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Abstract 

 The overall goal of this project is to verify previous findings in the GALNT10 

region and to expand our knowledge of this locus via genomic association studies in 

obesity-related traits, comparison to expression quantitative trait loci (eQTL) data, and a 

mouse knockout model, in addition to furthering our knowledge of genes in the pathway 

in which GALNT10 acts. Previously, genome-wide association studies in African 

Americans (AA) have identified common variants upstream of GALNT10 locus for 

association with body mass index (BMI). These studies encompassed a small number of 

variants upstream of GALNT10 that were common, noncoding variants, as is typically 

seen in GWAS studies. 

In chapter 2, we first assessed the region of GALNT10 for common, low 

frequency, coding, and noncoding variants to determine whether the variants used in the 

GWAS studies were the potentially causal variants for this association with BMI using a 

multiplatform genetic analysis for association in up to 4,326 AA.  

 We next tested for association of our significant SNPs from the first stage in 

additional adiposity measures. Thirdly, we compared our significant SNPs from stage 1 

with AA eQTL data to determine whether there is any correlation suggesting that our 

associated region alters the expression of GALNT10 in any way.  

Stage 1 meta-analysis of our platforms revealed significant associations between 

BMI and common SNPs such as SNPs rs4569924, rs1428120, rs755123885 and 

rs11958496 (5.69x10
-5

<p<8.57x10
-5

) These SNPs were not shown to be associated with 

other measures of obesity. eQTL analysis showed 15 eQTLs within the GALNT10 region, 
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although the highest correlation with our most significant SNPs in this region was 0.30 

and the reported target gene list does not include GALNT10.  

Our next goal was to determine whether genes that work in the same pathways as 

GALNT10 contribute measurably to obesity phenotypes. The GALNT family is known to 

catalyze the first step in mucin-type O-linked glycosylation, which occurs downstream of 

ceramide and ganglioside synthesis. We chose to test for association of GALNT family 

members and genes that work in the ceramide and ganglioside synthesis pathways in 

order to better understand which genes in this pathway may contribute to polygenic 

obesity 

We again utilized our multiplatform genetic analysis design with up to 4,236 AA 

subjects per platform. Meta-analysis in 8,475 total subjects revealed top BMI-associated 

variants in GALNT2, GCNT4, GALNT10, NEU1, CD36, GBA2, GALC, ST3GAL2, and 

GCNT7 (3.57E-03≤Pcorr≤3.26E-02). These genes play key roles in Mucin type O-linked 

glycosylation and sphingolipid biosynthesis, which are key obesity pathways.  

Lastly, our goal for chapter 4 was to determine whether a knockout mouse model 

of GALNT10 confirms our association findings and confers increased weight as well as 

additional obesity phenotypes.  

20 mice were tested over 14 weeks for obesity-related phenotypes. At week 16 on 

the HFD, mice were necropsied and tissues collected. Adipose tissue was sectioned and 

stained with hematoxylin & eosin. Slides were studied for number and size of adipocytes 

present in each fat depot. 

We were able to measure a significant increase in number of adipocytes in BAT 

in KO males and females (1.84E-92<p<1.18E-09), in SQ KO females and WT males 
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(2.79E-26<p< p=6E-17), and in gonadal fat in KO females and WT males (6.06E-

68<p<9.48E-29). Significant differences in the average area of each adipocyte, with an 

increase in BAT in KO Females and WT males (9.58E-09<p<9.88E-07), in SQ WT 

females and WT males (p=1.44E-66<p<3.32E-32), and in gonadal fat KO females and 

KO males (0.0018<p<0.0242). In each case, the differences are significant between 

genotype groups.  

In summary, We were able to show that common, noncoding SNPs are 

responsible for the GALNT10 association with BMI, additional adiposity traits are not 

affected by these variants, upstream genes and GALNT family members also contribute 

to BMI, and we were able to measure differences in adipocyte number and size across fat 

depots when comparing GALNT10 KO mice to WT mice.  
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Chapter 1 

Introduction 

  Obesity is a disease that affects 78.6 million people in the United States. 

According to the Centers for Disease Control (CDC), the prevalence of obesity across the 

United States has risen drastically over the past 3 decades. In addition, there is a 

significant disparity in the prevalence of obesity in African Americans compared to 

Americans of European descent. African American subjects in the United States have a 

higher prevalence of obesity (48.1% vs 34.5% in Europeans) as well as secondary disease 

(Ogden et al., 2014). 

Multiple secondary diseases have been reported as associated with obesity, such 

as type 2 diabetes, heart disease, and cancer. Medical costs for obese individuals are 

estimated to be about $1,429 higher per year than costs for individuals who are not obese, 

leading to a country-wide financial impact of $147 billion as of 2008 (Finkelstein et al., 

2009). 

There are three main groups of factors that can cause obesity. These groups are 

genetic factors, environmental impacts, and lifestyle choices. Genetic factors contributing 

to obesity include those genetic variants that make an individual more susceptible to 

developing obesity, and heritability studies have been performed to determine what 

proportion of obesity is heritable. Environmental impacts include such factors as 

decreased physical activity in a modern lifestyle. For example, humans throughout 

history have had to perform hard labor and survive times of famine. In today’s first world 

society, the typical person no longer has to contend with these hardships. Lifestyle 

choices would include choices such as consuming fast food rather than a healthier meal. 



5 
 

As many fast food restaurants serve foods high in fat and/or sugar, the choice to eat these 

foods can contribute to an increase in obesity over time.   

The genetic factors contributing to obesity in African Americans are the key to 

understanding the disparity in prevalence in this population compared to Europeans, as 

well as overall understanding of the pathways and metabolic processes at work in an 

obese population. 

In order to determine whether a significant number of causes of obesity are 

genetic, or include a heritable component, multiple genetic epidemiology studies were 

performed (Henkin et al., 2003; Hsu et al., 2005). Some of the most well-known 

heritability studies are family studies, which may be twin studies which compare the rate 

of obesity in monozygotic twins to the rate of obesity in dizygotic twins, or general 

family studies which aim to describe the trait correlation between pairs of related 

individuals, such as parent-offspring, siblings, and cousins. In these studies, a trait with 

some degree of heritability would be observed more often in monozygotic twins, or more 

related family pairs, in a statistic known as h
2
. An h

2
 between 50-100% would indicate 

high correlation.  

In a meta-analysis of European samples, body mass index (BMI) was shown to 

have an h
2
 ranging from 50-90% in twin studies as well as wide-ranging family 

correlations with h
2
>50%, indicating a heritable component to BMI (Maes et al., 1997; 

Wardle et al., 2008). Evidence for heritability in African Americans is more limited, but 

is reported to be 69% in the Insulin Resistance Atherosclerosis Family Study (IRASFS), 

which contains both European and African American samples (Henkin et al., 2003; Hsu 
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et al., 2005). Due to these estimates, it is important to better understand what these 

heritable variants are that contribute to obesity. 

Due to the reported heritability of body mass index, in addition to measuring the 

distribution and amounts of adipose tissue in subjects, genetic analysis of these subjects is 

performed. Deoxyribonucleaic acid (DNA), or genetic material, is isolated from blood 

samples of individuals, and this DNA is tested for the presence or absence of disease 

alleles at certain loci. This project made use of data from association studies to determine 

this.  

In an association study, a series of single nucleotide polymorphisms (SNPs) are 

chosen in a gene or locus of interest. At each location, the distribution of alleles present 

are tested for association with the distribution of an obesity trait to determine whether 

there is a correlation between a specific allele being present and an increase in adiposity 

in our test population.  

In the past, genome-wide association studies (GWAS) have been performed in 

order to determine which loci may be affecting obesity. Some early studies were able to 

detect variants that have large effects on obesity phenotypes. Some examples include 

Alpha-Ketoglutarate Dependent Dioxygenase (FTO) and Melanocortin 4 Receptor 

(MC4R) (Dina et al., 2007; Frayling et al., 2007; Scuteri et al., 2007; Mutch and Clement, 

2006; Farooqi and O’Rahilly, 2009). 

Further GWAS studies were able to detect common variants with smaller effect 

sizes, such as Brain Derived Neurotrophic Factor (BDNF) and SH2B Adaptor Protein 1 

(SH2B1) (Bauer et al., 2009). While these studies provide an important foundation for 

this project, they were performed almost exclusively on common variants in European-



7 
 

derived populations. This study aims to identify genes, loci, and pathways that are 

potentially responsible for causing this disease, as well as explaining some of the 

differences in prevalence of obesity.  

The main measurement of obesity used in studies today is body mass index 

(BMI). BMI is a measure of overall adiposity and is obtained by dividing a subject’s 

weight in kilograms (kg) by their height in meters squared (m
2
). As such, BMI is very 

easy and cheap to obtain for large numbers of subjects.  

According to the World Health Organization (WHO), a person with a BMI 

between 25-29 kg/m
2
 is considered overweight, 30-39 kg/m

2
 is considered obese, and 

over 40 kg/m
2
 as morbidly obese (WHO 1995). Although this measurement is cost 

effective and simple to obtain, there are some limitations to using BMI as a measurement 

for obesity. For example, those with high muscle volume will be classified as “obese”, 

because muscle weighs more than adipose tissue. BMI also is limited in that it cannot 

show where fat is distributed on a person, or what type of fat is being measured. To 

address these issues, some additional generally accepted measures of obesity include 

waist circumference, percent fat mass, and fat distribution measures such as visceral 

adipose tissue (VAT) subcutaneous adipose tissue (VAT), and visceral to subcutaneous 

adipose tissue ratio (VSR).  

Waist circumference (WAIST) is measured in centimeters (cm), and is used to 

show abdominal adiposity specifically. This is important due to the fact that increased 

abdominal adiposity is correlated with type 2 diabetes (Despres and Lemiex, 2006). 

WAIST is considered to contribute to increased comorbidity at WAIST >102cm for 

males and WAIST>88 cm in females. Waist to hip ratio (WHR) is used to determine 
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whether fat is located mainly in the abdomen or on the hips, and is measured by dividing 

WAIST by the circumference of the hips in cm. Healthy WHR is considered WHR<0.90 

in males and WHR<0.80 in females. 

 A direct measurement of a body’s percent fat mass is done using a dual energy x-

ray absorptiometry (DEXA) or computed tomography (CT) scan, which can also 

determine how much of the fat is visceral (VAT), or around the organs, and how much is 

subcutaneous (SAT), or superficial and lying just under the skin. There is evidence in 

past literature that visceral fat is of high interest when studying obesity. There is evidence 

that visceral fat is more metabolically active than subcutaneous fat, leading to a higher 

contribution to the pathogenesis of obesity (Ashwell et al., 1985). Also relevant is the 

ratio of visceral to subcutaneous fat, called visceral to subcutaneous ratio (VSR).  

Our study will mainly make use of the BMI measurement. In this study, we 

compared our BMI-associated SNPs to additional adiposity traits in a subset of our 

samples where additional adiposity measures were available to account for the limitations 

of BMI as a measurement of obesity.  

To date, there have been a small number of GWAS performed in African 

Americans or including low frequency variants. One such study recently identified the 

following loci as being associated with BMI: SEC16B, TMEM18, GNPDA2, GALNT10, 

KLHL32, FTO, and MC4R. In this meta-analysis of 42,752 Afrcan Americans, (Ng et al., 

2017) rs7708584 was the top associated SNP in the GALNT10 region, which verifies 

previous findings (Monda et al., 2013). The recent large meta-analysis also reports the 

comparison between association findings in these regions in African Americans versus 

the association in European populations.  
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For example, rs7708584 is reported to be associated with BMI in African 

Americans with  p value of 4.21E-14. This same SNP is reported to be associated with 

BMI in Europeans with a p value of 3.8E-7. This example shows that while GALNT10 is 

associated with BMI in both populations, the association is stronger in African 

Americans and therefore may contribute to a higher prevalence of obesity in this 

population as compared to Europeans.  

Our own lab has also identified 2 additional SNPs as being associated with BMI 

in the GALNT10 region: rs815611, rs2033195 with p values ranging from 5.57E-6 to 

5.36E-6 (Ng et al., 2012). Due to previous association findings in the region of 

GALNT10, this study will have a special focus on that region in order to assess potentially 

functional variants that may be driving the association with BMI, as well as assessing low 

frequency variants and their contribution to the association signal.  

In addition, this study aims to assess the association of metabolic pathway genes 

with BMI to determine how these genes may work with GALNT10 to confer an obesity 

phenotype.  

GALNT10 is a member of the N-acetyl galactosaminyl transferase family which 

catalyzes the first step in mucin-type O-linked glycosylation. This enzymatic process 

involved the addition of a molecule of N-acetyl galactose (GalNAc) onto a serine or 

threonine residue of an acceptor protein. While other members of the GALNT family 

catalyze the same reaction, the different family members are reported to be expressed in 

varying amounts in distinct tissue subsets.   

For example, GALNT10 has been reported to be ubiquitously expressed, while 

GALNT2 is expressed mainly in the digestive system (Fishilevich et al., 2016). These 
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proteins all show high sequence similarity as reported in NCBI, with the main differences 

being seen in the N-terminal region, which is thought to play a major role in determing 

whether the acceptor site is recognized by the GALNT family member and acts as an 

acceptor protein for a serine/threonine glycosylator such as GALNT10.  

There have been some additional studies in the serine/threonine kinase families 

and whether they are correlated with obesity. This may be related to the action of 

GALNT10 due to the fact that phosphorylation of a S/T residue on an acceptor protein 

would block the glycosylating action of GALNT10 at that site.  

One of the most well-known examples of these proteins is Protein Kinase AMP-

Activated Catalytic Subunit Alpha 1 (AMPK), which has been reported to maintain cell 

energy homeostasis. AMPK has been extensively studied and has been shown to inhibit 

the synthesis of fatty acids, cholesterol, and triglycerides as well as activating uptake of 

these molecules and activating lipid catabolism. It has been shown to be expressed in 

skeletal muscle, working to activate glucose uptake by translocating the GLUT4 receptor-

containing vesicles and upregulating the expression of GLUT1. AMPK expression has 

been shown to be inhibited by leptin, a well-known satiety hormone, in the 

hypothalamus, and upregulated by ghrelin, a well-known hunger hormone (Jeon et al., 

2016).  

While our main focus is on the addition of Gal-NAc to the serine/threonine (S/T) 

residues of acceptor proteins, we also paid some attention to the S/T kinases, as these 

proteins not only have shown correlation with obesity, but the addition of a phosphate to 

a S/T residue will block the activity of GALNT family members (Lower et al., 2002).  
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In addition to GALNT10 being previously reported to play a role in the genetic 

cause of obesity specifically BMI, variations in this locus may explain some of the 

prevalence disparity of obesity in African Americans versus Europeans. While the exact 

biological role of GALNT10 is not clear, there is some evidence that GALNT family 

members can affect obesity related phenotypes.  

For example, GALNT2 has been shown in GWAS studies to be associated with 

HDL increase, and a knockout mouse model was able to confirm the phenotype 

(Teslovich et al., 2010). The study showed a connection the biological relevance for 95 

loci associated with blood lipid levels. The relevance of these phenotypes to obesity is 

that obesity has been shown to correlate with increased blood low-density lipoprotein 

(LDL) levels, decreased blood high density lipoprotein (HDL) levels, and these lipid 

phenotype fluctuations have been shown to play a major role in coronary heart disease 

(CHD), which is one of the known comorbidities of obesity.  

This 2010 study used a meta-analysis approach of 46 lipid GWAS studies for a 

total of over 100,000 individuals of European descent. This led to the identification of 95 

loci showing genome-wide significant association with total cholesterol (TC), LDL, HDL 

and triglyceride (TG) levels. These association were also tested in non-European 

individuals, specifically in cohorts of East Asian (N>15,000), South Asian (N>9,000), 

and African American (N>8,000) descent. It was found that most of these correlations 

held true in non-European samples and were directionally consistent, leading to the 

conclusion that these loci may be responsible for lipid levels across populations.  

The biological relevance of GALNT2 was then selected for further study. This was 

due to the fact that there were no nearby genes to confound results, and therefore 



12 
 

GALNT2 would be a prime candidate for overexpression and knock down animal studies. 

These studies confirmed that overexpression of GALNT2 leads to lower plasma HDL, 

while knock down of GALNT2 leads to higher plasma levels of HDL (Teslovich et al., 

2010).  

In addition, GALNT18 has been shown in GWAS to be related to type 2 diabetes 

(Palmer et al., 2012). This study was performed in an African American cohort including 

965 type 2 diabetes (T2DM) cases and 1029 nondiabetic controls. The most significant 

SNPs from this initial stage were then tested in a replication cohort of 3,132 cases and 

3,317 controls. A SNP (rs2722769) upstream of GALNT18, also called GALNTL4, was 

one of the most significant association in each stage of this study and was directionally 

consistent in each stage, leading to the conclusion that GALNT18 may contribute to 

T2DM risk in African Americans.  

These studies lead us to conclude that the GALNT family is crucial for metabolic 

pathways, and that mouse models with both gene knockout and overexpression can 

further verify phenotypes involved with variants in specific family members. 

When an analysis was run using the database for annotation, visualization and 

integrated discovery (DAVID) (Huang et al., 2009) to determine how much similarity 

there is between GALNT family members, we were able to categorize the functions and 

structures into groups that may have compensation capabilities in the case of a 

nonfunctioning or malfunctioning member. Gene ontology terms that included the vast 

majority of family members include polypeptide N-acetylgalactosaminyltransferase 

activity, binding to manganese, calcium, and sugar, localization to the Golgi apparatus, 

and integration to the membrane. The binding gene ontology terms were expected due to 
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the GALNT family’s N-acetylgalactosaminyltransferase activity, and the Golgi 

localization and membrane integration has been experimentally verified (Rottger et al., 

1998).  

This list of gene ontology terms were returned not only for humans, but also for 

mice. As far as protein structure goes, all family members up to GALNT19 have a 

conserved N-terminal domain which is most likely involved in manganese binding, and a 

conserved C-terminal domain, most likely involved in UDP-Gal binding and therefore the 

catalytic reaction that this family is known for (Kong et al., 2015). The main difference 

between the human GALNT family and the mouse GALNT family is that GALNT8 and 

GALNT9 are not found in the mouse.  

A 2014 paper reports on varying isoform substrate specificities, which were 

experimentally determined with an in vitro analysis utilizing the SimpleCell strategy 

(Kong et al., 2014; Steentoft et al., 2013). The SimpleCell strategy involves knocking out 

the chaperone that GALNT family members typically require, C1GALT1C1 (COSMC). 

This is done with the use of zinc-finger nucleases. This approach will prevent the 

elongation of O-glycans, enabling the detection of all glycoproteins that can be attributed 

to the GALNT protein action. This 2013 SimpleCell study identified 629 glycoproteins, 

only 184 of which were previously reported in UniProt or O-GLYBASE (Schjoldager et 

al., 2012).  

The 2014 paper then used the SimpleCell strategy to study a subset of the 

GALNT proteins’ interaction with 148 glycoproteins in 12 human cancer cell lines over 4 

hours or overnight. While GALNT10 itself was not included, substantial overlap was seen 

in substrate specificities between members of the GALNT family, and  this study also 
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provides us with the knowledge that there may be some overlapping expression patterns 

and overlapping substrate specificities between members of the GALNT family. 

However, this is the extent of our knowledge about this family.  

Due to the fact that the biological function of GALNT10 is unclear, this project 

includes association studies with multiple obesity pathways that include GALNT family 

members, as well as other metabolic genes of interest in order to determine which of 

these may be related to obesity in our samples.  

