFT711 AGGCCTAG 1.00E-06 0.0002 28.09% 16.03% None

COUP-TFII AGRGGTCA 1.00E-05 0.0004 34.02% 21.51% Adipogenesis

Spb RGKGGGCGGAGC  1.00E-05 0.0019 14.95% 7.12% None

EAR2 NRBCARRGGTCA 1.00E-05 0.0005 31.19% 19.29% Adipogenesis

Npas4 NHRTCACGACDN 1.00E-05 0.0014 18.56% 9.74% None

KLF14 RGKGGGCGKGGC  1.00E-04 0.0036 27.58% 17.43% Adipogenesis

LXRE RGGTTACTANA- 1.00E-04 0.0036 9.79% 3.86% Adipogenesis

GGTCA

THRb TRAGGTCA 1.00E-04 0.0043 47.94% 36.17% Adipogenesis

Sp2 YGGCCCCGCCCC 1.00E-04 0.0044 17.78% 9.83% Lipid
metabolism

RARa TTGAMCTTTG 1.00E-04 0.0056 52.06% 40.62% Adipogenesis

CEBP TNATGCAAYMN- 1.00E-03 0.0366 3.61% 0.82% Adipogenesis

NHTGMAAY

Erra CAAAGGTCAG 1.00E-03 0.0392 33.51% 24.35% Lipid

metabolism

Table 2.1: Motif enrichment results, enhancer sequences versus nonsignificant sequences.
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Transcription Consensus p-value a- % Target % Back- Known

factor value with Mo- ground role in
(Ben- tif with adipose
jamini) Motif

COUP-TFII AGRGGTCA 1.00E-08 0 62.07% 24.64% Adipogenesis

Usf2 GTCACGTGGT 1.00E-08 0 25.86% 3.47% Lipid
Metabolism

EAR2 NRBCARRGGTCA  1.00E-08 0 60.34% 22.70% Adipogenesis

RARa TTGAMCTTTG 1.00E-05 0.0011 75.86% 45.711% Adipogenesis

THRb TRAGGTCA 1.00E-04 0.0077 67.24% 39.19% Adipogenesis

LXRE RGGTTACTANA- 1.00E-03 0.0301 20.69% 5.52% Adipogenesis

GGTCA

Erra CAAAGGTCAG 1.00E-03 0.0433 51.72% 28.37% Lipid
Metabolism

Atf4 MTGATGCAAT 1.00E-03 0.0371 12.07% 2.01% Adipogenesis

CRX GCTAATCC 1.00E-03 0.0371 68.97% 45.32% None

GSC RGGATTAR 1.00E-03 0.0371 65.52% 42.03% None

Atfl GATGACGTCA 1.00E-03 0.0371 31.03% 12.85% Adipogenesis

Nkx3.1 AAGCACTTAA 1.00E-03 0.0371 60.34% 37.12% None

Pitx1 TAATCCCN 1.00E-03 0.0371 81.03% 59.17% None

Npas4 NHRTCACGACDN 1.00E-03 0.0429 27.59% 11.06% None

Table 2.2: Motif enrichment results, EMVar sequences versus nonsignificant sequences.
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CHAPTER 3
DISCUSSION

3.1 Principal findings

In this work, we identified genes whose functions may contribute to the maintenance of
healthy weight and the prevention of obesity-associated disease. We identified a set of en-
hancers that regulates waist-to-hip ratio across the genome, which is defined by a common
motif which regulates adipogenesis. Many of these enhancers lie within Alu repeat elements.
Our data indicate that impaired differentiation of fat cells from adipocyte precursors is cen-
tral to high waist-to-hip ratio. SNX10, the strongest waist-to-hip ratio-associated novel gene
that we identified, prevents the maturation of adipocytes, and also prevents expansion of
fat in response to diet. The lead variant in the SNX10 locus, rs1534696, regulates SNX10
expression and affects lipid traits in adipocytes in humans. Interestingly, SNX10 appears
to only regulate fat accumulation in females, which is consistent with the female-specific

significance of this locus in waist-to-hip GWAS.

3.1.1 Regulation of metabolism through adipocyte differentiation

Although obesity is a disorder defined by caloric excess, obesity-associated disease is most
likely to emerge when there is a defect in fat accumulation. Lotta et al. find that polygenic
score based on the 53 insulin resistanace risk loci predicts the development of familial partial
lipodystrophy type 1, a disorder characterized by the inability to store subcutaneous fat [57],
and further show that individual genes at these loci, in particular CCDC92, DNAH10 and
L3MBTLS3, inhibit the differentiation of adipocytes from mesenchymal progenitor cells.
Upon caloric excess, fat tissue can either expand by increasing the number of fat cells
(hypertrophy) or increasing cell size (hyperplasia). When adipogenesis is impaired, hy-

pertrophic adipocytes predominate. Hypertrophic adipocytes promote the development of
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obesity-associated disease in a number of ways. Hypertrophic adipocytes secrete more inflam-
matory markers and fewer anti-inflammatory markers, encouraging inflammation-associated
systemic insulin resistance|81]. Hypertrophic adipocytes also secrete fatty acids, resulting in
ectopic fat accumulation on visceral organs[5(]. This results in disease directly, as in fatty
liver disease, and indirectly, by promoting further insulin resistance and inflammation. Hy-
pertrophic adipocytes also move GLUT4 receptors from the cell surface to the cytoplasm|20).
This limits their ability to respond to accept glucose in response to insulin, thus limiting
lipogenesis and accelerating insulin resistance.

