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Abstract 
Title of Dissertation:  The Effect of Variants in Five Genes in the Glucagon Pathway on  

Type 2 Diabetes Risk and Diabetes-Related Traits 

Alexandra H. Winters, Doctor of Philosophy, 2016 

Dissertation Directed by: Toni Pollin, Ph.D., Department of Medicine 

The CDC estimates that 29.1 million Americans have type 2 diabetes, which is 

currently the seventh leading cause of death in the US. It has been proposed that 

disordered glucagon regulation is a major contributor to the diabetic phenotype. We 

hypothesized that variants in five genes in the glucagon pathway are associated with 

response of diabetes-related glucose, insulin, and body composition traits to three 

antidiabetic interventions in the DPP and that rare coding variants would be enriched 

compared to other populations and associated with type 2 diabetes and diabetes-related 

traits in the Old Order Amish (OOA). We have discovered an association between the 

GCG variant, rs5649, that is predicted to modify the consensus splice site, with increased 

baseline-adjusted fasting glucose at one year in the metformin and placebo groups but not 

in the other two treatment groups, suggesting that it may change the structure of glucagon 

and decrease the ability of metformin to reduce glucagon signaling. We have performed 

the only known study of a PCSK2 coding variant common in any population. We found 

this variant, R430W, and the GCGR variant D458H to be twice as common among OOA 

individuals with diabetes as those with normal or impaired glucose tolerance, although 

this difference is not statistically significant. In addition, we examined the relationship 

between the GCGR coding variant G40S and type 2 diabetes risk that has been previously 

reported and did not see an association despite being better powered than previous studies 

because of the increased allele frequency of 14% in the OOA population. Finally, we 



described the only reported GCGR G40S homozygotes, none of whom have type 2 

diabetes. In sum, we have provided data on the effects of variants in five genes in the 

glucagon pathway that can be used in future work to understand the contribution of the 

glucagon pathway to type 2 diabetes and to inform the development of antidiabetic 

treatments targeting this pathway.  
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Chapter I. Background 
 

The Role of Glucagon in Type 2 Diabetes 

In addition to the 29.1 million Americans (9.3% of the population) that currently 

have type 2 diabetes, 1.7 million new cases are diagnosed each year 1.  As of 2014, 25.9% 

of those 65 and older have type 2 diabetes, leading to an estimated $245 billion a year 

cost to the country 1. According to the classic view of type 2 diabetes 2, cells gradually 

develop resistance to insulin, which is produced by the pancreatic beta cells, due to 

environmental and/or genetic factors. Initially, the pancreas may be able to overproduce 

insulin to compensate for this resistance, but when the rate of overproduction is no longer 

sustainable, blood sugar rises, and type 2 diabetes occurs. As an individual becomes 

insulin resistant, both fasting and postprandial glucose levels rise. Some individuals 

remain in this state of impaired fasting glucose (IFG) or impaired glucose tolerance (IGT) 

indefinitely while others become diabetic when their beta cells can no longer produce a 

sufficient amount of insulin.  

It has been proposed that disordered glucagon regulation, including both 

increased fasting hyperglucagonemia and a lack of glucagon suppression postprandially 

contributes to the diabetic phenotype 3.  Glucagon is a pancreatic hormone made in the 

alpha cells of the pancreas and intestine 4 that increases blood glucose levels. Glucagon 

binds to the glucagon receptor (encoded by GCGR), which causes downstream signaling 

that induces hepatic glucose production to raise blood glucose levels. This occurs through 

upregulation in the liver of glycogenolysis and gluconeogenesis to put more glucose into 

circulation and to decrease the storage of glucose by glycogenesis.  
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In a healthy, normoglycemic individual, glucagon production is upregulated in the 

fasting state and downregulated postprandially. There is evidence that this process is 

disordered in type 2 diabetes, where glucagon suppression is blunted postprandially 5, 6. In 

addition, individuals with type 2 diabetes are known to have increased glucagon levels, 

even under conditions of increased plasma glucose. It is thought that glucagon functions 

to prevent hypoglycemia in the fasting state, but mice that lack the glucagon receptor 

(and thus lack glucagon signaling) are viable, and in fact have improved glucose 

tolerance 7, 8. However, a complete loss of glucagon signaling is not ideal as this leads to 

negative effects including alpha cell hyperplasia, pancreatic tumors, and increased 

triglyceride levels 9. Alpha cell hyperplasia is a greatly increased number of alpha cells in 

all pancreatic islets, which reverses the normal alpha to beta cell ratio, and over time can 

lead to pancreatic tumors 9. Thus, the benefits of reduction in the amount of glucagon 

signaling loss must be balanced against the negative side effects when designing 

treatments for type 2 diabetes. In addition, the contribution of genetic variants to 

individual differences in glucagon levels, particularly postprandially, and how those 

differences may contribute to increased type 2 diabetes risk, is not completely 

understood. 

It has long been known that type 2 diabetes clusters in families, and multiple 

studies have shown that both diabetes and related traits such as glucose tolerance are 

highly heritable  10-12.  Many large studies both using the candidate gene/candidate 

pathway approach and the whole genome GWAS approach have shown association 

between type 2 diabetes and genetic variants in several genes and pathways 13-18. Given 

the importance of the glucagon pathway to the diabetic phenotype, variation in glucagon 
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pathway genes may be important in type 2 diabetes and diabetes-related traits. With this 

in mind, I will describe five key genes in the glucagon pathway, their roles, and their 

previously reported relevant associations. 