GALNT10 is known to catalyze the first step in mucin-type O-linked 

glycosylation, which occurs downstream of the ceramide and sphingolipid biosynthesis 

pathways. GALNT family members overlap in expression as far as tissue specificity, and 

they all work in the same pathway, although not much of their mechanism of action is 

understood. Many of these GALNT family members have shown association with 

obesity-related traits, so we chose to add GALNT family members to our study as 

metabolic genes of interest.  

Our thinking was that we might find some insight as to which members are 

responsible for different phenotypes, and to understand why GALNT10 might be 

contributing to obesity in our samples. Previously, it has been shown that many other 

genes in the ceramide and sphingolipid pathways are also associated with obesity related 

phenotypes.  

For example, Ceramide Synthase 2 (CERS2) haploinsufficiency has been shown 

to be associated with diet-induced insulin resistance (Raichur et al., 2014). Due to our 

lack of knowledge of the mechanism by which GALNT10 may modulate obesity 

phenotypes, we chose to include genes of interest from earlier European studies, genes of 
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interest that play crucial roles upstream of GALNT10, as well as GALNT family members 

that may overlap functions with GALNT10.   

With the data collected from these analyses, we further compared our most highly 

associated variants with expression data from another study of African American subjects 

(Sajuthi et al., 2016). Our goal with this collaboration was to determine whether our 

variants of interest could lead to expression level differences in these subjects, and 

therefore lead to obesity phenotypes.  

In order to determine whether this is the case, we extracted the GALNT10 locus 

with the upstream variants from the previous expression results and ran a check for 

association levels in r
2
 between our top variants and the expression quantitative trait locus 

(eQTL) SNPs that were discovered in this region using the SNAP tool from the Broad 

Institute (Johnson et al., 2008).  

In addition to our association and pathway studies, a knock-out mouse model of 

GALNT10 was studied for potential obesity traits. This was done with the use of a high 

fat diet challenge, and includes lipid traits and insulin and glucose measures in addition to 

body weight.  

Previous mouse studies have shown success in replicating phenotypes that were 

suggested by GWAS results. This has been shown to hold true in the GALNT family, as 

well as with genes in related metabolic pathways. UGCG, GALNT2, and FTO are 

examples of genes shown to be associated with obesity phenotypes in humans, and were 

shown to report corresponding phenotypes when these genes are knocked out in mouse 

models (Fischer et al., 2009; Teslovich et al., 2010; Nordstrom et al., 2013). These mouse 

models are crucial to verifying phenotypes associated with variants in GWAS studies as 
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well as determining potential mechanisms by which these genes may contribute to those 

phenotypes.  

In this study, our GALNT10 mouse knockout line was generated via retroviral 

insertion. The original line was generated on a 129SvEvBrd/B6 genetic background. The 

method of insertional mutagenesis utilizing this retroviral insertion is known as gene 

trapping. With gene trapping, the retrovirus inserts a polyadenylation “stop” site into the 

targeted sequence. This truncates the resulting protein and ensures that a wild type 

protein, in this case GALNT10, will not exist in knockout mice.  

The retrovirus was applied to embryonic stem (ES) cells, along with proteins 

needed to integrate the retrovirus sequence containing the polyadenylation site and 

endogenous promoter into the genome of the stem cells. The vector was designed to 

integrate in intron 1 of GALNT10 in 129/SvEvBrd ES cells. ES cells were used to 

generate our breeders, which were crossed to B6 mice to create our F1 mice on a 

129SvEvBrd/B6 background with the GALNT10 knockout on one allele per mouse. Our 

heterozygous F1 generation then served as breeders to generate full knockout mice as 

well as wild-type littermates for our phenotype testing.  

Spleen and thymus from F1 mice were tested for expression of GALNT10 to 

ensure the GALNT10 knockout prior to breeding. The objective of this project as a whole 

is to elucidate the possible biological function of GALNT10 and to determine how this 

locus affects an obesity phenotype in African Americans.  

 The overall goal of this project is to verify previous findings in the GALNT10 

region and to expand our knowledge of this locus via genomic association studies in 

obesity-related traits, comparison to expression quantitative trait loci (eQTL) data, and a 
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mouse knockout model, in addition to furthering our knowledge of genes in the pathway 

in which GALNT10 acts. Previously, genome-wide association studies in African 

Americans (AA) have identified common variants upstream of GALNT10 locus for 

association with body mass index (BMI). These studies encompassed a small number of 

variants upstream of GALNT10 that were common, noncoding variants, as is typically 

seen in GWAS studies. 

In chapter 2, we first assessed the region of GALNT10 for common, low 

frequency, coding, and noncoding variants to determine whether the variants used in the 

GWAS studies were the potentially causal variants for this association with BMI. The 

300kb region studied here encompassed the upstream region of prior association as well 

as the gene GALNT10 itself. In order to assess potential causal variants in this locus, we 

performed a multiplatform genetic analysis for association with BMI in up to 4,326 AA. 

 Following this association study, we tested for association of our significant 

SNPs from the first stage in additional adiposity measures, as no study had determined 

whether GALNT10 was associated with any adiposity traits other than BMI. Thirdly, we 

compared our significant SNPs from stage 1 with AA eQTL data to determine whether 

there is any correlation suggesting that our associated region alters the expression of 

GALNT10 in any way.  

Stage 1 meta-analysis of our platforms revealed significant associations between 

BMI and common SNPs such as SNPs rs4569924, rs1428120, rs755123885 and 

rs11958496 (5.69x10
-5

<p<8.57x10
-5

) These SNPs were not shown to be associated with 

other measures of obesity. eQTL analysis showed 5 adipose cis-eQTLs, 2 adipose trans-

eQTLs, 2 muscle cis-eQTLs, and 6 muscle trans-eQTLs within the GALNT10 region, 



18 
 

although the highest correlation with our most significant SNPs in this region was 0.30 

and the reported target gene list does not include GALNT10.  

To summarize the association results shown in chapter 2, common noncoding 

variants in the GALNT10 region are associated with BMI, but not other measures of 

adiposity, and they may affect the expression of genes other than GALNT10.  

Following our in-depth analysis of GALNT10, our next goal was to determine 

whether genes that work in the same pathways as GALNT10 contribute measurably to 

obesity phenotypes. The GALNT family is known to catalyze the first step in mucin-type 

O-linked glycosylation. Kegg pathways shows that this glycosylation occurs downstream 

of ceramide synthesis and ganglioside synthesis in the overall metabolic pathway 

schematic. Ceramide synthesis and ganglioside synthesis genes have been shown to be 

associated with BMI and GWAS studies in European populations have identified over 

140 genetic regions as associated with BMI.  

The GALNT family consists of 20 members, although little is known about many 

of these genes. It has been shown that at least 18 family members catalyze the first step of 

mucin type O-linked glycosylation, and that each gene shows a unique expression pattern 

in humans. GALNT10 is ubiquitously expressed, and we theorize that there may be 

GALNT family members that overlap with GALNT10 as far as function, as this 

glycosylation may be crucial to multiple cellular pathways. However, none of the other 

GALNT family members have been shown to be associated with BMI in AA.  

The goal of the second part of this project, seen in chapter 3 here, was to validate 

our earlier findings of GALNT10 association with BMI, identify other GALNT family 
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members associated with BMI, and to assess upstream genes for association with BMI in 

African Americans (AA).  

In order to test for additionally associated genes, we again utilized our 

multiplatform genetic analysis design outlined in the previous paragraph, with up to 

4,236 AA subjects per platform. Meta-analysis of these platforms in 8,475 total subjects 

revealed top BMI-associated variants in GALNT2, GCNT4, GALNT10, NEU1, CD36, 

GBA2, GALC, ST3GAL2, and GCNT7 (3.57E-03≤Pcorr≤3.26E-02).  

In summary, in chapter 3 we are able to show that GALNT10 is one of our top 

associated regions with BMI, which GALNT family members may overlap in function 

with GALNT10, and which pathway genes upstream of GALNT10 also contribute to BMI, 

which may have additive effects in a polygenic obesity model.  

Lastly, our goal for chapter 4 was to determine whether a knockout mouse model 

of GALNT10 confirms our association findings and confers increased weight as well as 

additional obesity phenotypes. As previously stated, this lab has identified GALNT10 as 

being associated with BMI in AA subjects. Its role in mucin-type O-linked glycosylation 

links this gene family to ceramide and sphingolipid and ganglioside biosynthesis 

pathways, which have been previously linked to obesity phenotypes.  

These associations have been confirmed in mouse models. For example, GALNT2 

was shown in association studies to be associated with HDL levels. In mouse models, 

overexpression of GALNT2 led to measurably lower HDL than was seen in wild types, 

and knock down of GALNT2 led to measurably increased HDL levels.  

Our GALNT10 mouse knockout model was created via retroviral insertion on a 

129SvEvBrd/B6 genetic background. 20 mice were tested, with 9 being wild-type (WT) 
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and 11 knockout (KO). A high fat diet (HFD) was given to 14 of our testing mice 

beginning at 8 weeks of age, and were tested for various obesity-related phenotypes over 

the following 16 weeks. The phenotypes tested included body weight, glucose and insulin 

tolerance, and blood measures such as triglycerides and cholesterol levels.  

At week 16 on the HFD, at which point mice were 24 weeks of age, mice were 

necropsied and tissues stored, with gonadal fat, brown fat, and subcutaneous fat sectioned 

and stained with hematoxylin & eosin. Slides were studied for number and size of 

adipocytes present in each fat depot. 

 Our most significant results were seen in these histological sections. These 

results in brown adipose tissue show an increase in number (p=1.84E-92) and size of 

adipocytes (p=9.88E-07)  in male knockout (KO) mice as compared to wild-type (WT) in 

females, and an increase in number (p=1.18E-09) of adipocytes and adipocytes are 

smaller (p=9.58E-09) in male KO mice compared to WTs. In subcutaneous adipose 

tissue, we measures an increase in number (p=2.79E-26) of adipocytes and the adipocytes 

measured are smaller in size (p=1.44E-66) in female KO compared to WT, and a 

decrease in the number (p=6E-17)  of adipocytes and an overall smaller area in 

adipocytes (p=3.32E-32) in male KO mice compared to WT littermates. Gonadal fat 

results show an increase in number (p=9.48E-29) of adipocytes and increased average 

adipocyte area (p=0.001)  in female KO mice as compared to WT, and a decrease in 

number (p=6.06E-68)  of adipocytes and an increase in average area in adipocytes 

(p=0.02)  in male KO compared to WT. In each case, the differences are significant 

between genotype groups. As there was no significant difference in body weight between 

our diet groups, we did not test for adipocyte differences between diet groups.  
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In summary, We were able to measure only differences in adipocyte number and 

size across fat depots when comparing GALNT10 KO mice to WT mice. Although we did 

not observe overall body size differences, GALNT10 does confer a measurable phenotype 

in adipose tissue.  
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Abstract 

Genome-wide association studies in African Americans (AA) have identified common 

variants upstream of GALNT10 locus for association with body mass index (BMI). 

However, it is unclear if both common and low frequency variants contribute to BMI and 

whether they contribute to additional measures of adiposity in AA. We performed a 

multiplatform genetic analysis to test both common and low frequency variants near 

GALNT10 for association with BMI in up to 4,236 AA. Second, significant associated 

SNPs were tested for association with additional adiposity measures. Third, we examined 

the associated SNPs for association with GALNT10 gene expression. Meta-analysis of the 

association test identified significant associations between BMI and common SNPs 

rs4569924, rs1428120, rs755123885 and rs11958496 (5.69x10
-5

<p<8.57x10
-5

). We did 

not observe significant association of these SNPs with other measures of adiposity. 

Expression analysis revealed 5 adipose cis-eQTLs, 2 adipose trans-eQTLs, 2 muscle cis-

eQTLs, and 6 muscle trans-eQTLs within the GALNT10 region. Target genes of these 

eQTLs, however, were not in the GALNT family. In summary, common variants near 

GALNT10 are associated with BMI, but not other measures of adiposity related to fat 

distribution. Coding variants in GALNT10 do not contribute measurably. The associated 

region may regulate global gene expression in adipose tissue in AAs.  
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Introduction 

Obesity is a major public health problem in developed countries. In particular, 

African Americans show higher rates of obesity than European Americans (e.g. 47.8% 

versus 32.6%. (Flegal et al., 2016). In addition to environmental and lifestyle contributors 

to obesity, it is well documented from twin and family studies that there is an inherited 

component to obesity risk (Maes et al., 1997). To date 97 genes have been reported to be 

associated with BMI based on strong statistical evidence in genetic association studies 

(Locke et al., 2015). These studies have, however, mainly been performed in individuals 

of European descent. Previous genome-wide association studies (GWAS) studies in 

African Americans (Ng et al., 2012; Monda et al., 2013) have shown consistent evidence 

of strong genetic association between a region upstream of the gene GALNT10 and body 

mass index (BMI). In contrast GALNT10 polymorphisms are only nominally associated 

with BMI in European descent populations with smaller effect sizes (e.g. rs7708584 A 

allele: β=0.02 and effect allele frequency (EAF)=0.42 in EUR; β=0.04 and EAF=0.31 in 

AFR) (Monda et al., 2013). All previously associated variants are common and reside 

upstream of the coding region of GALNT10.  

According to both BioGPS (Wu et al., 2009) and GTEx (Carithers et al., 2015), 

GALNT10 is ubiquitously expressed. GALNT10 is a member of the N-

acetylgalactosaminyltransferase family, which currently encompasses 24 known family 

members (Ten Hagen et al., 2003). GALNT family members may be important 

controlling factors in metabolic disease. These proteins are responsible for the first step in 

mucin-type O-linked glycosylation, which takes place in the Golgi apparatus (Ten Hagen 

et al., 2003).   
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Mucin-type O-linked glycosylation is a process in which glycans are attached to 

serine and threonine residues of protein substrates (Kong et al., 2014; Schjoldager at al., 

2015). Serine and threonine residues have been previously implicated in type 2 diabetes 

as well as obesity phenotypes in studies focusing on serine/threonine kinases such as 

AMPK (Lower et al., 2002).  

GWAS studies have identified associations of several of the GALNT family 

members with various metabolic traits including GALNT2 variant association with 

decreased triglyceride levels (Kathiresan S et al., 2008), GALNT3 loss of function (LOF) 

variants association with increased bone mineral density (Duncan EL et al., 2011) and 

GALNT18 (GALNTL4) variant association with susceptibility of T2D (Palmer ND et al., 

2012). 

Despite the strong association of common noncoding variants of GALNT10 in 

obesity in African Americans, the contribution of coding and low frequency variants, 

their associations with other metabolic traits and functional characterization of the 

associated variants are unclear.  In addition, no prior data exists which addresses whether 

GALNT10 variation is associated with other measures of adiposity beyond BMI.  

In this study, we performed a multiplatform analysis of the GALNT10 gene 

region. Platform 1 included an association analysis of the GALNT10 gene and nearby 

region for BMI in up to 4,236 African Americans (AA). Platform 2 included association 

analysis of the same region for up to 1,064 additional AA subjects, and platform 3 added 

up to 3,175 AA subjects to this analysis.  

Secondly, SNPs tagging the region of highest association with BMI were further 

investigated for association with additional adiposity traits, including waist to hip ratio 



26 
 

(WHR), waist to hip ratio adjusted for BMI (WHRadjBMI), visceral adipose tissue 

(VAT), subcutaneous adipose tissue (SAT), subcutaneous adipose tissue ratio (VSR), 

adiponectin, high density lipoprotein (HDL), low density lipoprotein (LDL),  total 

cholesterol (TC) triglycerides (TG), and fasting glucose and insulin measures (FG, FI).  

Lastly, our third stage examined the role of GALNT10 expression and the 

potential effects of associated variants using expression profiling from African American 

adipose and muscle tissues.  
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Methods and Procedures 

Subjects 

Platform 1 & 2 included 4,236 AA participants with an average body mass index (BMI) 

of 30.9kg/m
2
. Platform 2 included a subset of these samples, 1134 AA participants with 

an average BMI of 29.6kg/m
2
 studied for additional trait association. Platform 2 samples 

also had average waist to hip ratio (WHR) of 0.86, visceral adipose tissue 

(VAT)=93.4cm
2
, subcutaneous adipose tissue (SAT)=354.8cm

2
, and visceral to 

subcutaneous adipose tissue ratio (VSR)=0.31. All platform 1 and 2 subjects resided in 

North Carolina, South Carolina, Georgia, Tennessee, and Virginia. Detailed data 

collection has been described previously (Ng et al., 2012; Guan et al., 2016). All 

participants provided written informed consent.  

Platform 3 Multi Ethnic Genotyping Array samples were collected from three clinical 

sites in California as described in detail previously (Henkin et al., 2003; Wagenknecht et 

al., 1995). Patients were considered to be obese when they showed a BMI over 30kg/m2. 

This study was approved by the Wake Forest School of Medicine Institutional Review 

Board.  Platform 3 samples included data for additional traits included 853 AA with an 

average BMI of 30.5kg/m
2
. The collection of this data has been reported previously 

(Henkin et al., 2003; Wagenknecht et al., 1995). 

 

SNP selection and genotyping. 

Although the precise mechanism of action of GALNT10 and its role in obesity 

pathogenesis is unclear, association between SNPs in this region and increased BMI in 

AA has been reported. Therefore, SNPs were chosen to verify this association as well as 
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add to our knowledge of this region at a high level of detail. In order to determine the 

performance of GALNT10 in this context, stage 1 SNPs were chosen in each of the 

following categories: common (MAF>0.05), rare (MAF<0.05), coding, and non-coding. 

53 coding SNPs were added from the eQTL database GeneVar (Yang et al., 2010). 

Moreover, 9 SNPs tagging the 300 KB region surrounding the previously reported 

associated SNPs rs2033195, rs815611 and rs7708584 (Ng et al., 2012; Monda et al., 

2013) were added using a YRI linkage disequilibrium (LD) cutoff of ≥ 0.8. Additional 

variants in the 300 KB region with an African population (AFR) minor allele frequency 

(MAF) ≥0.05 were tagged at an r
2
 threshold of  ≥ 0.8. In contrast, variants with an AFR 

MAF 0.01-0.05, an r
2
 threshold of ≥0.5 was used for the selection of tagging SNPs. AFR 

MAF were pulled from 1000 Genomes phase 1 data (Pybus et al., 2014). In addition, 71 

SNPs that are predicted to have functional consequences were selected. These potential 

functional categories included 53 eQTL SNPs from GeneVar, 39 missense and nonsense 

SNPs from UCSC, and 16 SNPs predicted as possibly or probably damaging from exome 

variant server (EVS)  (Yang et al., 2010; Karolchik et al., 2014).  A total of 122 SNPs 

were chosen flanking 70 kb upstream and including the entire gene region. 

 

Genotyping and imputation  

Platform 1 samples were genotyped on a custom Affymetrix Axiom Biobank Genotyping 

Array (Affymetrix, Santa Clara, CA, USA). Detailed SNP information, custom content 

design, including fine mapping of candidate regions, genotyping methods, and quality 

control have been described previously (Guan et al., 2016). Platform 2 replication 

samples included 483 AA T2D-ESKD cases and 554 AA controls (non-diabetic, non-
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nephropathy) which were genotyped with the Affymetrix Genome-Wide Human SNP 

Array 6.0 (Affymetrix, Santa Clara, CA, USA). Detailed methods were described 

previously (Guan et al., 2016). Platform 3 Multi Ethnic Genotyping Array samples were 

collected from three clinical sites in California as described in detail and were genotyped 

as described previously (Henkin et al., 2003; Wagenknecht et al., 1995). 