For many years, researchers in metabolism have suggested that fat depots in different
parts of the body may have different adipogenic capacities. In 2013, Wang et al. admin-
istered a high-fat diet(HFD) to male mice, allowed their adipose tissue to expand, then
examined adipose tissue from the perigonadal visceral adipose tissue to subcutaneous adi-
pose tissue[97]. In subcutaneous adipose tissue, almost no new adipocytes were formed,
and the depot expanded through hypertrophy. In contrast, in visceral adipose tissue HFD
triggered adipogenesis, and new fat cells were formed. Wang et al., also showed that while
subcutaneous fat appears to form in prenatally, visceral fat adipogenesis occurs after birth,
further suggesting that the adipogenesis is regulated differently based on the location of
adipocytes.

Later research shows that there may also be sex differences in adipogenesis between dif-
ferent fat depots: in female mice, both visceral and subcutaneous fat depots experience
adipogenesis upon HFD administration[47]. Thus, differences in fat distribution may be ex-
plained by differences in the adipogenic capacity of different fat stores in the body. Similarly,
sex differences in fat distribution may be explained by differences in adipogenic capacity of
fat stores in men and in women.

Here, we find that a previously undescribed gene, SNX10, is required for adipocyte

differentiation. SNX10 does not act globally in adipocytes: rather, its effects are restricted
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by depot, differentiation time point, and sex. SNX10 expression correlates with markers
of mature adipocytes, but not with adipocyte precursors or progenitors. Allele dosage of
rs1534696 affects lipids in mature adipocytes, but not at earlier stages of differentiation.
rs1534696 allele dosage changes lipid features in subcutaneous human adipocytes, but has
no significant effects in visceral human adipocytes. Finally, SNX10 knockout prevents fat
tissue expansion after HFD in females, but not in males.

If adipogenesis is controlled differently between subcutaneous and visceral depots, and
occurs at different times during development in these depots in vivo, then there are likely
to be distinct gene regulators that differentiate adipogenesis in these two depots. rs1534696
may participate in controlling adipogenesis in subcutaneous adipocytes, but not in visceral
adipocytes. If this is true, then this may explain sex-specific effects of SNX10 on adipose
tissue expansion: if SNX10 only participates in adipogenesis in subcutaneous adipocytes,
and subcutaneous adipocytes only differentiate in response to HFD in female mice, then the
effect of SNX10 in adipose tissue is likely to be specific to females.

More experiments are necessary to determine whether SNX10’s effect on adipogenesis
is depot-specific, whether rs1534696 mediates depot specificity, and whether depot-specific
effects on adipogenesis mediate the sex-specific effect of SNX10 on adipose tissue expansion.
To address whether SNX10 expression is required for adipogenesis in either depot, we could
perform an experiment using primary human mesenchymal stem cells from subcutaneous
and visceral depots. We would perform shRNA-mediated knockdown of SNX10 in these
two stem cell types, then differentiate them into adipocytes. By evaluating whether SNX10
knockdown impaired adipogenesis in both cell types, we could determine whether its effects
are depot-specific, or shared between both kinds of adipocyte.

An in wvivo investigation of the effects of SNX10 on adipogenesis could help evaluate
whether SNX10 has an effect on adipogenesis in different fat depots, as well as allow us to

evaluate whether any depot-specific effects of SNX10 knockout relate to sex. By perform-
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ing a bromodeoxyuridine (BrdU) pulse-chase experiment as described in Jeffery et al., we
could determine which fat depots experience adipogenesis in mmASnx1049P%0 mice after
HFD. If both male and female mmASnx1049%¢ mjce experience adipogenesis in the vis-
ceral adipose tissue upon HFD, but only female mice experience subcutaneous adipogenesis
after HFD, then this suggests that the effects of SNX10 may have to do with sex-specific
adipogenesis. An in vivo analysis would also allow us to examine the complexities of fat
location, adipogenesis, and the effects of SNX10. While fat storage is often simplified into
two depots (subcutaneous and visceral), in reality subcutaneous and visceral fat both consist
of subtypes which differ based on bodily location and which exhibit different properties|94].
By performing experiments in a whole animal, we will be able to examine the behavior of

fat tissue from more parts of the body.