GCG 

GCG is the gene on chromosome 2q24.2, which encodes glucagon as well as 

glucagon-like peptide 1 (GLP1), GLP2, oxyntomodulin, glicentin, and glicentin-related 

pancreatic polypeptide (GRPP). Glucagon’s active peptide is cleaved from proglucagon 

(Figure 1.1) by prohormone convertase 2 (PC2), encoded by PCSK2 19. In addition to the 

glucagon itself, proglucagon cleavage by PC2 and the related convertase prohormone 

convertase 1/3 (PC1/3) also produces glucagon-like peptide 1 (GLP1), glucagon-like 

peptide 2 (GLP2), oxyntomodulin, and glicentin. These products are formed by the 

cleavage of proglucagon by prohormone convertases 1/3 and 2 (PC1/3 and PC2, encoded 

by the PCSK1 and PCSK2 genes respectively)  19. GCG is expressed mainly in the 

pancreatic alpha cells, the L cells of the gut, and nucleus of the solitary tract in the central 

nervous system.  

 

 

Figure 1.1. Cleavage of proglucagon by PC1 and PC2 into glucagon, oxyntomodulin, 
glicentin, GLP1, and GLP2. GcgR, GLP1R, and GLP2R are the glucagon, GLP1, and 
GLP2 receptors, respectively. From Hayashi et al. 20 
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Because many of the products of GCG are incompletely understood and often 

have opposing actions, GCG knockout studies that remove all the proglucagon products 

are difficult to interpret. One example in mice with whole-body knockout of GCG 

showed better glucose tolerance despite increased weight and lower activity levels  21. 

Variation in GCG activity would be expected to impact diabetes risk factors, and in fact a 

study of ~5,700 Danish individuals found that a variant in a predicted splice enhancer in 

GCG was associated with both lower fasting and postprandial levels of glucagon and 

GLP1 in addition to decreased fasting levels of insulin, glucose and increased insulin 

sensitivity 22. 

GCGR 

The GCGR gene on chromosome 17q25 encodes the glucagon receptor, a 7-

transmembrane domain G protein coupled receptor 23, 24. The glucagon receptor is 

expressed in the pancreas, liver, kidney, intestine, brain, and adipose tissue and along 

with the GLP1 receptor binds glucagon 24, 25. The effect of variants on glucagon receptor 

function is unclear. A mouse model lacking the glucagon receptor was created that has 

improved glucose tolerance  7, 8.  After these GCGR knockout mice were treated with 

streptozotocin (STZ) to kill pancreatic β-cells, they were still shown to be have normal 

plasma glucose levels despite having almost no insulin production and no glucagon 

signaling 7. Similarly, an individual homozygous for an inactivating variant in GCGR had 

normal glucose and insulin levels with only mild fasting hypoglycemia despite very high 

glucagon levels 26. However, both this individual and the GCGR knockout mouse have 

alpha cell hyperplasia  (a greatly increased number of alpha cells in all pancreatic islets) 

and pancreatic tumors caused by increased proglucagon production 27, 28. In addition, the 
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complete loss of glucagon signaling in the GCGR knockout mouse decreases lifespan and 

increases triglyceride levels 29, 30. This implies that antidiabetic treatments that aim to 

reduce glucagon signaling must be carefully designed in order to minimize these negative 

side effects. 

The G40S variant examined in the current work has been shown to be associated 

with type 2 diabetes in a French and Sardinian cohort of ~1500 individuals, despite 

having been shown to decrease receptor binding affinity for glucagon 31, 32. However, the 

association with G40S and increased type 2 diabetes risk has not been seen in other 

populations that carry this variant, such as a Finnish population, where a study of ~700 

individuals showed no copies of the variant among those with type 2 diabetes or impaired 

glucose tolerance and instead 4 carriers with normal glucose tolerance 33. A similar 

finding was seen in ~250 Russian individuals, with the only carriers of G40S being those 

with normal glucose tolerance 34. This variant has also shown association with body 

composition and hypertension in various populations 35, 36. Additionally no studies have 

reported on G40S homozygotes, due to the low frequency of this variant in outbred 

populations. GCGR antagonists have been used to treat type 2 diabetes by decreasing 

glucagon action; however these antagonists can lead to increased LDL cholesterol  37-39. 

Additionally, the glucagon receptor has also been shown to play a role in body weight 

through the binding of oxyntomodulin, a glucagon-like peptide formed through alternate 

cleavage of proglucagon 40.  

PCSK2 

PC2, encoded by PCSK2, belongs to the subtilisin/kexin family, all with similar 

structure. PC2 has a propeptide domain important for correct synthesis and targeting; a 
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catalytic domain; a “P” domain needed for expression, stability, and sorting; and a 

carboxyl terminus (CT) domain involved in sorting and storage (Figure 1.2). PC2 also 

requires a chaperone protein, 7B2, for activity 41, 42.7B2, encoded by SCG5, plays a role 

in proPC2 maturation 43 (Figure 1.3) and prevents aggregation and loss of function of 

PC2. In addition to cleaving proglucagon, PC2 is involved in insulin and neuropeptide 

processing, though the related convertase PC1/3 is thought to play the major role in 

cleaving proinsulin 44. There is evidence that PC2 is involved in processing of at least 30 

prohormones 43.  