 

Quality Control 

Standard quality controls (QCs) were applied across all 3 platforms independently to 

remove SNPs with call rate <95 %, minor allele frequency (MAF) <0.01, or showing 

departure from HWE (P < 1 × 10−4). Sample QC was performed to remove subjects with 

call rates <95 %, contamination, duplicates, or population outliers. Allele frequency was 

compared to that reported in 1000 Genomes phase 3, and those variants with a departure 

of 0.3 or higher were excluded. SNPs that passed QC were used for pre-phasing and 

imputation to the cosmopolitan reference haplotype panel from the 1000 Genomes 

Project phase 1 version 3 (March 2012) (1000 Genomes Project Consortium et al. 2010) 

using SHAPEIT2 (Delaneau et al., 2012) and IMPUTE2 (Marchini et al., 2007). Imputed 

variants with imputation info score <0.4 were removed. Following imputation, variants 

were compared to the 1000 Genomes reference panel and those with allele mismatch or 

large frequency discrepancies (>=0.2) were excluded from further analysis.  
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Statistical analysis 

Single-variant association 

Platform 1 

Testing for single-variant association with BMI was performed using linear mixed 

models (LMM) implemented in the program GMMAT (Chen et al., 2016) with samples 

first stratified into 3 groups: controls, those with end-stage renal disease (ESRD), and 

those with type 2 diabetes (T2D), followed by stratification by sex, leading to 6 total 

strata. This method incorporated a genetic relationship matrix (GRM) estimated from a 

set of high-quality autosomal SNPs as a random effect to control for population structure 

and cryptic relatedness. Whole genome analysis of discovery samples with 516,226 SNPs 

that passed QC yielded an inflation factor of 1.02, suggesting that population structure 

was sufficiently controlled by including GRM as a random effect. SNP QC included a 

call rate cutoff of ≥ 0.95, HWE ≥ 1E-4, MAC ≥6, allele frequency compared to 1000 

Genomes < 0.3 and “good” SNP classification. Traits were transformed as appropriate to 

achieve normal distribution. Nominally significant SNPs (p<0.05) were further analyzed 

using platform 2.  

To distinguish whether platform 1 associations were driven by the previously 

reported SNPs or whether additional association signals are present, a conditional 

analysis was run with conditioning on rs10044136, which is a SNP that is significantly 

associated with BMI and lies in our upstream region. This SNP was directly genotyped 

and so was used to run conditional analysis while imputation was performed. Following 

imputation, rs10044136 was no longer our most associated SNP and so is not shown in 
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tables. SNPs tagging our highest association signal region were further analyzed on 

platform 3.  

 

Platform 2 

Analysis was performed testing for association with BMI. 746,626 common 

autosomal SNPs were genotyped as described previously in a total of 1,715 AA samples. 

Samples were grouped into four strata by disease status (T2D, ESRD, Control) and 

gender.  

 

Platform 3 

Analysis was performed testing for association with BMI in 24 strata. Subjects 

were stratified by classification, sex, and study. Single SNP analysis was performed using 

GMMAT (Chen et al., 2016) using strata and GRM as described in platform 1 analysis. 

Platform 3 samples were tested for association with BMI, WHR, FG, FI, AIR, SI, DI, SG, 

TC, TG, HDL, LDL, VAT, SAT, VSR, APO, adiponectin.  

 

All data underwent inverse normal transformation and inverse residuals were combined.  

 

Effective number of SNPs calculation 

In platform 1, the effective number of SNPs in the GALNT10 region was 

calculated from the eigenvalues of the pair-wise SNP correlation matrix created with 

composite linkage disequilibrium (LD) for SNPs included in the discovery stage using 

simple M (Gao et al. 2011). Meta-analysis results were corrected for the effective number 
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of SNPs in each region given their candidacy for associations. A corrected p value 

(Pcorr) <0.05 was considered significant. Effective number of SNPs analysis was only 

run in platform 1. 

 

Expression 

Samples from 250 nondiabetic African American subjects were analyzed for eQTLs, 

methods have been described previously (Sajuthi et al., 2017). Of interest to this study, 

genome-wide transcript expression profiles of subcutaneous adipose tissue and muscle 

were measured, as were serum triglyceride and HDL levels. These data were combined 

with genotyping data in order to assess potential quantitative trait loci.  

 

Imputation 

Imputation was performed using 1000 Genomes phase 1 version 3 data. 

Meta-analysis:  Single-variant association was performed using linear mixed models 

(LMM) with adjustment for PC1 using implemented in the program GMMAT  (Chen et 

al., 2016). 

 

Meta-analysis 

1,077 SNPs with P<0.05 in platform 1 were selected for meta-analysis across 

platforms. Platform 1, 2 & 3 results were combined using fixed effect inverse-variance 

based meta-analysis in METAL. SNPs were annotated using VEP & WGSA for 

functional predictions. Top associated SNPs were compared to eQTL variants reported by 

one of our collaborators (Sajuthi et al., 2017). This study was done in 250 nondiabetic 
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African American subjects on an Illumina platform. Tissues utilized in this study include 

subcutaneous adipose tissue and muscle. The SNAP tool from the Broad Institute was 

used to determine pairwise r
2
 correlation between reported eQTLs in the GALNT10 locus 

and our top associated SNPs.  

  

Results 

Study samples included up to 4,992 African American subjects in 6 cohorts. 

Average BMI levels were in the overweight category, with values ranging from 

29.4kg/m
2
 to 35.3kg/m

2
, and age ranged from 50.4 to 62.3. Study sample characteristics 

are summarized in table 1. This study included three index SNPs that were associated 

with BMI in previous GWAS studies as well as potential functional variants and tagging 

variants covering the region of chr5:153500000-153800543(NCBI b37), which includes 

the GALNT10 gene. The potential functional variants included contain predicted eQTLs 

as well as predicted missense, nonsense, possibly and probably damaging variants from 

well-known and commonly used databases GeneVar, UCSC, GTEx, and EVS. These 

variants were genotyped in up to 4,236 African Americans for association with BMI, and 

a subset of SNPs were further tested for association with additional adiposity traits. The 

latter was done in order to determine if the potential functional variants in this region 

were associated with adiposity phenotypes other than BMI.  

The results are summarized in Table 2. Our analyses confirms that common 

tagging variants in the previously reported region rs4569924, rs1428120, rs755123885 

and rs11958496 are significantly associated with BMI (meta-analysis uncorrected 

5.69x10
-5

<p<8.57x10
-5

) with effect sizes ranging from 0.08-0.09 SD units. Our strongest 
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association signal was rs1428120, which has an r
2
 ranging from 0.3-0.6 with the 

previously reported SNPs (meta p=4.79E-07 effect size = 0.10). Upon conditional 

analysis of this region using rs10044136 as our reference SNP, we found that the 

previously reported associations at rs7708584, rs2033195, and rs815611 became 

insignificant. However, a signal downstream of the originally reported BMI-associated 

variants remained significant, with significant p values ranging from 6.14E-03-2.84E-02 

and effect sizes ranging from 0.06-2.37. In platform 3, SNPs Tagging SNP rs11749958 

did show some nominal association with VAT (p=0.019), and the synonymous coding 

SNP rs34449026 was nominally associated with WHR, VAT, and SAT (0.018 < p < 

0.045) with effect sizes ranging from 0.13-0.15 SD units (Table 3). 

 

Expression 

Following results from our association analyses, a lookup was done in adipose 

and muscle tissue for both cis and trans eQTLs on chromosome 5, position 153500000-

153800543bp (NCBI build 37). Cis eQTLs were defined as SNPs within 500kb of a gene 

boundary, and trans eQTLs were defined as outside that boundary. This lookup returned 

5 significant adipose cis-eQTLs, 2 adipose trans-eQTLs, 2 muscle cis-eQTLs, and 6 

muscle trans-eQTLs within the GALNT10 region. When compared to our top associated 

SNPs using SNAP (Johnson et al., 2008) to measure pairwise r
2
 correlation, our highest 

correlation was 0.3, on a scale of 0-1.0, with 1 being most correlated (Table 5). 

 

 

 



35 
 

Discussion 

Previous GWAS and meta-analyses showed an association between a region 

upstream of GALNT10 with BMI in African Americans. The purpose of this study was to 

investigate the region of GALNT10 in depth by fine mapping the region and testing both 

common and low frequency genetic variants to determine which are potentially 

functional in the association of this region with BMI. Furthermore, we tested GALNT10 

variants for association with other measures of adiposity in African Americans in stage 3. 

This was accomplished using an association study with a subset of variants from stage 1 

and a focus on various measures of fat distribution in addition to BMI. In order to gain 

understanding of how our associated variants may affect the expression of GALNT10, 

thus potentially leading to our phenotype of increased BMI, we compared our top 

associated SNP results to the results of a previous expression study in African American 

adipose tissue and muscle. This analysis enabled us to determine whether our regions of 

interest show any association with varying expression levels of GALNT10 in adipose and 

muscle tissue of African Americans and therefore whether our associated SNPs alter fat 

distribution. 

Results from our studies and from previous GWAS are reported with effect size in 

standard deviation units. This is important to note, because the size of the standard 

deviation will be the unit of measurement. The units will not be exactly equivalent from 

study to study, but typically will be comparable between similar cohorts.  

Of the 283 stage 1 SNPs tested for association with BMI in African American 

samples, 58 result in a p value of ≤0.05. These 58 SNPs include those 3 previously 

reported SNPs in GWAS studies and meta-analyses in African Americans (Ng et al. 
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2012, Monda et al.2013).  Low frequency and coding SNPs did not return significant 

results. Following conditional analysis, we discovered that in addition to our known 

signal upstream of GALNT10, there is a second, less significant downstream signal in the 

gene region that is independent of rs10044136. However, no SNPs contained in this 

downstream signal passed multiple testing correction for the effective number of SNPs in 

the GALNT10 locus. Due to our lack of significance in coding regions, we chose to 

continue to stage 2 with a subset of SNPs in high LD with our top SNPs from the stronger 

association peak (rs4569924, rs1428120, rs755123885, rs11958496) as well as 125 

tagging variants for the larger region to expand our knowledge of how additional 

adiposity traits are affected by variants in this region.  

Few significant association results were seen with VAT, SAT, VSR, WAIST, or 

WHR. This confirms previous data from the GIANT consortium, which showed a lack of 

association between this region and WAIST or WHR. Those SNPs that were significant 

for association with additional traits were not significantly associated with BMI.  

Interestingly, in stage 3, we found 15 eQTLs in the GALNT10 region. These 

eQTL variants have an r2 with rs10044136 ranging from 0.112 to 0.300 (Table 4). We 

found that one in particular shows a potential functional link to obesity. Rs10052189 is 

reported as a trans-eQTL in skeletal muscle, which resides in the GALNT10 region but 

affects the expression of STK36 as a trans-eQTL. STK36 is a serine/threonine kinase 

which potentially may block the activity of GALNT family members at its target sites 

when phosphorylated. Although there is not much evidence in literature of STK36 being 

highly associated with obesity, AMPK, another serine/threonine kinase, has shown links 

to obesity phenotypes.  
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AMPK has reportedly been shown to maintain cell energy homeostasis by 

inhibiting fatty acid synthesis as well as cholesterol and triglycerides, and activate lipid 

catabolism (Herzig et al., 2017). It has been shown that the well-known satiety hormone 

leptin inhibits AMPK expression in the hypothalamus while the well-known hunger 

hormone, ghrelin, activates its activity (Herzig et al., 2017). Also shown in past literature 

is evidence that AMPK stimulates glucose uptake in skeletal muscle by translocating 

GLUT4-containing vesicles across the cellular membrane as well as potentially 

upregulating GLUT1 expression (Jeon, 2016). 31% protein sequence identity between 

protein sequences of AMPK and STK36 is revealed using the BLAST tool from NCBI. 

Further research is needed in this area in order to determine whether STK36 indeed plays 

a role in obesity and whether our variants are capable of altering STK36 expression, but 

initial literature searches into serine/threonine kinases and possible links to obesity 

phenotypes is encouraging.  

This study allows for the analysis of common and rare variants in regions that 

include coding as well as potentially regulatory variants and their association with BMI. 

We have provided detailed insight into the region including GALNT10 and have 

identified where the true association signals are located. These associations have been 

tested in multiple stages of up to 4,236 African American samples, and additional traits 

have also been analyzed where available in up to 1,030 African Americans. Due to this 

multilayered analysis, our conclusion is that common variants are the main cause of the 

association signal between GALNT10 and BMI. There are 2 association signals, with the 

strongest being located upstream of the gene. There is a lack of association between this 

region and additional adiposity traits, leading to the conclusion that GALNT10 is 
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correlated with overall body size in African Americans. There are eQTL sites in the 

region of GALNT10 that may be functionally relevant to obesity, although further study is 

needed to confirm and further explore this potential mechanism.  

This study has significantly increased our knowledge of the GALNT10 region and 

its association with adiposity, and has led us to the conclusion that further functional 

studies may explain the mechanism by which associated variants affect BMI levels in 

African Americans.  
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Tables and Figures 

Table 1. Study Sample Characteristics 

 Study Platform 1 Platform 2 Platform 3 

N 4,236 1,064 3,175 

Female (%) 56 58 58 

Age (yr) 57.3 ± 12.9 56.9 ± 12.4 48.4 ± 13.5 

BMI (kg/m2) 30.9 ± 7.5 29.6 ± 6.8 30.2 ± 6.5 

Table 1: Data are shown as N, mean ± s.d., or %. N refers to number of participants. 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 
 

Table 2. GALNT10 Association with Body Mass Index 

        Platform 1 Platform 2 Platform 3 MetaAnalysis 

Position SNP Allele 

1 

EAF Beta 

(SD) 

PVAL Beta 

(SD) 

PVAL Beta 

(SD) 

PVAL Beta 

(SD) 

PVAL 

153528847 rs113767727 G 0.82 -0.1(0.03) 5.48E-04 -0.14(0.06) 1.33E-02 -0.02(0.03) 6.37E-01 0.08(0.02) 2.72E-04 

153529504 rs56661234 A 0.81 -0.09(0.03) 1.55E-03 -0.12(0.06) 3.17E-02 -0.02(0.03) 6.58E-01 -0.07(0.02) 9.70E-04 

153539912 rs55776503 G 0.82 -0.1(0.03) 5.51E-04 -0.14(0.06) 1.43E-02 -0.02(0.03) 5.02E-01 -0.08(0.02) 1.79E-04 

153540025 rs4569924 T 0.37 0.08(0.02) 1.30E-03 0.15(0.05) 1.88E-03 0.03(0.03) 3.31E-01 0.07(0.02) 7.70E-05 

153541904 rs1428120 G 0.45 0.09(0.02) 7.94E-05 0.1(0.04) 2.12E-02 0.02(0.03) 4.57E-01 -0.07(0.02) 5.69E-05 

153544512 rs4958702 T 0.32 0.08(0.03) 2.42E-03 0.13(0.05) 7.58E-03 0.03(0.03) 3.17E-01 0.06(0.02) 2.17E-04 

153545698 rs1366219 A 0.32 0.07(0.03) 4.02E-03 0.13(0.05) 7.65E-03 0.03(0.03) 3.37E-01 0.08(0.02) 1.54E-04 

153546427 rs7724430 A 0.32 0.07(0.03) 3.35E-03 0.13(0.05) 7.84E-03 0.02(0.03) 3.74E-01 0.06(0.02) 3.77E-04 

153546492 rs75512388 G 0.45 0.09(0.02) 8.13E-05 0.1(0.05) 2.13E-02 0.02(0.03) 5.22E-01 0.06(0.02) 7.65E-05 

153546602 rs11958496 G 0.45 0.09(0.02) 8.86E-05 0.1(0.05) 2.29E-02 0.02(0.03) 5.25E-01 0.06(0.02) 8.57E-05 

153547495 rs1428121 T 0.45 0.09(0.02) 1.31E-04 0.1(0.05) 2.20E-02 0.01(0.03) 5.67E-01 0.06(0.02) 1.28E-04 

153548856 rs113042334 G 0.82 -0.1(0.03) 1.06E-03 -0.14(0.06) 1.40E-02 -0.03(0.03) 4.48E-01 -0.08(0.02) 2.40E-04 

153550364 rs11747325 C 0.77 -0.08(0.03) 5.33E-03 -0.11(0.05) 2.90E-02 0.01(0.03) 7.93E-01 0.08(0.02) 4.99E-04 

153574445   C 1 0.37(0.18) 3.60E-02 0.89(0.41) 2.72E-02 0.37(0.18) 4.17E-02 -0.42(0.12) 5.60E-04 

153590811   G 0.99 -0.54(0.17) 1.55E-03 -0.93(0.38) 1.39E-02 -0.2(0.19) 2.94E-01 0.44(0.12) 2.40E-04 

153592095   G 1 -0.84(0.22) 1.97E-04 -0.75(0.46) 1.04E-01 -0.21(0.21) 3.33E-01 -0.53(0.15) 2.98E-04 

153593934 rs12187228 C 0.7 -0.05(0.02) 4.67E-02 -0.15(0.05) 1.14E-03 -0.01(0.03) 7.95E-01 0.07(0.02) 9.70E-04 

153633640 rs79772371 A 0.99 -0.47(0.12) 8.50E-05 -0.12(0.24) 6.14E-01 -0.06(0.15) 6.77E-01 -0.4(0.11) 1.88E-04 

153665980   G 1 3.72(1.09) 6.16E-04   -   - 3.72(1.09) 6.16E-04 

153741034   T 1 -0.94(0.41) 2.10E-02 -1.56(2.04) 4.45E-01 -1.8(0.68) 7.55E-03 -1.18(0.34) 5.93E-04 

153749499   A 1 -1.32(0.38) 4.43E-04 -0.86(0.87) 3.24E-01 2.1(9.19) 8.19E-01 -1.25(0.35) 3.12E-04 

153794962 rs7723850 G 0.15 0.07(0.03) 2.95E-02 0.08(0.06) 2.07E-01 0.09(0.04) 1.80E-02 0.08(0.02) 6.01E-04 

Table 2: Association of GALNT region variants with BMI. Data shown are top results shown as meta analysis p<0.001. All 

variants located on chr 5. Position according to NCBI B37. SNP name pulled from 1000 genomes phase 1 data. Beta here is 

effect size in SD units. SD shows standard deviation.   
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Table 3. GALNT10 Association with Adiposity Traits 

        FG SAT VAT VSR WHR WHRadjBMI 

Pos SNP EA EAF Beta 

(SD) 

PVAL Beta 

(SD) 

PVAL Beta 

(SD) 

PVAL Beta 

(SD) 

PVAL Beta 

(SD) 

PVAL Beta 

(SD) 

PVAL 

153526576 rs113442871 G 0.97 0.15(0.16) 3.44E-01 -0.57(0.25) 2.18E-02 -0.5(0.24) 3.79E-02 0.17(0.25) 5.01E-01 -0.4(0.16) 1.22E-02 -0.48(0.16) 2.79E-03 

153532345 rs112779814 G 0.97 0.14(0.15) 3.49E-01 -0.56(0.24) 2.20E-02 -0.48(0.24) 4.22E-02 0.17(0.24) 4.74E-01 -0.38(0.15) 1.48E-02 -0.45(0.15) 3.56E-03 

153588286 rs111715927 C 0.97 0.03(0.14) 8.56E-01 0.11(0.18) 5.60E-01 0.18(0.18) 2.95E-01 -0.04(0.18) 8.46E-01 0.17(0.14) 2.42E-01 0.28(0.14) 4.71E-02 

153595952 rs143719946 C 0.99 -0.27(0.3) 3.74E-01 0.09(0.45) 8.48E-01 -0.64(0.44) 1.47E-01 -0.81(0.44) 6.75E-02 -0.6(0.3) 4.59E-02 -0.38(0.3) 2.03E-01 

153596665 rs144784492 T 0.99 -0.23(0.32) 4.62E-01 0.08(0.45) 8.60E-01 -0.65(0.44) 1.42E-01 -0.82(0.44) 6.47E-02 -0.78(0.31) 1.31E-02 -0.6(0.31) 5.77E-02 

153631919 rs116824358 C 0.98 0.02(0.25) 9.44E-01 0.65(0.28) 1.95E-02 0.52(0.27) 5.75E-02 -0.21(0.28) 4.63E-01 0.24(0.25) 3.29E-01 0.03(0.25) 9.12E-01 

153642051 rs73806124 A 0.96 0.12(0.14) 3.94E-01 -0.34(0.2) 8.76E-02 -0.25(0.19) 1.97E-01 0.23(0.2) 2.47E-01 -0.24(0.14) 8.06E-02 -0.3(0.14) 3.19E-02 

153657139 rs73805851 A 0.96 0.09(0.14) 5.02E-01 -0.34(0.2) 8.82E-02 -0.26(0.19) 1.69E-01 0.2(0.2) 3.06E-01 -0.24(0.14) 8.35E-02 -0.3(0.14) 3.02E-02 

153679623 rs112095668 T 0.99 -0.47(0.36) 1.93E-01 -0.26(0.41) 5.19E-01 -0.9(0.4) 2.49E-02 -0.8(0.4) 4.77E-02 -0.43(0.35) 2.17E-01 -0.4(0.35) 2.54E-01 

153734582 rs27152 C 0.27 0.05(0.06) 4.17E-01 -0.16(0.08) 4.79E-02 -0.03(0.08) 7.51E-01 0.15(0.08) 7.75E-02 -0.02(0.06) 7.23E-01 0.02(0.06) 7.62E-01 

153747334   C 0.99 0.09(0.35) 8.00E-01 0.85(0.39) 2.97E-02 0.57(0.38) 1.35E-01 -0.49(0.39) 2.06E-01 0.67(0.35) 5.56E-02 0.54(0.35) 1.23E-01 

 

Table 3: Association of GALNT region variants with adiposity traits. N=792. All variants located on chr 5. Position according to B37. 