3.1.2  Repeat elements as a substrate for evolution

The transcriptome-wide association studies performed here used statistical relationships be-
tween genotype at single-nucleotide polymorphisms and the expression of nearby genes to
identify genes associated with waist-to-hip ratio. For each of these loci, genetic linkage limits
our knowledge of which variants actually disrupt regulators of the target gene. Nearby vari-
ants which are co-inherited with the causal variant will share the same statistical relationship
with target gene expression.

To identify which variants lie within enhancers at female waist-to-hip ratio loci, and may
directly regulate target genes in adipose tissue, we chose to perform a massively parallel
reporter assay. By evaluating all variants in linkage with candidate regulatory variants at
female WHRadjBMI gene loci, we identified 59 enhancers with allele-sensitivity active in
preadipocytes. Given that these variants 1) lie within active enhancers in fat cells, and 2)
are strongly associated with female WHRadjBMI in GWAS, a close investigation of how

these variants may modulate gene expression in fat cells is warranted.
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To identify features that these variants may have in common, we performed transcription
factor motif analysis, comparing the 175 base pairs surrounding each allele-sensitive enhancer
with the 175 base pairs surrounding variants that were not enhancers. We identified a specific
sequence, '"AGGTCA’, that is enriched near allele-sensitive enhancer variant. This sequence
is central to the binding sites of many transcription factors that regulate adipogenesis. Tt is
also not brought to these regions by chance: rather, this sequence is most commonly located
within the first monomer of Alu repeat elements.

Repeat elements make up about 45% of the genome. They are defined by their massive
copy number: some repeat element families have hundreds of thousands of members, scat-
tered throughout the genome by a long evolutionary history of transposition and reinsertion.
Alu elements are one such large family, and themselves represent 9% of the genome. Repeat
elements are the remnants of ancient viral infections, and potentially of pathogenic self-
replicating processes more ancient than viruses. Paradoxically, the product of this massive
infection burden, a tremendous copy number of near-identical elements, has given genomes
the raw substrate to form complex and dynamic gene regulatory systems. In this way, repeat
elements are crucial to the creation of cellular diversity, and the evolution of new cellular
functions.

Systems of gene regulation formed by repeat elements control many human traits. A com-
pelling recent example, published by Chuong and Elde in 2016, demonstrated how interferon-
responsive elements have been dispersed throughout the human genome by mouse endoge-
neous retrovirus 41B (MER41B)[22]. MER41B contains a transcription factor binding site
that is responsive to interferon. At sites where MER41B has been transposed, interferon
drives gene expression, creating a gene regulatory network unique to the human lineage.
This system is an example of ’copy-and-paste’ gene regulatory networks formed by repeat
elements: along the evolutionary lineage, MER41B was transposed to new gene loci, adding

them to a pre-existing gene regulatory network (Figure 3.1A).
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The ’amplify-then-mutate’ approach is another way that repeat elements form gene reg-
ulatory networks during evolution[49]. In contrast to the 'copy-and-paste’ model, where
identical copies of a repeat element are transposed to new loci, the ’amplify-then-mutate’
model takes advantage of the massive copy number of repeat elements left over from previ-
ous transpositions (Figure 3.1B). In this model, latent, imperfect binding sites are mutated,
creating new transcription factor binding sites. In this model, repeat elements form the sub-
strate for evolution of the binding sites. The gene regulatory network described here is an
example of this form of evolution. Alu elements near genes which regulate adipogenesis have
"AGGTCA’ located within the first monomer, two base pairs from the ancestral " AGCCCA’
sequence. Along the human lineage, mutations which form an enhancer active in differenti-
ating adipocytes have occured at these loci, and because these mutations are advantageous,
they have been kept.

Alu sequences contain short sequences that are a few base pairs away from canonical
transcription factor binding motifs[69)], and Alu elements have been shown to bind to some
of these transcription factors, including GATA3 and PITX2. Thus, Alu elements may be
involved in the regulation of other human traits, such as hematopoeitic cell differentiation
and heart development. In the case of adipogenesis, the involvement of Alu elements is
suggested based on the enrichment of Alus within our identified MPRA enhancers, but the
role of Alu elements in adipogenesis is not yet understood genome-wide. To evaluate this,
the set of all Alu elements with the adipogenesis-associated motif in the vicinity of genes
differentially expressed in adipogenesis should first be identified. We could then evaluate
whether these Alus are enriched in the neighborhood of differentially expressed genes rela-
tive to all genes. Finally, to experimentally confirm the involvement of selected Alu elements
in adipogenesis-related gene expression, CRISPR knockout studies could be performed, eval-
uating the expression of genes prior to and after removal of a candidate regulatory Alu

element.