 

 

 

Figure 1.2. The structure of PC2 with human variants explored in this work marked. The 
red D, H, and S form the catalytic triad. The italic blue D is the oxyanion hole residue. 
The four variants in grey circles were found in this work to be likely sequencing artifacts. 
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Figure 1.3. Binding of chaperone protein 7B2 to PC2. 7B2 blocks aggregation of proPC2 
in the endoplasmic reticulum (ER), Golgi stacks, and secretory granules (SG) From 
Ramos-Molina et al.  45 

 

Knockout mice for PCSK2, the gene that encodes PC2, had improved glucose 

tolerance and fasting hypoglycemia due to their lack of glucagon. These mice also 

showed reduced adiposity and protection from weight gain due to a high fat diet, despite 

having no difference in food intake  46. These differences could be due in part to the 

increased levels of GLP1 found in the PCSK2 knockout mice, which is caused by 

increased processing of proglucagon by PC1/3 in the absence of PC2 46. However, in 

addition to the positive glucose changes, the PCSK2 knockout mice, like the GCGR 

knockout mice, suffer from the negative effects of alpha cell hyperplasia due to increased 

production of proglucagon. Therefore, while PC2 inhibitors have been developed to treat 

type 2 diabetes, total abolishment of PC2 function is unlikely to be a stand-alone 

treatment due to negative side effects 47, 48. 

In humans, the PCSK2 variant rs2208203 was associated with lower fasting 

glucagon in ~1330 Scandinavian individuals but was not associated with type 2 diabetes 

risk 49. PCSK2 variants have also shown association with increased type 2 diabetes risk in 
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several other populations. A study in ~650 African-Americans with type 2 diabetes 

showed association between diabetes and four intronic variants in PCSK2 including 

rs2021785 50. A study in a Han Chinese population confirmed the association for 

rs2021785 and type 2 diabetes risk seen previously in an African-American population, 

while a study in a Japanese population saw association between diabetes risk and an 

intronic microsatellite  51, 52. These previously associated variants are in several different 

PCSK2 introns, suggesting that either they have an unknown function or are in linkage 

disequilibrium with other functional variants. However, coding variants in PCSK2 are 

rare, with no variant having a global minor allele frequency (MAF) greater than 0.001 in 

phase 3 of 1000Genomes. 

SCG5 

7B2, encoded by SCG5, is a molecular chaperone that is required for PC2 activity. 

It binds a seven-residue sequence in the catalytic domain of PC2 53 (Figure 1.3). The 

amino terminal domain of 7B2 prevents the aggregation of proPC2 in the endoplasmic 

reticulum 41. Without 7B2 present following proPC2 synthesis, the resulting proPC2   

cannot be activated because it aggregates 54. In certain mouse strains, 7B2 knockout mice 

have the same phenotype seen in the PCSK2 knockout mice, fasting hypoglycemia due to 

a lack of glucagon 55. An intronic variant in SCG5 (previously called SGNE1) was found 

to be associated with decreased glucose tolerance and increased insulin resistance in ~500 

obese French individuals 56, indirectly supporting the idea that PC2-mediated events are 

critical to glucose homeostasis. 
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GLP1 

GLP1 is a gut hormone produced mainly in intestinal L cells. It is formed by 

cleavage of proglucagon by PC1/3. GLP1 is an appealing choice for type 2 diabetes 

treatment because it suppresses glucagon by increasing insulin in a glucose-dependent 

manner, decreasing glucagon when plasma glucose is high but not when it is low. This 

means that GLP1 analogs are less likely to cause hypoglycemia than other type 2 diabetes 

medications 57. GLP1 is also a member of the incretin family 58. The incretin effect refers 

to the fact that glucose taken orally increases insulin secretion more that an equal amount 

of glucose given intravenously. Incretins are the hormones secreted after digestion that 

cause this effect. Increased GLP1 levels may also explain the normal glucose control and 

uptake seen in GCGR knockout mice treated with STZ  59. PCSK2 knockout mice show 

greatly increased GLP1 levels, likely from alternative cleavage of proglucagon. The 

normal cellular glucose uptake could be explained by the upregulation of proglucagon 

polypeptide caused by the GCGR knockout, which would have led to increased GLP1 

levels 59. 

The effectiveness of certain types of malabsorptive bariatric surgeries as a type 2 

diabetes treatment has been ascribed in part to increased GLP1 expression 60-62. 

Additionally, dual agonists of both GLP1 and glucagon have been shown to decrease 

body weight in mouse models of obesity, and a triple agonist of the glucagon, GLP1, and 

glucose-dependent insulinotropic peptide (GIP) receptors has been shown to reduce both 

body weight and blood glucose  63-65. Previous studies of GLP1 and GLP1 analogs 

showed that GLP1 causes glucose uptake in human myocytes and slows gastric 

emptying, both of which improve glucose tolerance 66. As stated above, a study of ~5,700 
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Danish individuals found that a variant in a predicted splice enhancer in GCG was 

associated with both decreased fasting and postprandial levels of GLP1 22. 

PCSK1 

PCSK1 is the gene on chromosome 5 that encodes PC1/3 (also called PC1). PC1/3 

is the prohormone convertase that cleaves proglucagon into GLP1, GLP2, glicentin, and 

oxyntomodulin. It is also involved in proinsulin and neuropeptide precursor processing. 

PC1/3 has a very similar structure to PC2 (Figure 1.4), and both are members of the 

furin-like proprotein convertase family.  