Beta is effect size in SD units. SNP rs number pulled from 1000 genomes phase 1 data. Traits listed as follows: fasting glucose (FG), 

subcutaneous adipose tissue (SAT), visceral adipose tissue (VAT), visceral to subcutaneous adipose tissue ratio (VSR), waist to hip 

ratio (WHR), and waist to hip ratio adjusted for BMI (WHRadjBMI). 
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Table 4. eQTL in GALNT10 Region 

SNP ID SNP 

chr 

SNP 

pos 

A 1 A 2 AF Target 

Gene 

Gene 

chr 

Beta P FDR Tissue eQTL 

Type 

rs148036178 5 153434574 G A 0.02 MFAP3 5 -1.46E-01 8.99E-05 2.40E-02 Adipose Cis 

rs114919452 5 153487825 G A 0.02 FAM114A2 5 1.24E-01 1.20E-05 4.74E-03 Adipose Cis 

rs35208620 5 153811440 T C 0.17 FAM114A2 5 -3.68E-02 1.41E-04 3.39E-02 Adipose Cis 

rs7724575 5 153988724 A G 0.21 MRPL22 5 6.70E-02 8.59E-05 2.32E-02 Adipose Cis 

rs1842229 5 153989125 T C 0.21 MRPL22 5 6.70E-02 8.59E-05 2.32E-02 Adipose Cis 

rs73290678 5 153338757 A G 0.03 ESR1 6 3.89E-01 1.14E-08 2.53E-02 Adipose Trans 

rs146685959 5 154297452 T C 0.03 SOX8 16 1.98E-01 9.68E-09 2.30E-02 Adipose Trans 

rs114919452 5 153487825 G A 0.02 FAM114A2 5 1.14E-01 2.86E-05 7.64E-03 Muscle Cis 

rs4076132 5 154214992 T C 0.03 MRPL22 5 -1.52E-01 6.85E-06 2.33E-03 Muscle Cis 

rs11739888 5 153616916 T G 0.01 ENPP2 8 2.09E-01 5.52E-08 3.66E-02 Muscle Trans 

rs114461828 5 153712402 T C 0.02 TPT1 13 -1.69E-01 1.32E-13 5.17E-06 Muscle Trans 

rs114458144 5 153719893 G A 0.02 TPT1 13 -1.69E-01 1.32E-13 5.17E-06 Muscle Trans 

rs114020978 5 153726756 A G 0.03 CCDC90B 11 -2.23E-01 1.14E-11 1.31E-04 Muscle Trans 

rs114544470 5 153798095 C A 0.01 C3orf64 3 2.28E-01 5.43E-08 3.63E-02 Muscle Trans 

rs115509495 5 153838766 G T 0.01 CALD1 7 4.70E-01 8.64E-08 4.73E-02 Muscle Trans 

                          

Table 4. eQTL loci. Beta  is effect size in SD units. Cis defined as within 50Kb of target 

gene, trans defined as outside 50Kb. FDR stands for false discovery rate. Chromosome 

and position are given both for the eQTL (SNP) and its target gene. Allele 1 (A1) and 

allele 2 (A2) given for each variant. 

 

 

 

 

 



43 
 

 

Table 5. SNAP LD Calculation   

BMI Associated SNP eQTL  Distance (bp) R2 

rs56661234 rs6580053 17302 0.3 

rs55776503 rs6580053 27710 0.262 

rs11747325 rs6580053 38162 0.262 

rs4569924 rs6580053 27823 0.254 

rs1366219 rs6580053 33496 0.245 

rs1428121 rs6580053 35293 0.243 

rs1428120 rs6580053 29702 0.208 

rs56661234 rs2161393 61516 0.187 

rs55776503 rs2161393 51108 0.175 

rs11747325 rs2161393 40656 0.175 

rs1366219 rs2161393 45322 0.153 

rs4569924 rs2161393 50995 0.126 

rs1428120 rs2161393 49116 0.123 

rs1428121 rs2161393 43525 0.112 

Table 5. Top correlations between BMI-associated SNP in GALNT10 region and eQTL in GALNT10 Region. R2 calculated pairwise 

using SNAP, top correlations reported.  
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Abstract 

Our lab has previously identified GALNT10 as being associated with BMI in 

African Americans. Additional GWAS and meta-analyses have validated this finding. 

The GALNT family plays a critical role in catalyzing the first step in mucin type O-

linked glycosylation. In the overall metabolic pathway reported in the Kegg database, 

ceramide synthesis takes place, followed by glucosyl-, then lactosylceramide 

biosynthesis, followed by 3separate pathways of ganglioside synthesis called ganglio, 

globo, and lacto series. Mucin-type O-linked glycosylation occurs downstream of the 

globo series glycosphingolipids as reported by the Kegg database. We chose to add genes 

in both the ganglio and globo series to our genotyping array, as some genes along each 

pathway have been linked to obesity in previous studies. In addition, previous genome 

wide association studies in European populations have identified over 140 genetic 

regions as being associated with adiposity traits such as body mass index (BMI). These 

studies have shown that many obesity-associated genes are members of specific 

pathways, such as the sphingolipid synthesis pathway. However, similar data is lacking 

for African American (AA) populations. Our goals in this study were to assess whether 

additional GALNT family members are associated with BMI, validate our own GALNT10 

association finding from earlier studies, and to identify whether additional genes 

upstream of mucin type O-linked glycosylation are also associated with BMI in African 

Americans.  
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 First, we identified pathways and candidate genes of interest from literature, 

databases, and previous studies by our lab. We used Kegg Pathways to identify genes that 

would work upstream of the mucin type O-linked glycosylation portion of the metabolic 

pathway. In order to identify these genes, we selected the following pathways for 

inclusion in our experimental design: mucin type O-linked glycosylation, 

glycosphingolipid metabolism (ganglio and globo series), sphingolipid metabolism, 

UDP-N-acetyl-D-galactosamine biosynthesis, ceramide biosynthesis, endoplasmic 

reticulum stress, and leptin signaling. In addition, we used Reactome to identify which 

GALNT family members may work with GALNT10, and whether any coenzymes are 

typically working with GALNT10. Second, we selected common tagging variants in our 

chosen loci in AA and tested these variants for association with BMI in up to 8,475 AA. 

Genotyping was performed on 3 platforms and testing for single-variant association with 

BMI was performed using linear mixed models (LMM) implemented in the program 

GMMAT in each platform’s dataset. Single variant association was followed by 

imputation to the cosmopolitan reference haplotype panel from the 1000 Genomes 

Project phase 1 version 3 (March 2012) (1000 Genomes Project Consortium et al. 2010) 

using SHAPEIT2 (Delaneau et al. 2012) and IMPUTE2 (Marchini et al. 2007). Finally, 

meta-analysis of our 3 platforms was performed using METAL.  

 Common variants in numerous genes were found to be associated with BMI in 

AA, including genes that are reported to act upstream of GALNT10 in the overall 

metabolic pathway as reported by Kegg Pathways. The most highly significant 

associations with BMI following Bonferroni correction for number of SNPs per region 

were found in ganglioside synthesis and mucin type O-linked glycosylation genes 
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GALNT2 (Pcorr =3.26E-02), GCNT4 (Pcorr=1.57E-02), GALNT10 (Pcorr=3.21E-02), NEU1 

(Pcorr=3.57E-03), CD36 (Pcorr=2.51E-02), GBA2 (Pcorr=5.55E-03), GALC (Pcorr=4.37E-

03), ST3GAL2 (Pcorr=2.32E-02), and GCNT7 (p=1.08E-02) (Table 2). This shows us that 

many of the pathways reported to influence BMI in European populations can similarly 

influence BMI in AA populations, and that mutations in GALNT genes as well as genes 

working upstream could potentially alter leptin signaling, although further study is 

needed to elucidate more detailed information.  

Introduction 

Obesity is a major public health problem in developed countries. In particular, 

African Americans show higher rates of obesity than European Americans (47.8% versus 

32.6% (Flegal et al., 2016)). In addition to environmental and lifestyle contributors to 

obesity, it is well documented from twin and family studies that there is an inherited 

component to obesity risk (Maes et al., 1997). To date 104 genes have been reported to 

be associated with adiposity traits and 94 with BMI based on strong statistical evidence in 

genetic association studies (Locke et al., 2015; Turcot et al., 2017). These studies have, 

however, mainly been performed in individuals of European descent. Previous genome-

wide association studies (GWAS) studies in African Americans (Ng et al., 2012; Monda 

et al., 2013) have shown consistent evidence of strong genetic association between a 

region upstream of the gene GALNT10 and body mass index (BMI). In contrast 

GALNT10 polymorphisms are only nominally associated with BMI in European descent 

populations with smaller effect sizes (e.g. rs7708584 A allele: β=0.02 and effect allele 

frequency (EAF)=0.42 in EUR; β=0.04 and EAF=0.31 in AFR) (Monda et al., 2013). All 
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previously associated variants are common and reside upstream of the coding region of 

GALNT10.  

According to both BioGPS (Wu et al., 2009) and GTEx (Carithers et al., 2015), 

GALNT10 is ubiquitously expressed. GALNT10 is a member of the N-

acetylgalactosaminyltransferase family, which currently encompasses 24 known family 

members (Ten Hagen et al., 2003). GALNT family members may be important 

controlling factors in metabolic disease. These proteins are responsible for the first step in 

mucin-type O-linked glycosylation, which takes place in the Golgi apparatus (Ten Hagen 

et al., 2003).  Mucin-type O-linked glycosylation is a process in which glycans are 

attached to serine and threonine residues of protein substrates (Kong et al., 2014; 

Schjoldager at al., 2015). Serine and threonine residues have been previously implicated 

in type 2 diabetes as well as obesity phenotypes in studies focusing on serine/threonine 

kinases such as AMPK (Lower et al., 2002).  

GWAS studies have identified associations of several of the GALNT family 

members with various metabolic traits including GALNT2 variant association with 

increased triglyceride levels (Kathiresan S et al., 2008), GALNT3 variant association with 

increased bone mineral density (Duncan EL et al., 2011) and GALNT18 (GALNTL4) 

variant association with increase in the incidence of T2D (Palmer ND et al., 2012). In 

addition to GALNT family members, many genes upstream of mucin type O-linked 

glycosylation in the metabolic pathway as reported by Kegg have been associated with 

adiposity phenotypes. Examples of his include genes playing roles in the sphingolipid 

and ceramide pathways, such as CERS2 and UGCG (Merrill et al., 2009, 2002). The 

purpose of this study is to determine which genes in the GALNT-related subportion of 
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the metabolic pathway are associated with body mass index (BMI), and thus elucidate a 

potential mechanism of action by which variants in these genes may confer an obesity 

phenotype. 
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Research Design and Methods 

Subjects 

Association stage: Platform 1 included 4,236 AA participants with an average body mass 

index (BMI) of 30.9kg/m
2
. Platform 2 included 1134 AA participants with an average 

BMI of 29.6kg/m
2
. Platform 2 samples were further studied in stage 2 for additional trait 

association. Platform 2 samples also had average waist to hip ratio (WHR) of 0.86, 

visceral adipose tissue (VAT)=93.4cm
2
, subcutaneous adipose tissue (SAT)=354.8cm

2
, 

and visceral to subcutaneous adipose tissue ratio (VSR)=0.31. All platform 1 and 2 

subjects resided in North Carolina, South Carolina, Georgia, Tennessee, and Virginia. 

Detailed data collection has been described previously (Ng et al., 2012; Guan et al., 

2016). All participants provided written informed consent. This study was approved by 

the Wake Forest School of Medicine Institutional Review Board. 

Platform 3 Multi Ethnic Genotyping Array (MEGA) samples were collected from three 

clinical sites in California as described in detail previously (Henkin et al., 2003; 

Wagenknecht et al., 1995). Patients were considered to be obese when they showed a 

BMI over 30kg/m2. Platform 3 samples included data for additional traits included 853 

AA with an average BMI of 30.5kg/m
2
. The collection of this data has been reported 

previously (Henkin et al., 2003; Wagenknecht et al., 1995). (Table 1) 

SNP selection and genotyping. 

64 loci for inclusion in this study were chosen based on whether they were in the GALNT 

gene family, acted as coenzymes to GALNT family members, worked upstream of 

GALNT10 in the metabolic pathway, coregulate expression with GALNT10 in AA as 

well as act in the metabolic pathway, and those that correlate with percent fat mass in AA 
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as well as work in the metabolic pathway (Sajuthi et al., 2016). Metabolic subpathways 

of interest included mucin type O-linked glycosylation, glycosphingolipid metabolism, 

sphingolipid metabolism, ceramide biosynthesis, endoplasmic reticulum stress, and leptin 

signaling. At our loci of interest, tagging SNPs were chosen across each region at 

0.5<r
2
<0.8 in AFR and MAF≥0.05 in 1000 Genomes phase 1, and RegulomeDB was 

used to add putative regulatory SNPs in each region (Boyle et al., 2012). Although the 

precise mechanism of action of GALNT10 and its role in obesity pathogenesis is unclear, 

association between SNPs in this region and increased BMI in AA has been reported. 

Therefore, SNPs were chosen to verify this association as well. In order to determine the 

performance of GALNT10- related genes in this context, SNPs were chosen in each of the 

following categories: coding, intronic and putative regulatory SNPs as outlined by 

RegulomeDB (Boyle et al., 2012) in each gene region. 

Genotyping, imputation, and quality control 

Platform 1 samples were genotyped on a custom Affymetrix Axiom Biobank Genotyping 

Array (Affymetrix, Santa Clara, CA, USA). Detailed SNP information, custom content 

design, including fine mapping of candidate regions, genotyping methods, and quality 

control have been previously reported (Guan et al., 2016). The final data set consisted of 

4236 subjects with BMI mean of 30.9 +/- 7.5 kg/m
2
.   

Platform 2 samples included 483 AA T2D-ESKD cases and 554 AA controls (non-

diabetic, non-nephropathy) which were genotyped with the Affymetrix Genome-Wide 

Human SNP Array 6.0 (Affymetrix, Santa Clara, CA, USA). Standard quality controls 

(QCs) were applied to remove SNPs with call rate <95 %, minor allele frequency (MAF) 

<0.01, or showing departure from HWE (P < 1 × 10−4).   
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Platform 3 Multi Ethnic Genotyping Array (MEGA) samples were genotyped as 

described previously (Henkin et al., 2003; Wagenknecht et al., 1995). 

 Sample QC was performed on all datasets separately to remove subjects with call rates 

<95 %, contamination, duplicates, or population outliers. Standard quality controls (QCs) 

were applied across all 3 platforms independently to remove SNPs with call rate <95 %, 

minor allele frequency (MAF) <0.01, or showing departure from HWE (P < 1 × 10−4). 

Sample QC was performed to remove subjects with call rates <95 %, contamination, 

duplicates, or population outliers. Allele frequency was compared to that reported in 1000 

Genomes phase 3, and those variants with a departure of 0.3 or higher were excluded. 

SNPs that passed QC were used for pre-phasing and imputation to the cosmopolitan 

reference haplotype panel from the 1000 Genomes Project phase 1 version 3 (March 

2012) (1000 Genomes Project Consortium et al. 2010) using SHAPEIT2 (Delaneau et al. 

2012) and IMPUTE2 (Marchini et al. 2007). Imputed variants with imputation info score 

<0.4 were removed. 

Following imputation, variants were compared to the 1000 Genomes reference panel and 

those with allele mismatch or large frequency discrepancies (>=0.2) were excluded from 

further analysis.  

 

 

 

 

 

 



53 
 

Statistical analysis 

Single-variant association 

Platform 1 

Testing for single-variant association with BMI was performed using linear mixed 

models (LMM) implemented in the program GMMAT (Chen et al., 2016). Samples were 

first stratified into 3 groups: controls, those with end-stage renal disease (ESRD), and 

those with type 2 diabetes (T2D), followed by stratification by sex, leading to 6 total 

strata. This method incorporated a genetic relationship matrix (GRM) estimated from a 

set of high-quality autosomal SNPs as a random effect to control for population structure 

and cryptic relatedness. Whole genome analysis of discovery samples with 516,226 SNPs 

that passed QC yielded an inflation factor of 1.02, suggesting that population structure 

was sufficiently controlled by including GRM as a random effect. SNP QC included a 

call rate cutoff of ≥ 0.95, HWE ≥ 1E-4, MAC ≥6, allele frequency compared to 1000 

Genomes < 0.3 and “good” SNP classification. Traits were transformed as appropriate to 

achieve normal distribution. Nominally significant SNPs (p<0.05) were further analyzed 

in stage 2.  