66



| |
Repeat element

I |
Repeat element

/N

v
N

Figure 3.1: Gene regulatory network formation by repeat elements: copy-and-
paste versus amplify-then-mutate. a) Copy-and-paste gene regulatory network forma-
tion: a repeat element which contains a functional transcription factor binding site is trans-
posed to new loci, where neighboring genes will now be controlled by the same transcription
factor. b) Amplify-then-mutate gene regulatory network formation: a repeat element with
a motif similar to a transcription factor binding site is transposed to many loci throughout
the genome. Mutations within the proto-motif convert it to an transcription factor binding
site, adding neighboring genes to the regulatory network.
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The origins of gene regulatory networks in ancient viral infections are interesting, but it
is not immediately apparent what this avenue has to offer for human health. However, if
we understand the evolutionary principles driving gene network formation, we may someday
understand the fundamental logic of these systems, and anticipate certain features common
to many genetic systems. These features will have implications for any gene therapy designed
to treat human disease. For example, repeat-element constructed gene regulatory networks
exhibit widespread redundancy: many repeat element copies throughout the genome contain
the necessary sequence bind a transcription factor. A disadvantage of this, from a therapeutic
perspective, is that precise gene editing therapies will be difficult to design. In contrast, an
advantage is that a gene therapy targeted towards a specific short sequence may be able to

efficiently target a whole gene regulatory network active in a cell type of interest.

3.1.3 Emergence of sexually dimorphic traits from gene requlation common

to both sexes

Our findings in this project illuminate a vexing problem in genetics: namely, how sexually
dimorphic traits emerge from gene regulation that is common to both sexes. Sexual di-
morphism is present in many human traits, from height and weight to lifespan and disease
burden[102} 87]. Discovering the gene regulatory underpinnings of these large phenotypic dif-
ferences has been a challenge. A recent paper published by the Genotype-Tissue-Expression
consortium [65] showed that 37% of genes have sex-biased expression, most only in a few
tissues. However, this sex-biased expression is not driven by sex-biased effect of allelic varia-
tion. Of the ~500,000 cis-eQTLs identified by GTEx, only 369 had effects that were biased
by sex. Sexually dimorphic gene expression, therefore, may be driven by other factors than
cis-regulated gene expression, such as the extracellular hormonal signalling.

Our study supports this finding: in our data the eQQTLs associated with female WHRad-

jBMI are strong eQTLs in both sexes (Figure 2.2D). However, their association with WHRad-
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jBMI is much stronger in females than in males. The variant we chose to experimentally
interrogate, rs1534696, is an example of this: it is a strong eQTL for its target gene, SNX10,
in both sexes (Figur 2.2C). However, the GWAS signal at this locus shows a strong relation-
ship with WHRadjBMI in women, and no relationship in men (Figure 2.2E). This suggests
that genetically-mediated SNX10 expression plays a role in WHRadjBMI in women, but it
not involved in WHRadjBMI regulation in men.

As biologists attempting to understand sexually dimorphic phenotypes, our goals are to
1) understand how the phenotype emerges from cellular processes, and 2) understand how
sexual dimorphism can be introduced to those cellular processes. With regard to the first
goal, our and other research indicates that adipocyte differentiation is central to the control
of waist-to-hip ratio [57, 55]. We know that SNX10 is required for adipocyte differentiation
in females, but not in males. Therefore, the task that lies before us is to understand why the
gene regulatory network that controls fat cell maturation includes SNX10 in female cells,
but not in male cells.

Sexual differences in cellular functions could emerge on one of two ways. The first is in-
direct effects of chromosomal differences through circulating gonadal hormones. The second
is direct effects of chromosomal differences, i.e. different gene expression of X and Y chro-
mosome genes. It is well established that gonadal hormones affect fat metabolism: women’s
WHR changes to favor abdominal obesity after menopause, and men who lose testosterone
production gain fat in a more ’gynoid’ pattern in gluteofemoral subcutaneous depots|104. [74].
Estrogen receptors a and 8 are both present on adipocytes|24], suggesting that these effects
may be mediated by estrogen signalling in adipose tissue. Overall; estrogen appears to lower
inflammatory signalling and promote adipogenesis|28, [72]. Adipocyte-specific knockout of
ERa increases adipose fibrosis and inflammation in mice, whereas ERS seems to have the
opposite effect [24]. Therefore, gonadal hormones play a role in adipocyte metabolism and

metabolic health. However, elegant studies differentiating the effect of XX/XY karyotype
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from gonadal hormones during development in mice have shown that chromosome dosage
also affects metabolic phenotypes: gonadectimized mice with XX chromosomes, regardless
of whether they had testes or ovaries in development, had up to 2-fold increased adiposity in
comparison to XY mice[I9]. These mice also have differences in miRNA abundance in adi-
pose tissue dependent on chromosomal sex, suggesting that at least some of the differences
in adiposity could be mediated locally in adipose tissue[53].