 
 

 

Figure 1.4. The structure of PC1/3 with previously identified human variants.	Variants 
identified in infants with diarrhea and endocrine patients are shown below the diagram 
and those identified in obese populations are shown above the diagram. The three most 
frequent polymorphisms (N221D, Q665E/S690T) are shown in blue. Mutant proteins that 
are not secreted and likely are ER-retained are shown in red. From Ramos-Molina et al. 45 
 

A lack of PC1/3 activity has been shown to cause obesity in both mice and 

humans. Heterozygosity for either a PCSK1 null allele or a less active allele with a 

mutated calcium-binding site is known to cause obesity in mice 67, and three individuals 

homozygous for an inactivating variant of PCSK1 with hyperphagia and early-onset 

obesity have been described  68-71. GWAS studies of obesity have also identified 

associated regions on chromosome 5q near PCSK1 72-74. Variants rs6232 and the rs6234-

rs6235 pair were associated with risk of obesity in a group of individuals of European 
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ancestry 75, 76. These three variants have also previously been associated with glucose 

metabolism, waist, and waist to hip ratio, sometimes with differences seen by sex  77, 78. 

For example, in one study of ~5800 Danish individuals, rs6235 had a significant 

interaction with gender with increased waist circumference and waist to hip ratio in men 

but not in women 77. The same study also found that in a mixed meal test of 62 Danish 

men rs6232 was associated with higher glucagon, GLP1, and GLP2 levels. A similar 

finding was seen in a study of ~3200 Han Chinese individuals, where rs6234 was 

associated with increased BMI, waist circumference, and body fat percentage in men but 

not in women 78. When PCSK1 was sequenced in obese individuals, several rare variants 

that impaired maturation or activity of PC1/3 were found, suggesting that both common 

and rare variants in PCSK1 contribute to obesity  79. 

Associations with obesity-related traits are important because obesity is known to 

be correlated with insulin resistance, and insulin resistance is thought to be the first step 

in the progression from the normal endocrine hormone state to type 2 diabetes 80. Variants 

found to be associated with either obesity or other measures of body composition, such as 

waist circumference and waist-to-hip ratio, are often found to be associated with glucose 

metabolism and vice versa. A well-known example is that of FTO (the fat mass- and 

obesity-associated gene), originally found in a GWAS for type 2 diabetes, which was 

found to affect type 2 diabetes risk through increasing the risk of obesity  13, 81.  

Treating Diabetes through Targeting the Glucagon Pathway 

Given the previous research and previous type 2 diabetes associations in these 

five genes, the glucagon pathway has become a target for anti-diabetic treatments. In 

addition, several current methods for treating type 2 diabetes affect the glucagon pathway 
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including metformin, physical activity, and gastric bypass 60, 82, 83. Metformin has been 

shown to act in part through products of the GCG gene, specifically by reducing 

glucagon signaling by decreasing cyclic AMP  83, 84. Physical activity has been shown to 

increase glucagon and GLP1 levels 85, 86, and mice with a knockout of GLP1R show 

hyperglycemia due to increased glucagon after exercise.  Additionally, GCG variants 

have previously been shown to modify the effect of exercise on type 2 diabetes risk 82, 87. 

Troglitazone has been shown to decrease GCG expression through PPARγ binding to 

PAX6 to block transcription 88, 89. Specific gastric bypass methods that remove or bypass 

the upper part of the intestine, the most common of which is Roux-en-Y, have been 

shown to normalize glucose before any significant weight loss has occurred through 

increased secretion of GLP1 from L cells of the lower intestine 90-92. The effectiveness of 

these treatments for type 2 diabetes shows the importance of the glucagon pathway in the 

diabetic phenotype. 

The Drawbacks of Decreasing Glucagon  

While there are many benefits to targeting the glucagon pathway to reduce blood 

glucose, some problems, especially in case of total abolishment of glucagon action, are 

seen in both mouse models and humans. As mentioned above both humans and mice with 

lacking glucagon signaling can develop alpha cell hyperplasia, a vast increase in the 

number of alpha cells in all islets and a reversal of the normal alpha to beta cell ratio 

which can lead to pancreatic tumors, in addition to fasting hypoglycemia 9, 26, 28. 

Additionally GCGR knockout mice show increased triglycerides and decreased fatty acid 

oxidation 30. Similarly, humans treated with a glucagon antagonist also show increases in 

LDL cholesterol levels due to increased absorption from the intestine 39. Interestingly 
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dual glucagon and GLP1 agonism has been shown to reduce weight in mouse models of 

obesity without causing hyperglycemia, in part through upregulation of FGF21, which 

itself has been shown to decrease weight and triglycerides levels and increase glucose 

uptake by adipocytes. In humans, studies co-administering GLP1 and glucagon have 

shown that it causes decreased appetite and increased energy expenditure, leading to the 

possibility of dual glucagon/GLP1 agonists as a treatment for obesity 93, 94  63, 64, 95, 96. 

However, these dual agonists are not as effective for reducing hyperglycemia. As a 

solution a triple agonist for the glucagon, GLP1, and GIP receptors has been shown to 

reduce both body weight and blood glucose and not increase cholesterol levels 65Future 

studies into the benefits and harms of glucagon modulation should be performed to 

enable a better understanding of the role of glucagon in body weight and lipid 

metabolism. In the current work, we examine the effect of GCG variants on body weight 

and glucose traits. Understanding how variation in GCG affects weight and glucose traits, 

both together and separately, could be useful for determining how to best design 

treatments that target the glucagon pathway to affect these traits. 
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Populations  

While previous studies have shown associations between variants in five genes in 

the glucagon pathway and type 2 diabetes or related traits, the effect of these variants on 

response to antidiabetic interventions has not been evaluated. Additionally, many coding 

variants in these genes are rare, which renders association studies in outbred populations 

difficult to conduct. To address these questions, this work uses two unique populations, 

the Diabetes Prevention Program (DPP) and the Old Order Amish (OOA).  