Platform 2 

Analysis was performed according to protocol previously described (Ng et al., 2012) 

testing for association with BMI. 746,626 common autosomal SNPs were genotyped as 

described previously in a total of 1,715 AA samples. Samples were stratified into 4 

groups by disease (T2D-ESRD vs control), and gender.  
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Platform 3 

Analysis was performed using GMMAT (Chen et al., 2016) using stratifications for sex, 

study, and classification, leading to a total of 24 strata. All datasets were adjusted for PC1 

in GMMAT. 

All data underwent inverse normal transformation and inverse residuals were combined.  

Meta-analysis:  each platform’s results were combined using fixed effect inverse-variance 

based meta-analysis using METAL (Abecasis et al., 2007). 

 

Bonferroni calculation in Platform 1 

The number of SNPs in each region was multiplied by the raw p values in corresponding 

results in order to determine whether correction for multiple testing comparisons would 

allow our results to remain significant (Pcorr≤0.05). Corrected p values are designated as 

Pcorr and can be seen in Table 2.  
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Results 

In this study, 366 SNPs were chosen across 64 genetic loci (Supplementary Table 1) for 

direct genotyping in up to 8,475 subjects. (Table 1). Data was collected on subjects of 

African American descent at multiple independent clinical sites, see Research Design and 

Methods: Subjects for data collection further information.  This was followed by 

imputation using 1000 Genomes Project phase 1 version 3 (March 2012) as 

reference(1000 Genomes Project Consortium et al. 2010) Single SNP association with 

BMI was performed using a linear mixed model method in GMMAT. Following single 

SNP association, Bonferroni corrected p values (Pcorr ) were calculated in each locus 

using the number of SNPs tested for association in each locus. Corrected Pcorr were 

calculated as single SNP association p value multiplied by number of SNPs. Pcorr value 

cutoff of Pcorr<0.05 considered significant and are summarized in Table 2.   

 Common variants were found to be associated with BMI in AA, in genes that are 

reported to act upstream of GALNT10 (Table 2).  Our most significantly associated 

variants lie in the following genes: GALNT2 (Pcorr =3.26E-02), GCNT4 (Pcorr=1.57E-02), 

GALNT10 (Pcorr=3.21E-02), NEU1 (Pcorr=3.57E-03), CD36 (Pcorr=2.51E-02), GBA2 

(Pcorr=5.55E-03), GALC (Pcorr=4.37E-03), ST3GAL2 (Pcorr=2.32E-02), and GCNT7 

(p=1.08E-02) (Table 2).  Interestingly, many of our top associated SNPs, including those 

in the GALNT10 region, are noncoding. Of our most significantly associated genes, 

GALNT2, GALNT10, GCNT4, GCNT7 and ST3GAL2 play key roles in mucin type O-

glycan biosynthesis (Figure 1B), NEU1, GBA2, and GALC play key roles in sphingolipid 

metabolism, and CD36 is crucial in AMPK and adipokine signaling pathways as well as 

overall insulin resistance, fat digestion, and cholesterol metabolism as reported by KEGG 
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pathways. Sphingolipid metabolism has been previously shown to be associated with 

obesity, in particular the globo series glycosphingolipids . This is also what our results 

show, but in greater detail, as previous studies have focused on one gene rather than the 

whole pathway. We are able to show that multiple enzymes along this pathway are 

associated with BMI in African Americans. (Tables 2, 3) We are also able to show with 

these results that multiple members of the GALNT family are associated with BMI in 

African Americans, which other studies have not reported. This means that multiple 

enzymes catalyzing the same reaction are playing a role in obesity, as are additional 

enzymes along the Mucin-type O-linked glycosylation pathway. In Figures 1 and 2, the 

genes that were added to our genotyping arrays can be seen highlighted in red, while 

those that returned significant results can be seen circled in red. Mucin type O-linked 

glycosylation was a main focus for our study, and we chose variants along this pathway 

as well as along upstream pathways such as glycosphingolipid metabolism (ganglio and 

globo series), and further upstream sphingolipid metabolism. Our results show clearly 

that mucin type O-linked glycosylation, ganglio series glycosphingolipid metabolism 

(ganglio), and sphingolipid metabolism contain variants that are significantly associated 

with BMI. In addition, we are able to show which branches of these pathways are 

associated with BMI and which are not, giving us a detailed understanding of how these 

pathways work to confer obesity phenotypes in African Americans. 

Discussion 

The genes in these loci play crucial roles in ganglioside synthesis and lipid 

metabolism. Our association with SNPs in the region of GALNT10 that was shown in the 

previous chapter was also confirmed, and additional GALNT family members are also 
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shown to be associated with BMI in African Americans. This finding is important 

because GALNT family members have unique expression patterns that occasionally 

overlap, so there is potential for one family member to “rescue” a phenotype when 

another family member is altered by a loss-of-function variant. Also shown in this data is 

that genes reported to be associated with BMI in Europeans and working in pathways that 

are associated with obesity in Europeans also are critical in moderating BMI in African 

Americans.   

Our meta-analysis results show that the following genes are the most highly 

associated with BMI: GALNT2, GCNT4, GALNT10, NEU1, CD36, GBA2, GALC, 

ST3GAL2, and GCNT7 (Table 2). In these regions, noncoding variants are shown to be 

responsible for these association signals. This is not unprecedented in obesity-related 

genetic studies. For instance, one of the most studied genes that is associated with BMI is 

FTO. In FTO, multiple noncoding SNPs specifically in the first intron have been shown 

to be responsible for the association of this region with BMI. (Yang et al., 2017) Each of 

our genes is either in the GALNT family, or plays a key role in glycosphingolipid 

biosynthesis. Glycosphingolipid biosynthesis (ganglio and globo series), with globo 

series followed by mucin type O-linked glycosylation are the pathways that lead to 

ganglioside synthesis. Gangliosides are located in the cell membrane and play a role in 

leptin signaling. Specifically, they are the component of the hypothalamic neuronal cell 

membrane that is responsible for receiving the leptin signal and initiating the intercellular 

pathway response, leading to a hunger phenotype.  It has been shown that a UDP-glucose 

ceramide glycosyltransferase (UGCG) knockout in mice leads to an absence of 

gangliosides in the arcuate nucleus of the hypothalamus and an obesity phenotype. This 
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phenotype can be rescued with the addition of adenovirus-delivered UGCG to the arcuate 

nucleus (Nordstrom et al., 2013). However, our study shows that ganglio series 

gangliosides are associated with obesity in African Americans. This shows that the BMI 

phenotype conferred by a ganglio series glycosphingolipid variant would be independent 

of a globo series GALNT-associated phenotype. 

Studies have also shown that increased ganglioside synthesis positively regulates 

leptin signaling in mice (Ji et al., 2016). CD36 is reported to play a role in insulin 

resistance, fat digestion, fat absorption, adipokine signaling, AMPK signaling, and fatty 

acid binding. AMPK has reportedly been shown to maintain cell energy homeostasis by 

inhibiting fatty acid synthesis as well as cholesterol and triglycerides, and activate lipid 

catabolism (Wang et al., 2014). 

Studies have shown that the well-known satiety hormone leptin inhibits AMPK 

expression in the hypothalamus while the well-known hunger hormone, ghrelin, activates 

its activity (Engin et al., 2017).  Also shown in past literature is evidence that AMPK 

stimulates glucose uptake in skeletal muscle by translocating GLUT4-containing vesicles 

across the cellular membrane as well as potentially upregulating GLUT1 expression 

(Jeon, 2016). These studies verify that our chosen pathways and genes were potentially 

important in modulating obesity.  

With the current study, we are able to report which genes in this pathway are 

associated with BMI, and which GALNT family members are key in this pathway in 

African Americans. We also are able to show that leptin signaling may be altered by 

variants in GALNT10, which would alter overall obesity.  
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Tables and Figures 

Table 1. Study Sample Characteristics 

  
 

   Study Platform 1 Platform 2 Platform 3 

N 4,236 1,064 3,175 

Female (%) 56 58 58 

Age (yr) 57.3 ± 12.9 56.9 ± 12.4 48.4 ± 13.5 

BMI (kg/m2) 30.9 ± 7.5 29.6 ± 6.8 30.2 ± 6.5 

    Table 1: Data are shown as N, mean ± s.d., or %. N refers to number of 
participants. 

  

Figure 1. Pathway Details 

A. Overview of Metabolic Pathway Subsection 
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B. Glycosphingolipid Biosynthesis – Ganglio Series

 

C. Mucin type O-glycan Biosynthesis 

 

Figure 1. (A) Metabolic Pathway Subsection Overview. This pathway shows how ceramides, lactosylceramides, 

glycosphingolipids, and mucin type O-linked glycosylation (denoted by presence of GALNT) relate to each other in the 

overall metabolic pathway. This representation is a general overview, several of the genes tested for association are 

highlighted in red text here. Circled in red are the most significantly associated pathway portions – ganglio series 

glycosphingolipids, and GALNT-catalyzed Mucin type O-linked glycosylation. For a full list of genes tested and the 
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pathways they belong to, see Supplemental Table 1. (B) Glycosphingolipid metabolism – ganglio series. Kegg 

pathways defines this pathway as seen here. Genes that were included in our genotyping arrays are shown 

highlighted in red text, and those that returned significant associations with BMI are circled in red. This example 

shows that although we tested variants in several genes at multiple steps in this pathway, only 2 genes (1 that works 

in 2 reactions) returned significant results. (C)  Mucin type O-glycan Biosynthesis. Kegg pathways defines this pathway 

as seen here. Genes that were included in our genotyping arrays are shown highlighted in red text, and those that 

returned significant associations with BMI are circled in red. This example shows that our rate-limiting step, the 

reaction catalyzed by the GALNT family members, is highly significant, as are additional genes downstream. 

 

Table 2: Meta analysis Results for Association with BMI in African American subjects.  

chr pos A1 A2 Min 

Freq 

Beta SE P-value Pcorr Gene Pathway 

1 77106146 a g 0.9991 1.88 0.47 7.23E-05 6.08E-02 ST6GALNAC3  Glycosphingolipid 

Metabolism (Ganglio) 

12 22629293 t c 0.9997 -2.69 0.68 7.27E-05 4.34E-02 ST8SIA1  Glycosphingolipid 

Metabolism (Ganglio) 

1 230217092 a c 0.0011 0.97 0.24 5.68E-05 3.26E-02 GALNT2  Mucin type O-linked 

Glycosylation 

1 230451435 a t 0.0533 0.14 0.03 8.44E-05 4.83E-02 GALNT2  Mucin type O-linked 

Glycosylation 

2 155298731 t c 0.9996 -2.87 0.64 6.94E-06 5.11E-03 GALNT13  Mucin type O-linked 

Glycosylation 

4 173664788 a g 0.0002 -2.87 0.68 2.27E-05 3.70E-02 GALNTL6  Mucin type O-linked 

Glycosylation 

4 174277720 a g 0.0234 0.20 0.05 8.73E-05 2.63E-02 GALNT7  Mucin type O-linked 

Glycosylation 

5 74312702 a c 0.3879 0.09 0.02 7.59E-05 1.57E-02 GCNT4  Mucin type O-linked 

Glycosylation 

5 153540025 t c 0.3407 0.07 0.02 7.70E-05 4.33E-02 GALNT10  Mucin type O-linked 

Glycosylation 

5 153541904 t g 0.5492 -0.07 0.02 5.69E-05 3.21E-02 GALNT10  Mucin type O-linked 

Glycosylation 

7 7242478 a g 0.9988 1.50 0.33 5.38E-06 1.96E-03 C1GALT1  Mucin type O-linked 

Glycosylation 

11 11288655 a g 0.0002 -15.74 3.95 6.65E-05 5.38E-02 GALNTL4  Mucin type O-linked 

Glycosylation 

12 51737808 t g 0.0019 -0.69 0.17 3.28E-05 5.77E-03 GALNT6  Mucin type O-linked 

Glycosylation 

12 132885978 a t 0.9957 -0.58 0.14 1.72E-05 7.81E-03 GALNT9  Mucin type O-linked 
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Glycosylation 

16 70515600 t g 0.2263 0.09 0.02 8.12E-05 2.32E-02 ST3GAL2  Mucin type O-linked 

Glycosylation 

7 80087652 a g 0.9861 0.93 0.23 4.27E-05 2.51E-02 CD36  Reactome 

20 55139006 t c 0.9681 0.21 0.05 5.74E-05 1.08E-02 GCNT7  Reactome 

2 169317458 t c 0.0007 1.04 0.27 8.77E-05 4.46E-02 CERS6  Sphingolipid 

Metabolism 

2 223409681 t g 0.0005 -1.97 0.45 1.09E-05 3.67E-03 SGPP2  Sphingolipid 

Metabolism 

4 108820090 a g 0.9953 0.55 0.13 3.10E-05 7.85E-03 SGMS2  Sphingolipid 

Metabolism 

6 31879740 a g 0.0043 0.45 0.10 1.81E-05 3.57E-03 NEU1  Sphingolipid 

Metabolism 

9 35701665 c g 0.9935 -0.42 0.11 6.10E-05 5.55E-03 GBA2  Sphingolipid 

Metabolism 

14 64173898 t g 0.9978 -0.74 0.18 2.42E-05 5.84E-03 SGPP1  Sphingolipid 

Metabolism 

14 88453278 t g 0.9085 0.13 0.03 8.21E-06 4.37E-03 GALC  Sphingolipid 

Metabolism 

14 100641564 t g 0.9979 0.82 0.21 9.22E-05 1.74E-02 DEGS2  Sphingolipid 

Metabolism 

19 18986128 a g 0 82.45 19.96 3.63E-05 4.39E-03 CERS1  Sphingolipid 

Metabolism 

22 47096680 a g 0.0005 0.93 0.22 1.99E-05 6.98E-03 CERK  Sphingolipid 

Metabolism 

Table 2. Pathway Gene association with BMI. A1 and A2 refer to allele 1 and allele 2, respectively. SNPs shown were chosen using 
uncorrected p < 1E-5. Bonferroni corrections were made using number of SNPs per region as shown in table # using the equation 

Pcorr=p*#SNPs. SNPs that no longer passed the threshold of p<0.05 following correction include those located in ST6GALNAC3, 

GALNTL4, and one SNP in GALC. Additional SNPs in high LD (r2=0.8-1.0) with top SNPs not listed. 
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Supplementary Table 1. Genes tested for association by pathway. 

Gene Pathway chr gene start region 

start 

gene end region 

end 

#SNPs 

in 

region 

B4GALNT1  Glycosphingolipid Metabolism 

(Ganglio) 

12 58017193 57517193 58027138 58527138 153 

GLB1  Glycosphingolipid Metabolism 

(Ganglio) 

3 33038112 32538112 33138722 33638722 222 

HEXA  Glycosphingolipid Metabolism 

(Ganglio) 

15 72635775 72135775 72668817 73168817 129 

HEXB  Glycosphingolipid Metabolism 

(Ganglio) 

5 73935848 73435848 74018472 74518472 274 

SLC33A1  Glycosphingolipid Metabolism 

(Ganglio) 

3 155544305 155044305 155572218 156072218 194 

ST3GAL5  Glycosphingolipid Metabolism 

(Ganglio) 

2 86066267 85566267 86116137 86616137 302 

ST6GALNAC3  Glycosphingolipid Metabolism 

(Ganglio) 

1 76540404 76040404 77100286 77600286 841 

ST6GALNAC4  Glycosphingolipid Metabolism 

(Ganglio) 

9 130670165 130170165 130679317 131179317 129 

ST6GALNAC5  Glycosphingolipid Metabolism 

(Ganglio) 

1 77333126 76833126 77531396 78031396 334 

ST6GALNAC6  Glycosphingolipid Metabolism 

(Ganglio) 

9 130647600 130147600 130667687 131167687 145 

ST8SIA1  Glycosphingolipid Metabolism 

(Ganglio) 

12 22216707 21716707 22589975 23089975 597 

ST8SIA5  Glycosphingolipid Metabolism 

(Ganglio) 

18 44259081 43759081 44339220 44839220 260 

A4GALT  Glycosphingolipid Metabolism 

(Globo) 

22 43088127 42588127 43117304 43617304 238 

B3GALNT1  Glycosphingolipid Metabolism 

(Globo) 

3 160801671 160301671 160823172 161323172 118 

B3GALT5  Glycosphingolipid Metabolism 

(Globo) 

21 40928369 40428369 41034816 41534816 271 

FUT1  Glycosphingolipid Metabolism 

(Globo) 

19 49251268 48751268 49258647 49758647 193 

FUT2  Glycosphingolipid Metabolism 19 49199228 48699228 49209207 49709207 161 
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(Globo) 

FUT9  Glycosphingolipid Metabolism 

(Globo) 

6 96463860 95963860 96653420 97153420 302 

GBGT1  Glycosphingolipid Metabolism 

(Globo) 

9 136028340 135528340 136039332 136539332 223 

NAGA  Glycosphingolipid Metabolism 

(Globo) 

22 42428724 41928724 42466846 42966846 167 

B3GNT6  Mucin type O-linked 

Glycosylation 

11 76745385 76245385 76753096 77253096 118 

B4GALT5  Mucin type O-linked 

Glycosylation 

20 48249482 47749482 48330415 48830415 241 

C1GALT1  Mucin type O-linked 

Glycosylation 

7 7196565 6696565 7288251 7788251 364 

GALNT1  Mucin type O-linked 

Glycosylation 

18 33161003 32661003 33291798 33791798 228 

GALNT10  Mucin type O-linked 

Glycosylation 

5 153570290 153070290 153800544 154300544 563 

GALNT11  Mucin type O-linked 

Glycosylation 

7 151722759 151222759 151819425 152319425 236 

GALNT12  Mucin type O-linked 

Glycosylation 

9 101569981 101069981 101612363 102112363 215 

GALNT13  Mucin type O-linked 

Glycosylation 

2 154728426 154228426 155310361 155810361 737 

GALNT14  Mucin type O-linked 

Glycosylation 

2 31133333 30633333 31378068 31878068 534 

GALNT15  Mucin type O-linked 

Glycosylation 

3 16216156 15716156 16273499 16773499 228 

GALNT16  Mucin type O-linked 

Glycosylation 

14 69725994 69225994 69821183 70321183 272 

GALNT18  Mucin type O-linked 

Glycosylation 

11 11292423 10792423 11643552 12143552 808 

GALNT2  Mucin type O-linked 

Glycosylation 

1 230193536 229693536 230417870 230917870 573 

GALNT3  Mucin type O-linked 

Glycosylation 

2 166604101 166104101 166651192 167151192 219 

GALNT4  Mucin type O-linked 

Glycosylation 

12 89913185 89413185 89918583 90418583 143 

GALNT5  Mucin type O-linked 

Glycosylation 

2 158114110 157614110 158170723 158670723 124 
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GALNT6  Mucin type O-linked 