How does biological sex affect the outcome of SNX10 depletion in fat cells? We know that
it could be through sex chromosome effects, hormonal effects, or both. The studies by Jeffery
et al. examining depot-specific adipogenesis in male and female mice suggest that estrogen
may be responsible for determining many of the sex differences in adipogenesis: when female
mice were given ovariectomy, adipogenesis only occured in visceral adipose tissue, rather
than occuring in both visceral and subcutaneous depots[47]. Conversely, when administered
estrogen, male mice experienced adipogenesis in both visceral and subcutaneous adipose
depot, consistent with the pattern seen in female mice.

If estrogen determines the female pattern of adipogenesis, how does it mediate its effects?
Estrogen is known to directly affect adipogenesis: studies have shown that estrogen increases
expression of the adipgenesis-driving transcription factor CEBP«|28]. However, our study
illustrates an example of a different model of female-specific gene. SNX10 has gene expres-
sion that does not appear dependent on estrogen, as the expression of SNX10 is consistent
between women of pre- and post-menopausal ages. In the case of these genes, estrogen may
create a cellular environment that facilitates adipogenesis, setting a stage upon which SNX10
may act. In this way, these genes may promote adipogenesis only in females, even though
their expression is not determined by chromosomal sex or hormonal status. More research
is needed to determine whether and how estrogen creates a pro-adipogenic environment in
adipose tissue and genes that regulate metabolism in females participate in this process.

SNX10 is not the only gene that has been found to play a female-specific role in adipo-
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genesis and human metabolic disorders. In 2018, Small et al. described the female-specific
actions of KLF14[83]. KLF1/j is a transcription factor with more than 300 downstream
targets. The risk allele at KLF1/ is predicted to reduce KLF1j expression, which shifts
fat storage from gluteofemoral to abdominal deposits. This is the same direction of the
effect of SNX10, where decreased expression in mature subcutaneous adipocytes due to C
allele dosage at rs1534696 is predicted to impair subcutaneous adipogenesis and favor vis-
ceral adipose expansion. However, KLF1/ and SNX10 differ in important ways. KLF14
is a master transcription factor. Therefore, KLF14 is expected to have large effects on cell
differentiation through a cascade of downstream targets. In contrast, SNX10 is a sorting
nexin, SNX10 likely does not directly disrupt the expression of other genes. Rather, the
role of Rather, SNX10 may disrupt the ability of adipocytes to transport GLUT4 into the
cell. Further research is needed to understand why disrupting this critical function results
in a broad phenotype of reduced expression of mature adipocyte marker genes. Broader
characterization of SNX10 shRNA knockdown adipocytes could help us to understand why
these cells do not express mature adipocyte markers and cannot store intracellular lipids ap-
propriately. Specifically, RNA-seq with subsequent pathway analyses may help us to under-
stand the genome-wide consequences of SNX10 knockdown, and further functional studies,
such as insulin stimulation followed by Western blot investigation of downstream signalling
(e.g. P-Akt/total Akt) could allow us to understand the impact of SNX10 knockdown on
adipocyte-relevant cellular processes.

Although the effect of KLF14 in humans is female-specific, mice with a KLF14 knockout
specific to fat have metabolic abnormalities that are present in both sexes. In SNX10 mice
with the same conditional knockout, reduced adipose expansion is seen in female mice,
but not in males. Small et al. do not mention whether the non-coding enhancer that
regulates KLF14 is conserved in mice; perhaps female specificity at the KLF1/4 locus emerged

more recently in human evolution than female specific effects of SNX70. In humans, fat
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distribution is highly sex-specific relative to other animals[70]. However, most mammals
have some sexual dimorphism in body fat distribution. Therefore, some female-specific
human loci may be present in animal models, while others may not. The fact that the sexual
dimorphism of the SNX10 locus persists into mouse models means that SNX10 could be a
valuable model for experimental exploration of sexual dimorphism.

The biological mechanisms of sexual dimorphism, especially female-specific biology, have
historically been underfunded and understudied. One justification has been that by study-
ing female-specific effects you are studying only a portion of the population, and resulting
insights will therefore not be widely applicable. Recently, biomedical funding agencies have
appreciated the opposite position: that rather than limiting science, studying differences
between humans is another route to potential generally applicable therapies. Investigating
female-specific fat distribution offers important, unique avenues to understanding healthy fat
storage. Understanding how some bodies store excess fat with fewer metabolic complications
may help us develop therapies to protect overweight people from diabetes and cardiovascular
disease. Additionally, investigating sex differences will help us to understand why existing
therapies don’t work effectively for all bodies. Transitions from childhood through puberty
to adulthood, medical transitions between male and female genders, aging, and menopause
are all characterized by dramatic shifts in hormonal complement. Understanding the effect
these hormones and chromosomal sex have on health will help us to develop therapies that

can be effective for all people, at all stages of life.