Diabetes Prevention Program 

The Diabetes Prevention Program (DPP) was a study undertaken to examine the 

effect of medication and lifestyle intervention on the incidence of type 2 diabetes in a 

high-risk population 97. The DPP included 3,819 individuals who were at least 25 years of 

age, overweight or obese (BMI ≥ 24 kg/m2, ≥ 22 kg/m2 for Asians), had elevated fasting 

glucose (defined as 95 to 125 mg per deciliter, ≤ 125 mg per deciliter for American 

Indians), and two-hour glucose (140-199 mg per deciliter) measurements 97. The 

participants were randomized to one of four arms: placebo, metformin, lifestyle, or 

troglitazone. The placebo, metformin, and troglitazone participants received standard 

lifestyle advice, and these arms were double-blinded. The lifestyle arm included 

individualized sessions with nutrition counselors over several months with the goal of a 

7% loss of body weight and 150 minutes a week of moderate physical activity. Lifestyle, 

metformin, and troglitazone interventions reduced progression to type 2 diabetes in these 

high-risk individuals compared with those given the placebo. Over an average of 2.8 

years [1.8-4.6], the incidence of type 2 diabetes was 58% lower in the lifestyle 

intervention group and 31% lower in the metformin group compared with the placebo 
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group 98.   The troglitazone arm was discontinued after a mean follow-up of 0.9 year 

owing to its potential liver toxicity, but during this brief intervention period, diabetes 

incidence was reduced by 75% compared with placebo 99. 

A genetic study was done on 3,505 DPP participants in the placebo, metformin, 

lifestyle, and troglitazone arms that investigated the role of genetic variation in 

differential response to the interventions. As described previously, this subgroup of the 

DPP represented a number of races/ethnicities 100. Overall the DPP genetic study was 

56% Caucasian, 20% African-American, 17% Hispanic of any race, 4% Asian/Pacific 

Islander, and 3% American Indian. This racial distribution was the same ±1% in each 

treatment group. The DPP as a whole was 67% female and 33% male, and again this 

distribution was preserved in each treatment group. The mean age of the DPP participants 

as a whole was 50.8 ±10.7, and the mean BMI was 34.1±6.7. This represents a group of 

individuals at high risk of diabetes who had a higher BMI than the general population 

(mean of 28.7±0.12 for women and 28.6±0.13 for men as of 2010 from data on 

individuals in NHANES of at least 20 years of age) 101. 

Of particular relevance to this work, a prior DPP study found evidence that two 

GCG variants modify the effects of metformin and lifestyle interventions to prevent the 

progression to diabetes. GCG SNP rs7599142 had a significant interaction with lifestyle 

(p=0.02) 100. In that analysis, the minor allele of rs7599142 was associated with decreased 

risk of diabetes among those in the lifestyle intervention (HR=0.66 [0.51-0.86], p=0.002) 

versus no significant difference in those given metformin (HR=1.00 [0.81-1.22], p=0.97) 

or placebo (HR=1.02 [0.84-1.23], p=0.86). GCG SNP rs6733736 had a significant 

interaction with metformin (p=0.04). The minor allele of rs6733736 was associated with 



 

16 

an increased risk of diabetes among those in the metformin intervention (HR=3.7[1.56-

8.8], p=0.0003), but not among those in the lifestyle intervention (HR=0.59[0.08-4.45], 

p=0.61) or placebo group (HR=0.65[0.2-2.13], p=0.48).  The association of these variants 

in GCG with diabetes suggests that variation in the production of glucagon or other 

products formed from the cleavage of proglucagon influences type 2 diabetes risk and 

response to antidiabetic interventions. There are multiple explanations for finding an 

effect modification by different GCG variants on metformin and lifestyle.  The first 

possibility is that one or both of these associations is false. Second, both of these variants 

are 3’ of GCG, and they may be either changing two different transcription factor binding 

sites or be tagging variants elsewhere that change GCG expression. Finally, as these 

variants have very different allele frequencies (MAF range 0.004-0.014 for rs673376 and 

0.356-0.412 for rs7599142), they may be tagging signals in two different populations.  

However, these variants have not been studied for association with diabetes-

related quantitative traits, which gives both a more nuanced and powerful understanding 

of how variants affect the diabetic phenotype and thus new avenues for treatments 

targeting this pathway. 

Old Order Amish Population 

The Lancaster Old Order Amish (OOA) are a genetically well-defined founder 

population of European descent that immigrated to the US from Western Europe over a 

50-year period starting in 1727. Today’s Lancaster Amish population of >30,000 

individuals are descended from approximately 200 of these families. For religious and 

cultural reasons, almost no outsiders are allowed to marry in. Because the OOA grew 

from a small number of founders with few other outside individuals joining the 
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population, some variants that are rare in outbred population have become common in the 

OOA. This provides unique opportunities for genetic studies. In addition, the OOA have 

a high parity with an average sibship of 6-7, a relatively homogenous lifestyle, and a 

willingness to participate in research that make them an ideal population for genetic 

studies 102, 103. 

The Amish Family Diabetes Study (AFDS) was a study begun in 1995 designed 

with the aim of identifying genetic determinants of type 2 diabetes and related traits 104.  

Probands were OOA individuals with previously diagnosed type 2 diabetes diagnosed 

between 35 and 65 years of age.  These individuals and their first- and second-degree 

relatives of at least 18 years of age were recruited. 75g oral glucose tolerance tests 

(OGTTs) were only performed on individuals without prevalent diabetes. The AFDS 

consisted of two phases. In the first phase (n=904) all individuals without prevalent 

diabetes in the study had OGTTs. However in phase 2 (n=383) the focus shifted to 

enrolling as many siblings as possible to perform transmission disequilibrium tests 

(TDTs), which rely only on affected individuals. For this reason in the second phase, 

participants only had a random glucose measurement to determine a binary outcome of 

type 2 diabetes or unknown status. Thus all OGTT data presented here will include only 

individuals from phase 1.  