Glycosylation 

12 51745682 51245682 51785200 52285200 176 

GALNT7  Mucin type O-linked 

Glycosylation 

4 174089904 173589904 174245118 174745118 301 

GALNT8  Mucin type O-linked 

Glycosylation 

12 4829507 4329507 4960277 5460277 347 

GALNT9  Mucin type O-linked 

Glycosylation 

12 132680924 132180924 132905935 133405935 453 

GALNTL5  Mucin type O-linked 

Glycosylation 

7 151653464 151153464 151717019 152217019 273 

GALNTL6  Mucin type O-linked 

Glycosylation 

4 172733405 172233405 173962710 174462710 1629 

GCNT1  Mucin type O-linked 

Glycosylation 

9 79034752 78534752 79122332 79622332 197 

GCNT3  Mucin type O-linked 

Glycosylation 

15 59887074 59387074 59932438 60432438 273 

GCNT4  Mucin type O-linked 

Glycosylation 

5 74323289 73823289 74326724 74826724 207 

ST3GAL1  Mucin type O-linked 

Glycosylation 

8 134467091 133967091 134584183 135084183 435 

ST3GAL2  Mucin type O-linked 

Glycosylation 

16 70413338 69913338 70473140 70973140 286 

ST6GALNAC1  Mucin type O-linked 

Glycosylation 

17 74620843 74120843 74639920 75139920 200 

WBSCR17  Mucin type O-linked 

Glycosylation 

7 70597155 70097155 71178585 71678585 1516 

B3GNT3  Reactome 19 17905919 17405919 17924385 18424385 186 

CD36  Reactome 7 79998891 79498891 80308593 80808593 587 

GCNT7  Reactome 20 55066548 54566548 55100981 55600981 189 

ST3GAL3  Reactome 1 44171495 43671495 44396831 44896831 364 

ST3GAL4  Reactome 11 126225535 125725535 126310239 126810239 404 

ST6GAL1  Reactome 3 186648274 186148274 186796341 187296341 426 

ST6GALNAC2  Reactome 17 74559792 74059792 74583038 75083038 250 

ACER1  Sphingolipid Metabolism 19 6306510 5806510 6333640 6833640 216 

ACER3  Sphingolipid Metabolism 11 76571911 76071911 76737841 77237841 299 

ARSA  Sphingolipid Metabolism 22 51063446 50563446 51066607 51566607 166 

ASAH2  Sphingolipid Metabolism 10 51944621 51444621 52008370 52508370 96 
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CERK  Sphingolipid Metabolism 22 47080308 46580308 47134158 47634158 351 

CERS1  Sphingolipid Metabolism 19 18979361 18479361 19007488 19507488 121 

CERS2  Sphingolipid Metabolism 1 150933059 150433059 150947479 151447479 134 

CERS3  Sphingolipid Metabolism 15 100940600 100440600 101085200 101585200 518 

CERS4  Sphingolipid Metabolism 19 8271620 7771620 8327305 8827305 262 

CERS5  Sphingolipid Metabolism 12 50523575 50023575 50561288 51061288 102 

CERS6  Sphingolipid Metabolism 2 169312372 168812372 169631644 170131644 508 

DEGS2  Sphingolipid Metabolism 14 100612756 100112756 100626500 101126500 189 

ENPP7  Sphingolipid Metabolism 17 77704681 77204681 77716021 78216021 224 

GAL3ST1  Sphingolipid Metabolism 22 30950622 30450622 30970574 31470574 211 

GALC  Sphingolipid Metabolism 14 88304164 87804164 88460009 88960009 532 

GBA2  Sphingolipid Metabolism 9 35736863 35236863 35749983 36249983 91 

NEU1  Sphingolipid Metabolism 6 31825436 31325436 31830683 32330683 198 

NEU2  Sphingolipid Metabolism 2 233897382 233397382 233899767 234399767 185 

NEU3  Sphingolipid Metabolism 11 74699179 74199179 74729938 75229938 216 

NEU4  Sphingolipid Metabolism 2 242749920 242249920 242758739 243258739 144 

SGMS1  Sphingolipid Metabolism 10 52065360 51565360 52384795 52884795 538 

SGMS2  Sphingolipid Metabolism 4 108745719 108245719 108836203 109336203 253 

SGPP1  Sphingolipid Metabolism 14 64150932 63650932 64194757 64694757 242 

SGPP2  Sphingolipid Metabolism 2 223289236 222789236 223425667 223925667 338 

SMPD2  Sphingolipid Metabolism 6 109761966 109261966 109765122 110265122 164 

SMPD3  Sphingolipid Metabolism 16 68392231 67892231 68482591 68982591 216 

SMPD4  Sphingolipid Metabolism 2 130908981 130408981 130940323 131440323 184 

SPTLC1  Sphingolipid Metabolism 9 94793427 94293427 94877690 95377690 253 

SPTLC2  Sphingolipid Metabolism 14 77972340 77472340 78083116 78583116 313 

SPTLC3  Sphingolipid Metabolism 20 12989627 12489627 13147411 13647411 437 

UGCG  Sphingolipid Metabolism 9 114659046 114159046 114697649 115197649 246 

UGT8  Sphingolipid Metabolism 4 115519611 115019611 115599380 116099380 285 

        

Supplementary Table 1. SNPs in genes shown here were tested for association with BMI in African American subjects. For each gene, 

NCBI B37 positions were specified, and expanded by 50kb in each direction in order to determine the "gene region". Number of SNPs 

per region were used to calculate corrected p value in results. “Reactome” designation refers to those genes that database Reactome 

reports work closely with GALNT10 although they are not reported in Kegg pathways. 
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Abstract 

The objective of this study was to determine whether a knockout mouse model of 

GALNT10 will confer an obesity phenotype. Mice were given a high fat and high 

cholesterol dietary challenge throughout testing. Our results show that while mice show 

trends in increased organ weight due to their high fat diet, mice do not respond to the 

high fat diet as typical mice on a C57B6 genetic background do. However, there was a 

measurably significant difference between mouse groups in histology sections stained 

with hematoxylin & eosin. These results in brown adipose tissue show an increase in 

number (p=1.84E-92) and size of adipocytes (p=9.88E-07)  in male knockout (KO) mice 

as compared to wild-type (WT) in females, and an increase in number (p=1.18E-09) of 

adipocytes and adipocytes are smaller (p=9.58E-09) in male KO mice compared to WTs. 

In subcutaneous adipose tissue, we measures an increase in number (p=2.79E-26) of 

adipocytes and the adipocytes measured are smaller in size (p=1.44E-66)  in female KO 

compared to WT, and a decrease in the number (6E-17)  of adipocytes and an overall 

smaller area in adipocytes (p=3.32E-32) in male KO mice compared to WT littermates. 

Gonadal fat results show an increase in number (p=9.48E-29) of adipocytes and increased 

average adipocyte area (p=0.001)  in female KO mice as compared to WT, and a decrease 

in number (p=6.06E-68)  of adipocytes and an increase in average area in adipocytes 

(p=0.02)  in male KO compared to WT.  
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Introduction 

Single gene knockout mouse models have been successful in verifying obesity 

phenotypes suggested by genetic association studies. FTO, GALNT2, and 

glucosylceramide synthase (UGCG) are examples of genes that were shown to be 

associated with obesity phenotypes in GWAS studies. The expression of each of these 

was disrupted, and mice were tested for obesity phenotypes (Fischer et al., 2009; 

Teslovich et al., 2010; Nordstrom et al., 2013). 

Variants in the first intron of FTO were reported to be associated with high levels 

of BMI in GWAS studies. It was hypothesized that these variants contribute to early 

onset, severe obesity (Dina et al., 2007; Frayling et al., 2007; Sladek et al., 2007). 

Following these initial association studies, a viable double knockout model of FTO was 

generated on a C57B6 background. The model was generated using the insertion of a 

neomycin resistance cassette to replace exons 1-2. Resulting knockout mice were 

reported to show decreased body mass, decreased fat mass in the gonadal region, and 

decreased overall body length, measured nose to anus. Also observed in these mice was a 

decrease in leptin signaling.  

Decreased leptin signaling corresponds to decrease in overall fat mass, so this was 

reported to be the potential mechanism by which FTO variants modulate BMI in humans. 

(Fischer et al., 2009). Gangliosides are crucial to leptin signaling pathways, as they are 

responsible for transmitting and receiving chemical signals in hypothalamic neurons. One 

enzyme that is crucial to the biosynthesis pathways of glycosphingolipids and 

gangliosides is glucosylceramide synthase (UGCG).  
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Variants in UGCG had been reported as associated with increased obesity in 

GWAS studies. (Fischer et al., 2009) Because UGCG is an enzyme required for multiple 

signaling pathways throughout the body of a mouse, it was successfully knocked out only 

in the central nervous system (CNS) of a mouse model using a Cre recombinase system. 

Mice with a hypothalamic deficiency of UGCG were also reported to show increased 

overall body size, lower fasting-stimulated NEFA levels, larger gonadal adipocytes, and 

higher gonadal fat weight than their wild type littermates with no deficiency of UGCG. In 

order to determine whether UGCG was responsible for this measurable phenotype, an 

adeno-associated virus was used to introduce UGCG back into the CNS of deficient mice. 

This rescue experiment successfully showed a restored ganglioside biosynthesis in the 

CNS.  

In addition to overall body size phenotypes, obesity-related phenotypes have been 

successfully tested in mouse models as well, some knocking out other GALNT family 

members. For example. GWAS studies showed that variants in GALNT2 correspond to 

increased HDL levels. Adeno-associated virus vectors were used on C57B6 mice to 

knock down expression overall, and to increase expression in mouse liver. The shRNA 

knockdown of 95% GALNT2 expression verified the GWAS association to high HDL 

levels, and a liver-specific overexpression of GALNT2 lead to a decrease in HDL.  

In this study, we used a GALNT10 mouse knockout line generated via retroviral 

insertion. The original line was generated on a 129SvEvBrd/B6 genetic background. The 

method of insertional mutagenesis utilizing this retroviral insertion is known as gene 

trapping.  
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With gene trapping, the retrovirus inserts a polyadenylation “stop” site into the 

targeted sequence. This truncates the resulting protein and ensures that a wild type 

protein, in this GALNT10, will not exist in knockout mice. The retrovirus was applied to 

embryonic stem (ES) cells, along with proteins needed to integrate the retrovirus 

sequence containing the polyadenylation site and endogenous promoter into the genome 

of the stem cells. The vector was designed to integrate in intron 1 of GALNT10 in 

129/SvEvBrd ES cells.  

ES cells were used to generate our breeders, which were crossed to C57B6 mice 

to create our F1 mice on a 129SvEvBrd/B6 background with the GALNT10 knockout on 

one allele per mouse. Our heterozygous F1 generation then served as breeders to generate 

full knockout mice as well as wild-type littermates for our phenotype testing. Spleen and 

thymus from F1 mice were tested for expression of GALNT10 to ensure the GALNT10 

knockout prior to breeding. 
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Research Plan and Methods 

Body weight was measured weekly in grams.  

 

Glucose, Insulin Tolerance: 

Glucose tolerance testing was performed at baseline and at 12 weeks following 

the start of the HFD. Mice were fasted for 12 hours prior to the testing. One gram of 

glucose was given per kilogram (kg) of body weight for each mouse, using a dilution of 

20% glucose in saline. Glucose was injected intraperitoneally (IP) following a baseline 

blood glucose measurement, and additional blood measurements were taken at 15, 30, 60, 

and 120 minutes following injection using a Bayer Contour glucose meter. At 12 weeks 

following the start of the HFD, an insulin tolerance test was also performed. Prior to this 

testing, mice were fasted for 4 hours. Baseline blood glucose levels were measured using 

the Bayer Contour glucose meter, followed by an injection of 0.75-1.0 units (U) of 

insulin per kg of body weight, using a 0.2mU/µL dilution. If mice experienced 

hypoglycemia following the insulin injections, they were given an injection 100µL of 

20% glucose and glucose measurements will no longer take place for the remainder of 

this test.  

 

Blood measurements: 

Heparinized blood samples were collected after a 4 hour fast from mouse tail 

veins. This took place prior to the start of the diet (week 0), and repeated at weeks 4, 8, 

and 16 following the start of the HFD. Plasma insulin levels were measured with an 
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ELISA (Crystal Chem., Inc., Downers Grove, IL). Each sample was run in duplicate 

wells to ensure precision. Plasma cholesterol (Wako) and triglyceride (TG) levels 

(Roche) were determined by enzymatic analysis. At week 10, a non-heparinized blood 

collection took place in order to measure non esterified fatty acid (NEFA) levels (Wako 

HR series NEFA-HR2).  

 

Necropsy Plan 

Mice were necropsied at 16 weeks following the start of the diet. They were 24 

weeks of age. Blood was collected for the week 16 blood measurements as well as an 

FPLC of cholesterol types present. Tissues collected include liver, gonadal fat, muscle, 

brown fat, subcutaneous fat, perirenal fat, and brain. Most tissues were snap frozen in 

liquid nitrogen, followed by storage at -80 degrees C. A small sample of gonadal fat was 

set aside and fixed in formalin for histology, and brain tissue was fixed in formalin with 

10% sucrose for 24h, followed by fixation in formalin only.  

Values from blood measurements including cholesterol level and insulin level as 

well as body weight will be shown as mean +/- standard error. A two-tailed student’s t 

test will be performed to compare diet groups and to compare genotypes within diet 

groups, and an area under the curve (AUC) estimate will be used to analyze tolerance test 

results. A p value of less than 0.05 will be considered statistically significant.  

 

Histology Methods 
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Overall histology was performed on each tissue using hematoxylin/eosin staining. 

Visual inspection upon tissue collection suggests a focus on brown fat phenotypes. 

Number and size of adipocytes were recorded in subcutaneous fat, brown fat, and visceral 

fat depots. 

Freshley isolated brown, subcutaneous, and gonadal adipose tissue was snap 

frozen in liquid nitrogen and stored at -4 degrees Celsius. These tissues were than 

thawed, embedded in paraffin, and sectioned at 5µm thickness. 30 slides were sectioned 

per tissue sample, with every third slide stained with hematoxylin & eosin, for a total of 

10 slides per tissue sample. Every other stained slide was examined, for a total of 5 

stained slides examined per tissue sample. A Nikon eclipse 50i microscope and camera 

were used to take 10 pictures of each examined slide at 100x magnification. ImagePro 

software with the Adiposoft add-on was used to measure the number of adipocytes 

present in each picture, and the size of each adipocyte. Methods by which the software 

achieves these measures has been published previously (Galarraga et al., 2012). This 

allowed us to analyze up to 3000 adipocytes per picture, for a total of up to 150,000 

adipocytes per mouse for each tissue type. Adipocytes ranged in size from 0.80-550 µm
2
 

in each tissue type, so the mean of each distribution was compared for each gender and 

genotype group in each tissue type.   

 

Subjects 

A total of 20 mice were studied in detail to determine whether an adiposity 

phenotype is associated with a homozygous knockout of GALNT10. This cohort of mice 

consisted of 9 wild-type mice and 11 GALNT10 homozygous knockout mice. 14 mice (3 
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female WT, 4 male WT, 4 female KO, 3 male KO) will be maintained on a high fat, high 

cholesterol diet beginning at 8 weeks of age. The remaining 6 mice (1 female WT, 1 male 

WT, 3 female KO, 1 male KO) will be maintained on normal chow for the duration of 

testing. The high fat, high cholesterol diet (HFD) being used is TD.88137 from Teklad 

Custom Research Diets. This diet contains 0.2% cholesterol, 17% protein, 48.5% 

carbohydrate, and 21.2% fat, by weight. This diet is often utilized in mouse studies due to 

its content ratio bearing similarity to the typical Western diet. 
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Results 

Mouse body weight was recorded weekly. Week 0 marks start of diet in mouse 

cohorts, mice at 8 weeks old. Blood was taken at week 0, 4, 8, and 16 for triglyceride 

level measurements. Glucose tolerance measured at week -1, 12. Insulin tolerance 

measured at week 12, baseline levels recorded at week -1. Mice  were necropsied at week 

16. 

In general, mice gained weight similarly regardless of their diet, to a maximum of 

27.4g. A 2-tailed t-test of averages between groups show no significant differences in 

weight either stratified by diet or genotype (Table 1, Figure 2). Area under the curve 

(AUC) analysis of each group also revealed no significant difference between groups 

(Table 1, Figure 2). When the change of weight over the course of testing was compared 

between groups, no significant difference was seen, although males gained more weight 

than females, as expected.  

Glucose tolerance testing was performed at baseline (week 0) and week 12 of 

testing. We observed no difference between genotype groups at any time point (Table 2, 

Figure 3). Diets are not important at baseline as the mice have not begun eating the high 

fat food at this time point. After 12 weeks, mouse groups show more separation from 

each other, although again there is no significant difference between groups (Table 3, 

Figure 3). When an AUC analysis was performed using this data, a trend is observed that 

mice fed high fat diet (HFD) food show a larger spike in glucose level upon injection of 

glucose, so mice are responding so the change in diet somewhat, although we would 

expect their response to be measurably significant in our ttest analysis at each time point, 

which they are not (Figure 3)(0.06<p<0.78). This hints towards a decreased tolerance of 
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glucose in mice given HFD, which is what we would expect to see, but no significant 

difference between genotype groups, which shows us that our mice did not respond to the 

high fat diet as well as we expected. 

Insulin level at baseline shows no significant difference, as expected (Table 4, 

Figure 4). Insulin tolerance was measured at 12 weeks after the start of testing, but mice 

did not tolerate this test (Table 5, Figure 5). Glucose had to be injected within the first 30 

minutes of testing to revive mice, leading to a stop in measurements for this test.  

Triglyceride levels measured at every 4 weeks does not show significant 

differences between groups at any time point (Table 8, Figure 8).  

Cholesterol composition is not significantly different between genotype or diet 

groups (Table 7, Figure 7). 

Necropsy data shows no significant differences between groups as far as body 

weight, total cholesterol, or lipoprotein levels. There is no significant difference in liver 

or gonadal fat weight, but there is a slight trend of increased weight in mice fed HFD 

regardless of genotype (Table 6, Figure 6).  

Histology data shows that brown fat, gonadal fat and subcutaneous fat have 

measurable phenotype differences between genotype groups (Figure 9). In brown fat, we 

see an increase in number (p=1.84E-92) of larger adipocytes (p=9.88E-07) in KO 

compared to WT females, while we see an increase in number (p=1.18E-09) of smaller 

adipocytes (p=9.58E-09) in male KO compared to WT mice. In subcutaneous adipose 

tissue, we see an increase in number (p=2.79E-26) of smaller adipocytes (p=1.44E-66) in 

females, and a decrease in number (p=6E-17) of smaller adipocytes (p=3.32E-32) in 

males, with KO compared to WT. In gonadal fat, we observed an increase in number 
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(p=9.48E-29) of larger adipocytes (p=0.001) in females KO and a decrease in number 

(p=6.06E-68) of larger adipocytes (p=0.02) in male KO mice as compared to WT. These 

results show an increase in number of adipocytes and a smaller size of adipocytes in 

brown fat, subcutaneous fat, and gonadal fat in knockout males compared to wild-type 

(number p=4.68E-48, size p=6.29E-06), and a decreased number of smaller adipocytes in 

female knock outs compared to wild type (number p=1.75E-11, size p=7.55E-5) (Table 9, 

Figure 10). A Fischer exact test was also computed between genotype and diet groups in 

each gendered group for each fat type. See Table 9 for results. Comparisons of number of 

adipocytes remained highly significant, while comparison of size of adipocytes generally 

did not. We believe that this is mainly due to the large fluctuations and variability we 

observed in adipocyte size overall.  
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Discussion 

In this study, we used a GALNT10 mouse knockout line generated via retroviral 

insertion. The original line was generated on a 129SvEvBrd/B6 genetic background. 

While we did not see any significant differences in overall body measures between our 

genotype groups, we were able to observe significant differences in number and size of 

adipocytes between genotype groups.  