3.1.4  Human-specific patterns of fat distribution

As mentioned earlier, humans have more body fat and more sexually dimorphic body fat than
other great apes. In a study conducted by Pontzer et al., the body fat percentage of human
women and men was 41.1% and 22.9%, respectively. In comparison, the body fat percentage

of female and male chimpanzees was 9.0% and and 8.4%. Orangutans and gorillas have

72



similarly low body fat percentage to chimpanzees. This difference was measured in sedentary
populations of both humans ahd chimpanzees but the difference persists in physically fit
humans: for example, the body fat percentage of men and women measured in a human
subsistence gathering community was 20.9% and 13.5%, respectively, still substantially larger
than sedentary chimpanzees.

Although the increased adiposity of humans is a concern for modern public health, our
increased fat mass is intrinsic to the evolution of humans. In comparison to chimpanzees,
the most closely related species to us, humans represent an ’energetic paradox’: we have a
lifespan that is double that of chimpanzees, we reproduce more frequently (in the absence
of contraception), and we have metabolically costly brains[70]. To achieve this, humans
have evolved a basal metabolic rate that is ~20% higher than that of chimpanzees[70]. A
high basal metabolic rate allows us to simultaneously allocate energy to our brains, our
fertility, and our lifespans; however, it also requires increased caloric input. This suggests
that as humans have developed more sophisticated ways to find food, our bodies have taken
advantage of these increased resources to allow us live longer, have more children, and further
expand our brain size. Human-specific and female-specific increases in fat mass are most
likely a part of this evolutionary history: as humans have increased our metabolic rate, our
need for a ’buffer’ against food scarcity has increased: especially for women, who require
reliable access to energy during pregnancy.

The genetic mechanisms of human-specific expansion of fat storage have not been found.
A priori, we would expect to see human-specific sequences or human-specific genetic variants
which are associated with changes in gene expression in fat. The enrichment of primate-
specific Alu elements in our study suggests a possible mechanism that could create these
human fat phenotypes. However, the adipogenesis-associated Alu elements that I identify in
this study are not human-specific: 75% of Alu elements containing an adipogenesis-associated

motif are also present in chimps.
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Despite the fact that the adipogenesis-associated signal located in Alu elements found
in this study is largely not human-specific, these Alu elements could nevertheless contribute
to human-specific fat distribution. One explanation could be recruitment and subsequent
optimization: Alus could have been recruited along the primate lineage to regulate fat, and
further modified along the human lineage to regulate human-specific fat distribution. Al-
ternatively, the 25% of Alu ’AGGTCA’ motifs that are human-specific in our data could
represent important changes to fat biology. To globally test this, we could perform compar-
ative RNA-seq between human and chimp adipocytes to identify genes that are differentially
expressed between the two species. In the neighborhood of these genes, we could identify all
Alu sequences with an ’AGGTCA’ element. By looking for sequence variation between the
species within these Alus, we could evaluate the human specificity of the "AGGTCA’ motif
globally, as well as determine whether there are potential human-specific regulatory motifs
within the Alus that we missed with the smaller MPRA sample. Later studies where we edit
or remove human-specific Alu features and evaluate the effect on adipocyte differentiation
and function could further support the role of any identified elements in the transition to

human patterns of fat distribution.

3.1.5 Pleiotropy and complex gene requlation at SNX10

Our study suggests that the C allele of the non-coding variant rs1534696 increases risk
for metabolic disorders by disrupting an enhancer that drives SNX10 expression. This
enhancer appears to regulate SNX70 in a manner that is cell-type and time-point specific:
our ABC results suggest that rs1534696 only physically interacts with the SNX10 promoter
in mature adipocytes, and our Lipocyte Profiler results suggest that rs1534696 allele only
affects adipocyte features in adipocytes that are a) mature, and b) from subcutaneous adipose
tissue.

SNX10 is not a gene whose expression and function is unique to fat. Indeed, our col-
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laborators have described how SNX10 expression is required for normal function of both
osteoclasts and gastric zymogenic cells. In osteoclasts, Snxz10 knockout interferes with bone
resorption; in gastric zymogenic cells, Snz10 knockout interferes with potassium absorp-
tion. Both of these functions require acidification of the extracellular environment, which is
accomplished by vesicular trafficking to the cell surface. Therefore, SNX10’s role in intracel-
lular signalling may be affecting the function of a number of cell types, including adipocytes,
osteoclasts, and gastric cells, with very different phenotypes dependent on the affected cell
type.

By knocking out SNX10 expression specifically in mature fat cells, we replicate the SNX10
phenotype associated with the enhancer at rs1534696. This suggests that this enhancer
controls SNX10 expression in mature adipocytes, with implications for fat distribution.
Other enhancers that are active in other cell types may control the expression of SNX10 in
osteoclasts, gastric zymogenic cells, and other cell types. In this way, one gene can serve
to accomplish a variety of functions and be involved in many human traits. Trait- and cell-
type-specific enhancers can help us develop therapies that may improve symptoms of one
disorder without undesirable side-effects.