The Benefits of These Two Unique Populations 

Type 2 diabetes prevalence varies between race/ethnicity groups, with greater 

incidence in Asian, Hispanic, African-American, and Native American groups as 

compared to those of Caucasian ancestry. American Indians in particular had more than 

twice the age-adjusted prevalence of Caucasians in the US (15.9% vs. 7.8% in adults over 
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20) 1. The DPP is a unique study because it was oversampled for members of 

race/ethnicities at higher risk for type 2 diabetes. This also allows for evaluation of 

variants that may be restricted to only one ethnic group. In addition, because all DPP 

participants were at high-risk of type 2 diabetes, this group is likely to be enriched for 

variants that predispose to diabetes and diabetes-related traits.  

The OOA as a closed, founder population has the advantage of increased 

frequency of variants that may be rare in the general population. This allows studies on 

rare variants to be conducted that would be otherwise impossible in an outbred 

population. In addition, the OOA have an unusual distribution of glucose tolerance in the 

population. As compared to the outbred US population in NHANES, the OOA have half 

the prevalence of type 2 diabetes but an increased prevalence of impaired glucose 

tolerance (IGT) 104. These data come from a study of ~200 OOA Amish individuals who 

were ascertained as the spouse and their families of probands in AFDS. However, the 

total prevalence of individuals with type 2 diabetes or IGT in both populations is similar. 

Additionally, it was found that type 2 diabetes but not impaired glucose tolerance showed 

a pattern of familial aggregation in the OOA 104, suggesting that genetic factors might 

account for decreased likelihood of conversion from impaired glucose tolerance to type 2 

diabetes.   

The multiethnic nature and specific phenotypic qualifications for entrance into the 

DPP and the increased allele frequency and aggregation of type 2 diabetes in the OOA 

make these populations particularly useful for assessing the effect of variants on diabetes 

risk and diabetes-related traits, as they are expected to be enriched for variants 

influencing diabetes risk and related traits. In addition, the specific design of the DPP 
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including three interventions, two of which have been shown to affect glucagon and 

GLP1 signaling as described below, allows for association between variants in these five 

genes and response to interventions. Metformin has been shown to reduce glucagon 

signaling by decreasing cyclic AMP and increasing both total GLP1 levels and active 

GLP1 levels through inhibition of DPP4  83, 84, 105-108.  In addition, physical activity 

increases glucagon and GLP1 levels 85, 86, and mice with a knockout of GLP1R show 

hyperglycemia due to increased glucagon after exercise. GCG variants have also 

previously been shown to modify the effect of exercise on type 2 diabetes risk 82, 87.  

Summary 

Previous work has shown associations between variants in these five genes in the 

glucagon pathway and type 2 diabetes and/or related glucose, insulin, and body 

composition traits. However, variants in these genes have not been tested for association 

with response to antidiabetic interventions. Additionally, coding variants are often rare in 

the outbred population, which makes assessing the effect of a specific coding variant 

difficult. This work aims to evaluate the association between variants in five genes in the 

glucagon pathway and response to antidiabetic interventions, as measured by change in 

diabetes-related traits; the functional consequences of thirteen coding variants in PCSK2; 

and the association between variants in these five genes that are rare in the outbred 

population but common in the OOA with diabetes and related traits. The findings of this 

work potentially will inform future avenues of antidiabetic treatment targeting this 

pathway by providing an in-depth examination of the effect of variation in these five 

genes on diabetes and diabetes-related traits. To address these aims, this work uses two 

unique populations, the DPP and OOA. The DPP provides information about the role of 
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variants in the glucagon pathway effects on response to antidiabetic preventative 

interventions in a multiethnic population, while the OOA is a founder population with 

increased frequency of otherwise rare coding variants along with a relatively uniform 

lifestyle.  
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Specific Aims 

In 2014, the CDC estimated that 29.1 million Americans have type 2 diabetes 1.  

Serious consequences of type 2 diabetes include heart attack, stroke, renal disease, and 

blindness, and it is currently the seventh leading cause of death in the US. It has been 

proposed that disordered glucagon regulation is a major contributor to the diabetic 

phenotype 3. Glucagon is cleaved from proglucagon, encoded by GCG, by prohormone 

convertase 2 (PC2), encoded by PCSK2. A GCG knockout study in mice showed 

improved glucose tolerance despite increased weight and lower activity levels 21. Both 

PCSK2 and glucagon receptor (GCGR) knockout mice show similar phenotypes with 

decreased body weight and protection from high fat diet-induced weight gain, decreased 

plasma glucose, and increased glucose tolerance suggesting that treatments aimed at 

inhibiting these proteins could be useful in the treatment of diabetes and metabolic 

syndrome 7, 8, 46.In fact, several current methods for treating type 2 diabetes have their 

effects at least in part through modulating the glucagon pathway 60, 82, 83. However, these 

mice models also have alpha cell hyperplasia and increased triglyceride levels, so future 

advances in treatment will require a greater understanding of how to overcome the side 

effects caused by a loss of glucagon signaling and how the degree of change in glucagon 

signaling changes the severity of these side effects. 