It has been well documented previously (Fontaine et al., 2016) that mice with a 

129 genetic background are resistant to diabetic and obesity-related phenotypes and do 

not respond measurably to high fat diets. While we were optimistic that our few crosses 

to C57B6 mice would make our mice susceptible enough to these phenotypes to measure, 

this turned out not to be the case. As a result, a future direction for this project is to use 

speed congenics to gross our GALNT10 knockout onto a fully C57B6 genetic 

background. We would propose to genotype background markers regularly until the 

amount of C57B6 genetic background reaches 99%, in which case we would then 

generate testing mice and re-evaluate this line for the measures described here.  

Our most significant findings were the differences in size and number of 

adipocytes between our genotype groups. This was observed in brown fat, subcutaneous 

fat, and gonadal fat. The main reason we chose these 3 fat depots for histology is that the 

corresponding fat depots in humans have been shown to be metabolically distinct.  

Brown fat is an adipose depot that has been shown to be crucial for consuming 

glucose for thermogenesis. It plays a crucial role in the development of infants and it also 

is responsible in adult humans for consuming more glucose than any other fat type 

(Cypress et al., 2012). This has led in recent years to the development of so-called 
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browning protocols, which use protein markers such as UCP1 to determine the extent of 

brown fat in a depot. In addition, these proteins are targets of expression-increasing 

therapies, with the goal of “browning fat”, or turning it from white fat, which stores fuel, 

to brown fat, which burns fuel (Li et al., 2018).  

In addition to the potential weight-loss implications of such a therapy, it has also 

been shown that cold induced brown fat plays a role in glucose and lipid metabolism in 

humans. Recent studies show that the circulating levels of fatty acids are altered by 

inducing brown fat, but the pancreas is not affected by this “browning” (Iwen et al., 2017; 

Tapia et al., 2017). 

This has clear implications for diabetic individuals, as they could be treated with 

cold, their adipose tissue can be stimulated by this into burning glucose, and circulating 

levels of fatty acids can be reduced. In our data, brown adipocytes were increased in 

number and smaller in size in male KO mice as compared to WT.  

Female data showed decreased numbers of brown adipocytes as well as smaller 

sizes in KO compared to WT. While we have not observed a difference in GALNT10 

association with BMI between males and females, many studies show that human males 

and females show a discrepancy in fat types and distribution, particularly in African 

Americans, so it would stand to reason that brown adipose tissue would be affected by 

this discrepancy (Deboer et al., 2012).  

In general, females have been shown to have increased overall obesity and 

increased subcutaneous fat compared to males, so a decrease in female brown fat would 

coincide with this phenotype, as brown adipose tissue burns fuel rather than storing it. 

Gonadal fat is also increased in female KO compared to WT, which would theoretically 
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coincide with increased subcutaneous fat, as these depots are both responsible for fat 

storage.  

We also observed decreases in subcutaneous fat and gonadal adipocyte number 

and size in females, while we saw an increase in number but smaller sizes of adipocytes 

in males in these depots. Subcutaneous fat is also observed commonly in humans, and 

mouse gonadal fat is comparable to human visceral fat (VAT).  

Our male data shows increased number of smaller adipocytes in BAT, lower 

numbers of smaller adipocytes in SQ, and smaller numbers of larger adipocytes in 

gonadal fat in KO mice as compared to WT, which follows a similar pattern to what we 

observed in females.  

As was described in earlier chapters, VAT in humans is metabolically more active 

than subcutaneous tissue, although both tissues typically store fuel as fatty acids. The 

increase in these depots is expected, as the brown fat usually will work inversely to burn 

fuel, so where we see a decrease in brown fat, it would stand to reason that we would 

hypothesize an increase in VAT and subcutaneous fat. The differences in magnitude of 

measures between males and females is most likely due to the smaller size of the females 

compared to males overall.  

More study will be needed to elucidate the pathways at work here, whether the 

genetic background of our mice is affecting fat depots as well as overall obesity, and 

whether GALNT10 does indeed play a role in the formation of adipose tissue. The 

differences in number and size of adipocytes in all 3 fat depots is highly significant, so 

we have shown that GALNT10 knockout does play a role in the formation of these fat 

depots, and therefore in the overall metabolic health of our mice. 
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Tables and Figures 

Figure 1. Experimentation Timeline 

 

 

 

 

 

Figure 1. Experimentation Timeline. “Week 0” marks start of diet in mouse cohorts, mice at 8 weeks of age. Mouse body weight was 

recorded weekly. Blood was taken at testing week 0, 4, 8, 10, and 16; blood at week 10 not treated with heparin. Glucose tolerance 

measured at testing week -1, 12. Insulin tolerance measured at week 12, baseline levels recorded at week -1. Mice necropsied at 
testing week 16. 
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Table 1: Body Weight Data 

Age 

(Weeks) 

KO F 

HFD 

F WT 

HFD 

F KO  

CHOW 

F WT 

CHOW 

p Fem M KO 

HFD 

M WT 

HFD 

M KO 

CHOW 

M WT 

CHOW 

p 

Male 

7 
17.05(1.86) 16.6(0.95) 16.53(0.46) 17.5 0.996 19.53(0.64) 21.93(1.05) 20.1 23.3 0.005 

8 
16.75(1.88) 16.27(1.12) 16.03(0.96) 17.7 0.839 19.27(0.5) 21.5(1.04) 21.4 23.4 0.036 

9 
17.35(1.65) 16.7(0.62) 17.37(1.03) 19.5 0.961 20.13(1.1) 22.85(1.6) 22.4 24.2 0.045 

10 
17.28(1.42) 16.9(0.75) 17.7(0.98) 20 0.804 20.67(1.35) 23(1.71) 22.9 24.6 0.094 

11 
18.1(1.35) 17.6(0.72) 19(0.9) 21.1 0.991 21.97(1.53) 23.38(2.4) 23.8 25.1 0.358 

12 
18.33(1.81) 17.5(0.7) 17.97(0.61) 19.5 0.835 21.6(1.23) 23.25(2.37) 22.1 25.5 0.157 

13 
18.65(1.6) 18.5(0.6) 19.07(0.91) 21 0.723 22.5(1.22) 23.6(2.37) 23.9 25.6 0.39 

14 
19.03(1.85) 18.57(0.51) 19.57(1.07) 21.3 0.994 23.37(1.31) 25.13(3.06) 25 26.2 0.328 

15 
19.03(1.91) 18.93(0.78) 20.07(1.36) 22.7 0.725 24.03(1.32) 25.55(3.25) 25.8 26 0.479 

16 
18.9(2.09) 18.57(1.15) 19.77(2.11) 22.1 0.889 24.03(0.93) 25.18(3.75) 24.8 25.8 0.546 

17 
19.63(1.87) 19.53(0.61) 20.83(1.46) 22.8 0.85 25.1(1.42) 26.63(3.66) 26.8 26.3 0.568 

18 
18.78(1.53) 19.53(1.45) 20.13(1.57) 23.3 0.354 25.17(1.42) 26.08(3.53) 26.4 25.4 0.788 

19 
19.8(2.05) 19.03(0.55) 21.33(0.57) 21.9 0.507 25.73(1.62) 26.85(4.35) 25.9 27.7 0.555 

20 
19.68(1.89) 19.73(1.21) 20.5(1.01) 22.4 0.715 25.7(0.89) 27.08(3.81) 26.8 27.6 0.507 

21 
20.38(2.17) 20.2(0.84) 21.15(0.64) 23 0.852 26.27(0.68) 27.56(3.64) 27.4 27.9 0.531 

22 
19.78(2.04) 20.3(0.78) 21.33(0.8) 23.6 0.548 26.8(1.31) 28.6(4.5) 28 28.2 0.511 

23 
20.1(1.9) 20.83(0.75) 21.6(1.08) 22.7 0.573 27(1.15) 28.85(5.08) 27.9 28.5 0.517 

24 
18.8(0.95) 19.73(1.22) 20.53(0.21) 20.9 0.521 25.73(0.65) 27.38(4.41) 26 25.5 0.567 

Table 1. Body weight measured weekly beginning at 7 weeks of age. GALNT10 knockout (KO) mice were compared to wild-type 

(WT) for both females (F) and males (M). Columns are further designated by high fat diet (HFD) vs chow. Diet challenge started at 8 
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weeks of age, mice necropsied at 24 weeks of age. Data shown as average (SD). Columns missing SD where N=1. P value determined 

using all F KO vs all F WT and all M KO vs all M WT, regardless of diet due to a lack of significance in diet comparisons. This was 

done using a student's 2-tailed t-test. P value threshold for significance is p ≤ 0.05, which was only observed in male mice at the 

beginning of testing (highlighted in red). 
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Figure 2. Body Weight Figures  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. A) Body weight shown in grams (g) beginning with 7 weeks of age (1 week prior to diet  challenge) and continuing through 

24 weeks of age (age at necropsy). Mice are grouped by sex (M/F), diet (HFD, Chow), and genotype (KO vs WT). Line denotes mean 

at each time point with SE bar when N>1. B) Area under the curve (AUC) measured for groups shown in A. No significant difference 

was seen. C) Change  in weight from 7 weeks of age (timeline -1 week) to 24 weeks of age (16 weeks following start of diet) for   

each group of mice shown in A. No significant difference was measured. 
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Table 2: Glucose Tolerance Test Baseline 

 Glucose (mg/dl) 

Time 

(min) 

F KO F WT p F KO v WT M KO M WT p M KO v 

WT 

0 87.4(17.6) 80.3(10.8) 0.484 94.8(12.66) 101.2(25.12) 0.657 

15 261.4(39.6) 281.8(55.3) 0.494 258.3(39.71) 278.6(17.70) 0.334 

30 228.4(73.7) 204.3(48.4) 0.58 252.3(40.63) 242.4(27.78) 0.678 

60 156.4(35.7) 165.8(46.3) 0.717 158.8(29.16) 165.8(23.05) 0.696 

120 94.7(20.0) 86.8(20.9) 0.547 100.8(19.36) 107.8(12.58) 0.528 

Table 2. Glucose Tolerance Test (GTT) at Baseline. Mice fasted for 12 hours were injected with 1g glucose per kilogram (kg) of body 

weight following an initial blood glucose reading at time = 0 min. Blood glucose was then measured at 15, 30, 60, and 120 minutes 

following injection. Results are reported at mean glucose level in mg/dl (SD) for each group of mice at each time point. Results were 

also normalized to 0min glucose = 1 and results were still not significant (not shown). 
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Table 3: Glucose Tolerance Test Week 12 

Glucose 

(mg/dl) 

Female Male  

Time 

(min) 

KO 

HFD 

KO 

Chow 

KO All WT 

HFD 

WT 

Chow 

WT All p WT 

v KO 

KO 

HFD 

KO 

Chow 

KO All WT 

HFD 

WT 

Chow 

WT All p WT 

v KO 

0 
115 84.3 101.9(37

.77) 

102.3 78 96.3(13.

48) 

0.785 107 111 108.3(12

.22) 

161.8 128 156.2(40

.81) 

0.095 

15 
338 233 293(101.

72) 

250 249 249.8(16

.52) 

0.43 373 366 370.7(43

.19) 

406.4 347 396.5(51

.58) 

0.483 

30 
267.3 183 231.1(61

.18) 

185.7 196 188.3(10

.34) 

0.207 351 260 320.7(84

.36) 

358.8 362 359.3(66

.38) 

0.472 

60 
192.3 140.7 170.1(30

.24) 

129 154 135.3(13

.45) 

0.06 268 184 240(56.5

1) 

224.4 179 216.8(52

.55) 

0.561 

120 
111.3 115.3 113(15.7

6) 

107 110 107.8(10

.01) 

0.567 150.5 140 147(11.2

7) 

132.8 133 132.8(31

.26) 

0.484 

Table 3. Glucose tolerance test (GTT) results at week 12. Glucose Tolerance Test Baseline. Mice fasted for 12 hours were injected 

with 1g glucose per kilogram (kg) of body weight following an initial blood glucose reading at       time = 0 min. Blood glucose was 

then measured at 15, 30, 60, and 120 minutes following injection. Results are     reported at mean glucose level in mg/dl (SD) for each 

group of mice at each time point. Mice are also separated by     diet group. Results were also normalized to 0min glucose = 1 and 

results were still not significant (not shown).  
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Figure 3. Glucose Tolerance Test Results 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Glucose tolerance test (GTT) results at week 0 (baseline) and week 12. Results shown are blood glucose amounts measured 

in mg/dl at 0 min (time of injection), 15, 30, 60, and 120 min following injection. Mice were injected with 20% glucose solution in 

saline at 1g glucose per kg of body weight. Data is separated by time of measurement and mouse genotype group. B also includes diet 

group. Mice were fasted overnight prior to testing.  

No significant difference was observed at baseline, as expected (A). No significant difference was observed at 12 week (B). In order to 

determine whether there was a trend, area under the curve (AUC) for each group of mice was measured for (C), and no trend was 

observed. 
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Table 4. Insulin Level at Baseline 

  Average SD P value 

F KO 0.39 0.13 0.26 

F WT 0.29 0.09 

M KO 0.31 0.14 0.105 

M WT 0.54 0.19 

Table 4. Insulin Level at Baseline. Blood was drawn beginning at week 0 of testing (start of diet, 8 weeks of age). Data shown: insulin 

level shown in average ng/ml for each genotype group, SD, and p value determines using 2-tailed student's ttest.  

 

Figure 4. Insulin Level at Baseline 

 

 

 

 

 

 

 

 

Figure 4. Insulin Level at Baseline. Blood was drawn beginning at week 0 of testing (start of diet, 8 weeks of age). Data shown: 

insulin level shown in average ng/ml for each genotype group. Each plasma sample was tested in triplicate to eliminate experimental 

error. 
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Table 5: Insulin Tolerance Test Results Week 12 

Time 

(min) 

F KO 

HFD 

F WT 

HFD 

M KO 

HFD 

M WT 

HFD 

F KO 

Chow 

F WT 

Chow 

M KO 

Chow 

M WT 

Chow 

0 109.5 103 174 132.3333 117.5     125 

15 72.25 70 136 103 55     85 

30 42.5   57 92 36.5     81 

60 22   38 97.5       75 

120       104       109 

Table 5. Insulin tolerance test (ITT) results at week 12. Results shown are blood glucose amounts measured in mg/dl at 0 min (time of 

injection), 15, 30, 60, and 120 min following injection. Mice were injected with 20% insulin solution in saline at 1 unit insulin per kg 

of body weight. Data is separated by time of measurement, mouse genotype group, and diet group. Mice were fasted 4 hours prior to 

testing. Following testing of first 7 mice, injection was decreased to 0.75 units of insulin per kg body weight. Missing data present due 

to mice passing out with insulin injection, having to be revived with 20% glucose, and measurements halted.  

 

 

 

 

 

 

 

 

 



91 
 

Figure 5: Insulin Tolerance Test Results Week 12 

 

 

 

 

 

 

Figure 5. A. Insulin tolerance test (ITT) results at week 12. Results shown are blood glucose amounts measured in mg/dl at 0 min 

(time of injection), 15, 30, 60, and 120 min following injection. Mice were injected with 20%  insulin solution in saline at 1 unit 

insulin per kg of body weight. Data is separated by time of measurement, mouse genotype group, and diet group. Mice were fasted 4 
hours prior to testing. Following testing of first 7 mice,  injection was decreased to 0.75 units of insulin per kg body weight. Missing 

data present due to mice passing out with insulin injection, having to be revived with 20% glucose, and measurements halted. No 
significant difference was observed due to missing data. In order to determine whether there was a trend, area under the curve (AUC) 

for each group of mice was measured for (B), and no trend was observed. 

 

 

 
Table 6. Necropsy Measures 

  BW (SD) LW (SD) GonFat 

(SD) 

TC (SD) VLDL (SD) LDL (SD) HDL (SD) LittleHDL 

(SD) 

F WT HFD 18.93(1.67) 1(0.19) 0.17(0.11) 63.54(12.63) 29.46(45.13) 11.14(0.34) 51.15(35.42) 11.96(8.42) 

F WT CHOW 20.9(-) 1(-) 0.17(-) 37.92(-) 2.13(-) 14.73(-) 73.58(-) 9.56(-) 

F KO HFD 18.35(1.56) 0.89(0.17) 0.15(0.07) 65.94(32) 5.34(1.14) 17.77(4.69) 69.49(10.19) 7.4(4.89) 

F KO CHOW 19.1(1.11) 0.92(0.13) 0.05(0.02) 42.12(7.76) 2.99(0.64) 18.38(2.31) 73.88(5.56) 4.75(2.91) 

M WT HFD 26.68(4.8) 1.43(0.45) 1.04(0.43) 138.17(25.34) 3.29(1.3) 6.67(2.09) 81.76(7.38) 3.49(1.78) 

M WT CHOW 25.5(-) 0.98(-) 0.35(-) 43.83(-) 2.23(-) 15.85(-) 74.91(-) 7(-) 

M KO HFD 24.8(1.08) 1.11(0.08) 0.71(0.2) 115.68(10.45) 1.55(0.41) 12.27(5.51) 80.64(3.57) 2.98(2.1) 

M KO CHOW 26(-) 1.09(-) 0.42(-) 41.51(-) 3.51(-) 15.14(-) 76.78(-) 4.57(-) 

         

Table 6. Necropsy Data. Mice were necropsied at 16 weeks after the start of testing, or 24 weeks of age. Data shown: body 

weight (BW) in g, liver weight (LW) in g, gonadal fat weight (GonFat) in g, total cholesterol (TC) in mg/dL, VLDL in mg/dL, 

LDL in mg/dL, HDL in mg/dL, and little HDL in mg/dL. Data shown as mean (SD).  
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Figure 6. Necropsy Measures 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Necropsy Data. Mice were necropsied at 16 weeks after the start of testing, or 24 weeks of age. Data shown: body weight (BW) in g 

(A), liver weight (LW) in g (B), gonadal fat weight (GonFat) in g (C), total cholesterol (TC) in mg/dL (D).  
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Table 7. Cholesterol composition at necropsy 

     

  VLDL+LDL VLDL+LDL Minus Outliers HDL+LittleHDL All HDL Minus Outliers 

F KO HFD 23.11(5.49) 23.11(5.49) 76.89(5.49) 76.89(5.49) 

F WT HFD 36.89(38.7) 14.55(0.12) 63.11(38.7) 85.45(0.12) 

M KO HFD 13.82(5.24) 13.82(5.24) 86.18(5.24) 86.18(5.24) 

M WT HFD 9.95(3.28) 9.95(3.28) 90.05(3.28) 90.05(3.28) 

F KO Chow 21.37(2.95) 21.37(2.95) 78.63(2.95) 78.63(2.95) 

F WT Chow 16.86() 16.86() 83.14() 83.14() 

M KO Chow 18.65() 18.65() 81.35() 81.35() 

M WT Chow 18.08() 18.08() 81.92() 81.92() 

     

Table 7. Cholesterol composition at necropsy. Data shown as mean (SD). Mice were necropsied at 16 weeks after the start of 

testing, or 24 weeks of age. Data shown: VLDL in mg/dL, LDL in mg/dL, HDL in mg/dL, and little HDL in mg/dL.  
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Figure 7. Cholesterol composition at necropsy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. Cholesterol composition at necropsy. Mice were necropsied at 16 weeks after the start of testing, or 24 weeks of age.  