Although our research has focused on rs1534696, this may not be the only enhancer that
regulates SNX10 expression in adipocytes. In 2019, Castillejo-Lopez et al. used CAGE
sequencing to identify enhancer RNAs transcribed during adipocyte differentiation. In this
way, they described an enhancer 600kb upstream from SNX10, in a distinct haplotype block
from rs1534696[17]. This enhancer is located in a GWAS locus that is associated with
both WHRadjBMI and with body mass index (BMI). This is in contrast to rs1534696,
which is only associated with female WHRadjBMI. The deletion of this enhancer reduces
adipogenesis of SGBS preadipocytes. The authors associate this enhancer to a trans-gene,
CBI3L1. However, based on the proximity of this enhancer to SNX10 and the role of SNX10

in adipogenesis described in this paper, we believe that it is likely that this enhancer may
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primarily exerting its effect through action on SNX10. If so, it is likely that this enhancer
regulates the expression of SNX70 in other contexts than does rs1534696. Based on the fact
that this enhancer lies in a locus associated with both WHRadjBMI and with obesity, perhaps
this enhancer has a more broad regulatory profile. Regulation of SNX10 in adipocytes in
all fat depots to varying degrees, or regulation of SNX70 in both brain and adipose tissue,

could explain the association of this enhancer with both obesity and WHRadjBMI.

3.1.6 Limitations of current study

Our approach to identifying genes and regulatory elements associated with metabolic dis-
order is necessarily limited. In this section, I will describe the major limitations associated
with this project. Some limitations can be resolved through further statistical analyses and
further experiments; others cannot be resolved, but are described so that the results can be
appropriately interpreted.

Transcriptome-wide association studies take advantage of the statistical association be-
tween the allele of non-coding genetic variants and gene expression to identify genes whose
expression is associated with traits of interest. These studies are vulnerable to false posi-
tives in situations where a genetic variant regulates the expression of two genes, but only
one of these genes is associated with the trait of interest. Indeed, even if a non-causal gene
shares no regulatory variants with a causal gene, but has cis-regulatory variants in linkage
to variants that regulate a causal gene, this can cause false positive identification[95]. This
vulnerability is present in our data: for example, at the FTO locus FTO is identified as a
gene whose expression is associated with obesity. Previous research from our lab indicates
that the causal variant at the FTO locus acts through long-range regulation of IRX3, not
FTO|84]. However, weak eQTL association with FTO regulation combined with a strong
association of the locus with obesity results in identification of FT'O expression as associated

with obesity. Fine-mapping approaches have been developed which reduce the number of
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false-positive gene identifications in TWAS[60], but in cases of close linkage and co-regulation
of genes this remains a fundamental limitation that must be overcome with experimental
follow-up analyses.

Our massively parallel reporter assay was designed with the intent to identify regulatory
elements which drive expression of female WHRadjBMI genes in adipocytes and potentially
explain their association with WHRadjBMI. As adipocytes mature and accumulate lipids,
transfection of material into the cell becomes progressively difficult. Therefore, we chose to
perform the MPRA in pre-adipocytes. Our results, which highlight the role of adipogenesis
in gene regulation at WHRadjBMI-associated loci, are consistent with previous research
describing the role of adipogenesis in WHRadjBMI[57]. However, an MPRA performed in
mature adipocytes may reveal gene regulation that regulates later stages of adipogenesis
or that regulates other processes relevant to WHRadjBMI. For example, the causal variant
at SNX10 was not identified in our preadipocyte MPRA. This variant appears to regulate
adipogenesis through disrupting the activity of SNX10 late in adipocyte differentiation.

Our transcription factor motif enrichment analyses identified a number of transcription
factors whose binding sites are enriched in MPRA enhancer-modifying variant sequences,
compared to MPRA nonsignificant sequences. Interestingly, nine of these transcription fac-
tors are associated with adipogenesis and/or lipid metabolism. Eight of these nine transcrip-
tion factors share the same core ’AGGTCA’ element in their binding motif. This suggest that
"AGGTCA’ is the sequence that is enriched in our data. Rather than all eight transcription
factors being active, one, a few, or any combination of the identified transcription factors
could actually be binding to these sites in vivo. Identifying which transcription factors are
responsible for driving expression at female WHRadjBMI-associated loci could greatly help
us to understand the biology of adipogenesis and fat distribution. However, as with the
MPRA, we are limited by the difficulty of working with adipocytes. Subsequent attempts at

ChIP-seq type assays in earlier stages of adipocyte differentiation, or with adipocyte nuclei,

7



may allow us to identify which transcription factors are important for fat distribution.