Previous studies of variants in genes in the glucagon pathway have shown 

association with type 2 diabetes and diabetes-related traits. For example, variants in GCG 

have been shown to be associated with both fasting and postprandial levels of glucagon 

and GLP1 22. Additionally, a coding variant in GCGR that decreases receptor binding 

affinity for glucagon has been shown to be associated with increased type 2 diabetes 31-33 
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and with obesity and hypertension 35, 36.  Also, noncoding variants in PCSK2 have been 

associated with lower fasting glucagon levels 49, later age of onset of type 2 diabetes and 

increased survival 50, 109, and increased type 2 diabetes risk 51, 52. Variants in SCG5 (also 

called SGNE1), the gene that encodes 7B2, have been associated with decreased glucose 

tolerance 56. Finally, GWAS studies of obesity have identified associated regions on 

chromosome 5q near PCSK1 72-74, and three individuals homozygous for an inactivating 

variant of PCSK1 with hyperphagia and early-onset obesity have been described  68-70. 

These previous associations show the importance of genetic variation in genes in the 

glucagon pathway. 

To assess the association of variants in these five genes with diabetes and related 

traits, two unique populations were used. The Diabetes Prevention Program (DPP) was a 

study that examined the effectiveness of medication and lifestyle intervention in reducing 

type 2 diabetes incidence in a high-risk population 97. The DPP had four arms: placebo, 

metformin, lifestyle (decreased caloric intake and increased exercise with a goal of 7% 

body weight reduction), and troglitazone. The Old Order Amish (OOA) are a genetically 

well-defined founder population of European descent. The Amish Family Diabetes Study 

(AFDS) was a study begun in 1995 designed with the aim of identifying genetic 

determinants of type 2 diabetes and related traits 104.  

These aims are designed to test the overall hypotheses that variants in five genes 

in the glucagon pathway are associated with response of type 2 diabetes-related glucose, 

insulin, and body composition traits to three antidiabetic interventions in the DPP; and 

that rare coding variants are enriched in the OOA compared to other populations and 

associated with type 2 diabetes and diabetes-related traits. This work will yield a better 
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understanding of the role of variation in these genes in diabetes risk and potentially 

inform future avenues of antidiabetic treatment targeting this pathway by providing an in 

depth examination of the effect of variation in these five genes on diabetes and diabetes-

related traits. 

1. Evaluate the association of common and rare variants in PCSK2, GCG, GCGR, 

PCSK1, and SCG5 with response to three antidiabetic interventions (lifestyle, 

metformin, and troglitazone) in the DPP as measured by baseline and change between 

baseline and year 1 values for five glycemic traits and weight.  

2. Assess the enzymatic activity of thirteen PCSK2 coding variants (in variants 

predicted by protein location to affect function) to find variants that change enzyme 

activity and relate changes in enzyme activity to associations seen in Aims 1 and 3 by 

transiently-transfecting cDNAs encoding PCSK2 variants and wild-type enzyme into 

CHO cells overexpressing 7B2, and assaying enzymatic activity against the standard 

fluorogenic substrate pERTKR-amc.  

3. Evaluate the association of rare coding variants in PCSK2, GCG, GCGR, PCSK1, and 

SCG5 with increased frequency in the OOA with type 2 diabetes and diabetes-related 

quantitative traits. 
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Chapter II. Variants in the Glucagon Gene are Associated with Baseline 
Weight and Glycemic Response to Metformin and Intensive Lifestyle 
Interventions in the DPP1 

Abstract 

The glucagon gene (GCG) codes for glucagon, glucagon-like peptides 1 and 2 

(GLP1 and GLP2), glicentin, GRPP, and oxyntomodulin. These peptides have a number 

of different physiological effects, including those on glucose homeostasis, weight gain, 

and satiety. We hypothesized that variation in GCG affects glycemic traits and weight, 

and modifies the glycemic response to weight- and glucose-lowering interventions in the 

Diabetes Prevention Program (DPP).  The DPP was a clinical trial testing metformin, 

lifestyle (systematic caloric and fat intake reduction and increase in physical activity), 

and troglitazone interventions versus placebo on reducing diabetes development in those 

at high risk. Thirteen SNPs tagging common variation and five variants from the 

HumanCoreExome chip in GCG were evaluated for association with weight, fasting and 

two-hour glucose, glycated hemoglobin, insulin, insulin sensitivity index, and oral 

disposition index at baseline and 1 year. Among 3,505 DPP participants, there was a 

significant interaction with two of the DPP treatments (p=0.02 for SNP*lifestyle and 

p=0.04 for SNP*metformin) on fasting glucose at one year for rs2892827 (DPP minor 

allele frequency ranges from 0.12-0.20 in different race/ethnicity subgroups), explained 

by a borderline nominal association with increased baseline-adjusted fasting glucose at 

one year in the placebo group (β = 1.53mg/dl [-0.03, 3.08]; p=0.055), but not in the 

lifestyle (β = -0.93mg/dl [-2.14 , 0.28]; p=0.13), metformin (β = -0.59mg/dl [-1.75, 0.57]; 

																																								 																					
1	Winters AH, Jablonski KA, Yerges-Armstrong LM, Kahn SE, Knowler WC, Horton 
ES, Mather, KJ, Arakaki, RF, Florez JC, Pollin TI for the DPP Research Group. In 
preparation for submission.	
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p=0.32), or troglitazone (β = -0.18mg/dl [-2.34,1.97]; p=0.87)  groups. rs5649, which is 

predicted to change the splicing of GCG, showed a similar pattern with increased 

baseline-adjusted fasting glucose at one year in the metformin (β = 7.09mg/dl 

[0.35,13.83]; p=0.04) and placebo groups (β = 11.87mg/dl [4.79,18.95]; p=0.001) but not 

in the other two treatment groups (lifestyle β = -6.1mg/dl [-14.49,2.29]; p=0.15 and 

troglitazone β = -4.51mg/dl [-20.41,11.39]; p=0.58), suggesting that individuals with this 

variant might be less responsive to metformin treatment. Further exploration of these 

genetic factors will increase our understanding of the contributions of glucagon gene 

products to glucose homeostasis and as modifiers of the effects of metabolic 

interventions, and may themselves be further developed as genetic markers with 

implications for an individual’s response to DPP-style prevention interventions.  