Data shown: VLDL & LDL combined, including outliers (A), and excluding outliers (B); HDL (C), Little HDL (D); All HDL  

including outliers (E), and All HDL excluding outliers (F) .  Amounts shown as % of total cholesterol.  
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Table 8. Triglyceride Levels at each blood draw 
    

         
      

 
       

    

TG F KO HFD F WT HFD M KO HFD M WT HFD 
F KO 

CHOW 
F WT 

CHOW 
M KO 
CHOW 

M WT 
CHOW       

wk0 31.23(6.55) 23.52(1.58) 25.26(1.31) 33.18(7.6) 24.91(0.89) 23.94() 23.31() 38.28() 
      

wk4 17.89(2.4) 16.32(3.56) 29.61(8.12) 25.79(5.97) 24.66(6.03) 24.03() 21.68() 30.73() 
      

wk8 24.25(2.06) 23.33(2.46) 33.04(2.81) 28.45(5.19) 30.43(2.03) 31.75() 31.98() 37.55() 
      

wk16 10.84(7.99) 10.87(10.27) 16.57(4.08) 25.61(21.18) 19.47(4.91) 11.31() 30.26() 17.02() 
      

 

Table 8. Triglyceride Levels at each blood draw. Blood was drawn beginning at week 0 of testing (start of diet, 8  

weeks of age), and repeat draws were done every 4 weeks until necropsy. Mice were necropsied at 16 weeks after the start of  

testing, or 24 weeks of age. Data shown: triglyceride (TG) level in mg/dl. Data shown as mean (SD). 

 

 

Figure 8. Triglyceride Levels at each blood draw 

 

 

 

 

 

 

 

Figure 8. Triglyceride Levels at each blood draw. Blood was drawn beginning at week 0 of testing (start of diet, 8  
weeks of age), and repeat draws were done every 4 weeks until necropsy. Mice were necropsied at 16 weeks after the start of  

testing, or 24 weeks of age. Data shown: triglyceride (TG) level in mg/dl.  
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Figure 9. Histology Samples 

            

 
 

          
 

          

           

           

           

           

           

           

           

           

           

           

           

           

           

           

           

           

           

           

           

           

           

           

           

           

           

           
 

          

           

           

         

           

            

 

Figure 9. Histology Samples. Shown here are samples of brown adipose tissue (BAT) (A, D, G, J), subcutaneous adipose tissue 

(SQ) (B, E, H, K), and gonadal adipose tissue (C, F, I, L) in our female (F) testing mice. Mice are categorized by diet: high fat 

(HFD) vs Chow, and by genotype: GALNT10 knockout (KO) vs wild-type (WT). Slides were stained with hematoxylin & eosin 

for gross histology comparison. Slides were analyzed via Adiposoft for adipocyte number and size per snapshot. Measurements 

and p values shown in table 9. 
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Figure 9. Histology Samples. Shown here are samples of brown adipose tissue (BAT) (M, P, S, V), subcutaneous adipose 

tissue (SQ) (N, Q, T, W), and gonadal adipose tissue (O, R, U, X) in our male (M) testing mice. Mice are categorized by diet: 

high fat (HFD) vs Chow, and by genotype: GALNT10 knockout (KO) vs wild-type (WT). Slides were stained with 

hematoxylin & eosin for gross histology comparison. Slides were analyzed via Adiposoft for adipocyte number and size per 

snapshot. Measurements and p values shown in table 9. 
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Table 9. Histological results of fat depot composition at necropsy 

Sex GT Diet Tissue N  Area N by GT Area 

by GT 

ttest N ttest 

size 

Fischer exact 

Female KO HFD BAT 846.6(591.16) 18.0(102.08) 827.6 

(129.47) 

17.6  

(5.10) 

1.84E-92 9.88E-07 N x2<0.00001 

Size x2=0.81 Female KO Chow BAT 802.3(563.36) 17.1(84.75) 

Female WT HFD BAT 709.6(506.12) 17.6(87.63) 768.5 

(126.22) 

16.7  

(3.32) Female WT Chow BAT 945.2(621.06) 14.1(58.22) 

Male KO HFD BAT 828.3(525.56) 24.1(75.88) 852.4 

(92.18) 

20.6  

(2.88) 

1.18E-09 9.58E-09 N x2=0.005 

Size x2=0.67 Male KO Chow BAT 885.6(534.67) 20.0(67.87) 

Male WT HFD BAT 863.3(554.54) 20.3(77.89) 842.6 

(83.78) 

23.0 

(3.89) Male WT Chow BAT 759(503.17) 21.4(93.87) 

Female KO HFD SAT 819.2(239.42) 45.6(139.16) 712.1 

(256.10) 

42.5  

(7.52) 

2.79E-26 1.44E-66 N x2<0.00001 

Size x2=0.89 Female KO Chow SAT 569.4(372.05) 38.3(132.65) 

Female WT HFD SAT 406.3(286.63) 46.0(151.01) 427.6 

(44.17) 

45.2  

(3.66) Female WT Chow SAT 491.4(320.35) 42.7(157.45) 

Male KO HFD SAT 284.1(239.55) 70.1(264.42) 279.7 

(38.83) 

68.2  

(7.77) 

6E-17 3.32E-32 N x2=0.151 

Size x2=0.13 Male KO Chow SAT 266.6(178.49) 62.4(250.77) 

Male WT HFD SAT 386.3(168.11) 78.9(245.30) 394.4 

(127.43) 

72.7 

(27.44) Male WT Chow SAT 426.7(279.98) 47.6(165.85) 

Female KO HFD Gonadal 408(235.41) 90.8(156.46) 696.1 

(464.00) 

47.8 

(97.44) 

9.48E-29 0.001818 N x2=0 

Size 

x2<0.00001 

Female KO Chow Gonadal 836.5(482.81) 26.8(29.28) 

Female WT HFD Gonadal 446(257.35) 31.2(97.59) 560.7 

(341.84) 

39.3 

(86.25) Female WT Chow Gonadal 640.5(369.65) 44.9(76.91) 

Male KO HFD Gonadal 232(133.80) 119.5(262.32) 280.4 

(168.66) 

92.7 

(285.18) 

6.06E-68 0.024216 N x2<0.00001 

Size x2=0.002 Male KO Chow Gonadal 316(182.3) 73.0(299.52) 

Male WT HFD Gonadal 213.5(123.12) 145.4(326.20) 475.1 

(330.34) 

72.0 

(188.16) Male WT Chow Gonadal 572.5(330.39) 44.7(79.25) 

          

Table 9.. Data shown as mean (sd). Student's 2-tailed ttest was run between genotype groups regardless of diet. N indicates average 

number of cells per picture (standard deviation), area is measured in µm2.. N and Area by GT refers to number of cells and area in µm2, 

grouped by genotype (GT). In order to group these measures by genotype, diet groups were combined. ANOVA was then run to compare 

N & Area between KO and WT using the combined values and disregarding diet for each measure. Final column shows results of Fisher 

exact test using both GT and diet as variables, with a confidence interval of 95%.  
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Figure 10. Histological results of fat depot composition at necropsy 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Histology Measures. Results shown are average number of adipocytes +/- SD, or average adipocyte area in µm +/- SD. 

 Genotype groups are compared here for each fat depot. All comparisons between genotypes for each fat type for each gender is  
significant. See Table for p values. 

 

 

 

 

F
e
m

a
le

 K
O

 

F
e
m

a
le

 W
T

M
a
le

 K
O

 

M
a
le

 W
T

 

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

B A T  N u m b e r

F e m a le  K O

F e m a le  W T

M a le  K O

M a le  W T

F
e
m

a
le

 K
O

 

F
e
m

a
le

 W
T

M
a
le

 K
O

 

M
a
le

 W
T

 

0

5

1 0

1 5

2 0

2 5

B A T  A re a

F e m a le  K O

F e m a le  W T

M a le  K O

M a le  W T

F
e
m

a
le

 K
O

 

F
e
m

a
le

 W
T

M
a
le

 K
O

 

M
a
le

 W
T

 

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

S A T  N u m b e r

F e m a le  K O

F e m a le  W T

M a le  K O

M a le  W T

F
e
m

a
le

 K
O

 

F
e
m

a
le

 W
T

M
a
le

 K
O

 

M
a
le

 W
T

 

0

5 0

1 0 0

S A T  A re a

F e m a le  K O

F e m a le  W T

M a le  K O

M a le  W T

F
e
m

a
le

 K
O

 

F
e
m

a
le

 W
T

M
a
le

 K
O

 

M
a
le

 W
T

 

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

G o n a d a l N u m b e r

F e m a le  K O

F e m a le  W T

M a le  K O

M a le  W T

F
e
m

a
le

 K
O

 

F
e
m

a
le

 W
T

M
a
le

 K
O

 

M
a
le

 W
T

 

0

5 0

1 0 0

G o n a d a l A re a

F e m a le  K O

F e m a le  W T

M a le  K O

M a le  W T

A B 

C D 

E F 



100 
 

 

Chapter 5 

Discussion 

GWAS studies and meta-analyses have shown that a region upstream of 

GALNT10 is associated with BMI in African Americans (Ng et al., 2012; Monda et al., 

2013). This study aimed to investigate this region of association in depth, using common 

and low frequency variants and adding variants from the gene region itself with putative 

functionality.  

In addition to BMI, we chose to assess whether this region is associated solely 

with BMI, or whether there are additional obesity phenotypes associated with variants in 

this region. Another goal of this project was to determine whether any of the associated 

variants has the potential to alter GALNT10 expression in obesity-relevant tissues such as 

adipose tissue and muscle. In order to determine this, we compared our top associated 

variants in this region with previously established eQTLs in this gene region in African 

American subjects.  

Comparing our association results with those previously reported, we were able to 

verify magnitude and direction of effects for variants in our top region of association. 

Previously associated SNPs were verified as being associated in our samples with a p 

value < 0.05 and we were able to show that the variants responsible for the BMI 

association signal are common, noncoding SNPs (Chapter 2, Table 2). These same SNPs 

were not significantly associated with additional adiposity phenotypes (Chapter 2, Table 

3), and neither were any of our less significantly associated SNPs in the GALNT10 

region.  



101 
 

We were able to use a conditional analysis on a significantly associated SNP in 

our upstream region of association to determine that there is a second, less significant 

association signal for BMI in the coding region of the gene, although this signal does not 

pass our significance threshold following multiple testing correction for the number of 

SNPs (Data not shown).   

When our top associated variants were compared to previously determined eQTL 

variants in the GALNT10 region, we were able to observe a low level of correlation 

(0.112<r2<0.3) (Chapter 2 Table 4). While it appears that our region of association is not 

highly correlated with eQTL variants in the GALNT10 region, one of the previously 

reported eQTLs in this region is reported to alter expression of STK6, which is a 

serine/threonine kinase.  

GALNT10 catalyzes the glycosylation of serine/threonine residues in target 

proteins, so a phosphorylation of these same sites by STK6 has potential to block the 

action of GALNT10. This method of action has been explored somewhat using another 

serine/threonine kinase, AMPK, which has been shown to play a crucial role in 

maintenance of cell energy homeostasis.  

In addition to the correlation between kinases such as AMPK and energy 

homeostasis, it has also been shown that the satiety hormone leptin can inhibit AMPK 

expression in the hypothalamus and that the hunger hormone ghrelin can activate AMPK 

expression in the hypothalamus. The hypothalamus is the hunger-regulating center of the 

brain, so this regulation of hunger would be key to regulation of obesity in subjects with 

altered expression of AMPK.  
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In addition to neuronal control of hunger, AMPK can stimulate glucose uptake in 

skeletal muscle. It can do this by stimulating the translocation of GLUT4 vesicles and 

upregulating GLUT1 expression, both of which have been shown to alter glucose uptake 

in diabetics. Following our first association study in the GALNT gene region, we were 

interested to assess whether additional GALNT family members, which may show 

overlapping expression patterns with GALNT10, also are associated with BMI.  

Our hypothesis is that the redundancy seen in the GALNT family may allow for 

some compensation for loss-of-function variants. In addition, we wanted to assess 

whether genes upstream of GALNT10 in the metabolic pathway are associated with BMI 

in order to better understand the mechanism of action of GALNT10 and how it relates to 

the metabolic pathway.  

We were able to show that variants in GALNT2, GCNT4, GALNT10, NEU1, 

CD36, GBA2, GALC, ST3GAL2, and GCNT7 are significantly associated with BMI in 

African Americans Following Bonferroni correction (Chapter 3 Table 2). GALNT2 is a 

member of the larger GALNT family, each of which also catalyze the first step in mucin 

type O-linked glycosylation. GCNT4, GCNT7, NEU1, GBA2, GALC and ST3GAL2 play 

key roles in ganglioside synthesis, which is needed for leptin signaling to occur.  

Gangliosides are the component of the hypothalamic neuronal cell membrane 

responsible for receiving the leptin signal and initiating the intercellular response that 

leads to the hunger response. Increased ganglioside synthesis has been shown in mice to 

positively regulate leptin signaling, increasing hunger. CD36 plays a crucial role in fat 

digestion, fat absorption, insulin resistance, fatty acid binding, adipokine signaling, and 

AMPK signaling.  



103 
 

Following our findings that GALNT10 is significantly associated with BMI and 

that there is ample pathway evidence for obesity phenotypes, we assessed a GALNT10 

knockout mouse model for obesity phenotypes. This line had been generated previously 

on a 129SvEvBrd/B6 genetic background, and our hypothesis was that we would be able 

to measure an obesity-related phenotype in these knockout mice compared to a control 

group of wild-type mice and show a difference between our genotype groups using a high 

fat diet challenge.  

Following 16 weeks of our diet challenge, we were not able to show a body size 

change with the GALNT10 knock out (Chapter 4, Table 1). Since mice with 129 genetic 

backgrounds have been shown to be somewhat resistant to body size changes, we 

hypothesize that following a series of back crosses onto a fully C57/B6 background, we 

may be able to show a body size difference in our knockout mice compared to wild type.  

We were able to see trends towards differences in the weights of the mouse livers 

and we also visually observed while collecting tissues at necropsy that the brown adipose 

tissue appeared darker and was a different texture between our genotype groups (Chapter 

4, Table 6). Due to this difference, we chose to perform H&E staining on histological 

sections of subcutaneous, brown, and visceral fat.  

In these fat depot sections, we compared number of adipocytes and average size 

of adipocytes. We made this comparison between genotype groups regardless of diet, 

because diet did not appear to affect our mice.  

We also separated males and females in this comparison because they typically 

gain weight differently. We were able to measure a significant difference in each fat type 

in number and size of adipocytes between our genotype groups (Chapter 4 Table 9). 
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Brown fat has been shown to play a crucial role in thermogenesis and is largely 

responsible for glucose consumption compared to subcutaneous and visceral fat in 

humans and in mice.  

UCP1 is a protein marker that is typically used to determine the extent of brown 

fat in a given depot, as it is upregulated in brown fat as compared to other fat types. 

Weight loss therapies can use this marker to determine how adipose tissue will affect 

overall metabolic health.  

Because of the role brown fat plays in thermogenesis, exposure to cold can 

stimulate brown fat generation, which is confirmed by testing for UCP1 levels. Recent 

studies show that stimulation of formation of brown fat will decrease the amount of free 

fatty acids circulating in the blood, and can stimulate glucose and lipid metabolism in 

general without changing pancreatic insulin secretion levels. This has clear implications 

that this cold exposure may be useful in treating obesity and type 2 diabetes.  

We were able to show in our mice that a GALNT10 knockout model confers an 

increased number of smaller adipocytes in males compared to WT, and female KOs have 

a smaller number of smaller adipocytes compared to WT. We also were able to observe 

the same phenotype in both subcutaneous fat and gonadal fat in our mice.  

Gonadal fat is a visceral fat type, and both visceral and subcutaneous fat have 

been shown to store fatty acids to be used as fuel. Due to this action, subcutaneous and 

visceral fat are commonly measured in human obesity studies. The overall smaller size of 

adipocytes in KO mice compared to WT indicates that out KO is able to decrease fat 

storage across fat depots in mice.  
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We were able to show this significantly on the cellular level, so although there 

was no difference in more general measures of obesity such as body size, there was a 

very clear change in the makeup of fat tissues in our KO mice as compared to WT litter 

mates. This tells us that GALNT10 does play a major role in obesity, and further study is 

needed to determine whether there is any overlap with other GALNT family members 

which may provide some redundancy of action, and to determine the mechanism by 

which GALNT10 is able to confer the cellular phenotypes we were able to measure.  
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Conclusions 

This study allows in chapter 2 for the analysis of common, rare, coding and 

noncoding SNPs in the GALNT10 region and their contributions to increased BMI levels 

in African American subjects. Previous associations upstream of the GALNT10 gene with 

BMI were verified in 3 cohorts of up to 4,236 African Americans and we were able to 

show that coding and low frequency SNPs do not contribute measurably to this 

association. We were also able to show that our BMI-associated region was not 

significantly associated with additional adiposity traits such as those that measure fat 

distribution and glucose sensitivity. We were not able to show a close correlation 

between our associated variants and previously established eQTLs in African American 

subjects. Further study and functional testing are needed in order to determine whether 

our upstream region in fact alters the expression of GALNT10.  

In chapter 3, meta-analysis of our previously described cohorts resulted in a list of 

BMI-associated genes upstream of GALNT10 in the metabolic pathway. These genes 

included GALNT2, GCNT4, GALNT10, NEU1, CD36, GBA2, GALC, ST3GAL2, and 

GCNT7. These genes play key roles in insulin resistance and fat digestion, are members 

of the GALNT family and therefore catalyze the same reaction as GALNT10 does, or play 

key roles in ganglioside synthesis.  

Gangliosides are a major component of hypothalamic neuronal cell membranes. 

The hypothalamus is the hunger-regulating center of the brain, so hypothalamic neurons 

are responsible for sending hunger signals and stimulating eating. The gangliosides are 

responsible for receiving leptin signals and initiating intercellular pathway responses.  
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Mouse knockout models of genes in this pathway have shown that absence of 

these genes leads to absence of gangliosides in the hypothalamus, as would be expected. 

This leads to a block of leptin signaling, and an increase in obesity. It has also been 

shown that reintroduction of the knocked-out gene can rescue this phenotype, and leptin 

signaling can resume, decreasing obesity.  

CD36 in particular is reported to play a role in AMPK signaling, which has been 

shown to regulate hunger hormones such as ghrelin and stimulate glucose uptake in 

muscle. Our mouse KO model of GALNT10 did not show overall body size difference in 

our mice, but we were able to measure a significant decrease in adipocyte size between 

genotype groups regardless of diet and across metabolically distinct fat types.  

The genetic background of our mice includes 129 genetics, so further study is 

needed with a more obesity-susceptible genetic line such as C57/B6 in order to determine 

the obesity-related implications of this phenotype.  

This study has provided us with novel findings in that we have shown that 

common, noncoding SNPs upstream of GALNT10 are solely responsible for the BMI-

associated signal previously described. These variants do not show high correlation with 

known GALNT10 eQTLs, but further study is needed in this area. This study has also 

allowed us to determine which GALNT family members may have overlapping 

phenotypes with GALNT10 and which upstream genes also contain variants that associate 

with BMI levels.  

These findings match the mechanism of action known for each gene, as they are 

involved in hunger hormone signaling and fat digestion, which are crucial to BMI 
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regulation. We were able to show in chapter 4 in a KO mouse model that a GALNT10 

knockout confers a phenotype of smaller adipocytes across fat depots regardless of diet.  

Potential for further study is clear in each chapter of this study, and due to this 

study, we have a more in depth understanding of which variants in the region of 

GALNT10 are associated with BMI in African Americans, we have a better understanding 

of how pathway genes work in concert with GALNT10 to alter BMI, and we have an 

understanding of how a knock out model of GALNT10 affects obesity on a cellular level 

in ths mouse.  
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