Lipocyte Profiler, an imaging and analysis pipeline, was used here to detect depot- and
time course-specific changes in adipocyes dependent on rs1534696 allele. This approach
offers great power to detect cellular changes of small scale, as would be expected from
non-coding variants such as rs1534696. However, the information that Lipocyte Profiler
provides is limited. The features identified by Lipocyte Profiler represent broad descriptions
of the qualities of flourescent stain images: e.g. one significant feature of our data is a
difference in the ’granularity’ of BODIPY (intracellular) stain images between CC/CA and
AA allele rs1534696 carriers. What granularity represents here—wether this represents a
difference in the size of intracellular lipid vacuoles, the identity of synthesized fatty acids,
or other properties—is unclear, and experimental follow-up is required to identify the cellular
processes which underlie morphological changes identified with this approach.

In this study, we experimentally interrogated the function of a gene identified in the
female WHRadjBMI TWAS, SNX10, in adipocytes in cellular culture and in adipose tissue
in vivo. We determined that SNX10 is required for adipocyte differentiation, and that Snz10
is required for expansion of adipose tissue in response to high-fat diet, but only in female
mice. We also determined that rs1534696, the lead causal variant at the SNX10 locus, is an
eQTL for SNX10, and is associated with intracellular lipid phenotypes, but only in mature
subcutaneous adipocytes. Together, this information suggests that an enhancer at rs1534696
regulates SNX10 in adipocytes in a fat depot- and developmental time point-specific manner
that may modulate a woman’s fat distribution.However, many portions of this story are
incomplete. We know that the female mmASnx1049%¢ mice do not gain adipose mass
when fed a high-fat diet, but we do not know what the metabolic consequences are for
these animals. In humans, limited adipogenesis is associated with metabolic dysregulation,
including elevated blood glucose, insulin resistance, and elevated blood triglycerides. In the

next phase of this project, we plan to evaluate these features in mmASnx104dPoq mice, and
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evaluate whether Snxl0 knockout in mice leads to female-specific liabilities for metabolic
disease.

Another open question is how the sex specific effects of Snx10 knockout are mediated.
As mentioned earlier in this discussion, one hypothesis is that estrogen may change the
microenvironment of adipose tissue, allowing female-specific adipogenesis-associated genes
such as Snz10 and Klf14 to promote adipocyte differentiation in subcutaneous adipose tissue.
Future experiments introducing estrogen to male mmASnx1049%P%¢ mice, and introducing
estrogen antagonists to female mmASnx1049P00 mice may help us to understand the role

Snz10 and other genes have to play in sexually dimorphic body fat distribution.

3.2 Concluding remarks

In this work, we investigated the genetic risk associated with obesity and waist-to-hip ratio,
with the goal of identifying novel genes and gene regulators that contribute to metabolic
disease. In the process of identifying these elements, we learned critical new information
about the regulation of fat distribution. Specifically, we idenfied a motif, ’"AGGTCA’, that
is located within Alu repeat elements, is associated with adipogenic transcription factors,
drives gene expression, and is located near female WHRadjBMI genes. We also identified
a gene, SNX10, at a locus is strongly associated with female WHRadjBMI. Experimental
interrogation of this gene identified that it is critical for adipocyte maturation and that
adipocyte-specific knockout prevents fat accumulation, but only in females.

Examples of gene regulatory networks formed by repeat elements are accumulating in
the genetic literature[59, 22] [49] 89]. As early as 1969, Britten and Davidson predicted that
the transposable, highly repetitive, highly prevalent elements that characterized complex
genomes could be used to form gene regulatory networks|7]. Regulatory network construction
by repeat element networks is proving to be a feature of many human traits. Here, the

outcome is that many genes that control waist-to-hip ratio respond to a common signal.
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Going forward, we need research on how to exploit broad signals that define gene regulatory
networks, as well as increased research on genetic features that provide locus-level specificity,
such as histone modifications and transcription factor motif syntax. In this way, we may be
able to create gene therapies in the future with high effectiveness and few off-target effects.

Our finding that SNX10 is required for fat accumulation in females, but not in males, is
the first experimental confirmation of a sex-specific GWAS locus. However, most of the work
to understand why this gene plays a sex-specific role in adipocyte maturation remains to be
done. Repeating shRNA-mediated knockout of SNX10 in mesenchymal progenitor cells of
both sexes in the presence of estrogen, estrogen receptor o antagonists, and control would
allow us to determine whether estrogens or sex chromosome dosage determine SNX10’s role
in adipocyte maturation.

The control of when, where, and how genes are expressed is essential for the formation of
complex organisms. It is also central to every human disease state. We are just beginning to
understand how genetic sequence, organismal signalling, and the environment controls gene
expression. This dissertation contributes toward the knowledge of how sexually dimorphic
states emerge, and do not emerge, as a product of differential gene expression, and how gene

expression control can emerge across evolutionary time.
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