Introduction 

Glucagon is a hormone synthesized in the pancreatic alpha cells and intestine 4 

that increases blood glucose levels. In healthy individuals, glucagon production is 

upregulated in the fasting state and downregulated postprandially, while in individuals 

with type 2 diabetes it is not suppressed postprandially 5, 6. In addition, individuals with 

type 2 diabetes are known to have increased glucagon levels, even under conditions of 

increased plasma glucose. A mouse model of diabetes that lacks both insulin and 

glucagon signaling is viable and has improved glucose tolerance compared to mice with 

intact glucagon signaling, suggesting that disrupting glucagon signaling could normalize 

blood glucose levels in individuals with type 2 diabetes 7, 8, 110, 111. On the other hand, 

these mice also suffer from alpha cell hyperplasia, a great increase in alpha cell number 

that can lead to pancreatic tumors, and decreased life span, and therefore complete 
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disruption of glucagon signaling alone is unlikely to be a practical antidiabetic therapy 

due to the negative side effects 9, 29. Given the evidence from mice and humans that 

glucagon plays an important role in glycemic control, particularly in diabetes, studying 

the role of genetic variants in the glucagon gene could improve our understanding of the 

role of glucagon in glycemic control and diabetes pathophysiology. 

Glucagon is encoded by GCG on chromosome 2q24.2, which also encodes 

glucagon-like peptide 1 (GLP1), GLP2, oxyntomodulin, glicentin, and glicentin-related 

pancreatic polypeptide (GRPP). GCG is expressed mainly in the pancreatic alpha cells, 

the L cells of the gut, and nucleus of the solitary tract in the central nervous system. In 

addition to glucagon, GLP1 is also clinically relevant, as the basis for two new classes of 

anti-diabetes treatments. The metabolic actions of the other GCG products are less well 

understood. Variation in GCG expression could likely impact diabetes risk, and in fact 

variants in GCG have been shown to be associated with both fasting and postprandial 

levels of glucagon and GLP1 22. 

The Diabetes Prevention Program (DPP) was a study undertaken to examine the 

effect of medication and lifestyle intervention on the incidence of type 2 diabetes in a 

high-risk population 97. A previous study showed that a variant tagging GCG modifies the 

effect of physical activity on type 2 diabetes risk 82 and a previous DPP analysis showed a 

significant interaction of GCG variants with lifestyle and development of type 2 diabetes 

100. Metformin, one of the interventions used in the DPP, has been shown to act in part 

through products of the GCG gene, specifically by increasing GLP1 levels and 

decreasing glucagon signaling 83, 84, 105. We hypothesized that variants in GCG would be 
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associated with diabetes-related quantitative traits and that we would detect changes in 

those traits as a response to DPP interventions.  

Methods 

Study Population 

The DPP included 3,819 individuals who were at least 25 years of age, 

overweight or obese (BMI ≥ 24 kg/m2, ≥ 22 kg/m2 for Asians), had elevated fasting 

glucose (defined as 95 to 125 mg per deciliter, ≤ 125 mg per deciliter for American 

Indians), and two-hour glucose (140-199 mg per deciliter) measurements 97. The 

participants were randomized to one of four arms: placebo, metformin, lifestyle, or 

troglitazone. The placebo, metformin, and troglitazone participants received standard 

lifestyle advice, and these arms were double-blinded. The lifestyle arm included 

individualized sessions with nutrition counselors over several months with the goal of a 

7% loss of body weight and 150 minutes a week of moderate physical activity. Lifestyle, 

metformin, and troglitazone interventions reduced progression to type 2 diabetes in these 

high-risk individuals compared with those given the placebo. Over an average of 2.8 

years [1.8-4.6], the incidence of type 2 diabetes was 58% lower in the lifestyle 

intervention group and 31% lower in the metformin group compared with the placebo 

group 98.   The troglitazone arm was discontinued after a mean follow-up of 0.9 year 

owing to its potential liver toxicity, but during this brief intervention period, diabetes 

incidence was reduced by 75% compared with placebo 99. 

Genetic data are available on 3,505 DPP participants in the placebo, metformin, 

lifestyle, and troglitazone arms who gave consent to be included in analyses that 

investigated the role of genetic variation in differential response to the interventions. This 
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is the subgroup analyzed in the present study. This subgroup of the DPP represented the 

five targeted race/ethnicities 100. Overall the DPP genetic study was 56% Caucasian, 20% 

African-American, 17% Hispanic of any race, 4% Asian/Pacific Islander, and 3% 

American Indian. This racial distribution was the same ±2% in each of the four 

intervention groups. The DPP as a whole was 67% female and 33% male, and again this 

distribution was preserved in each treatment group. The mean±SD age of DPP 

participants at enrollment was 50.8 ±10.7 years. Institutional review boards at each of the 

27 participating sites approved the study. 

Tagging Variants 

In prior genetic analyses in the DPP, variants to be measured were chosen to 

capture common variation in candidate genes including GCG previously associated with 

type 2 diabetes, monogenic forms of diabetes, diabetes drug pathways, other pathways 

thought to be involved in type 2 diabetes, or variants identified by genome-wide 

association studies as associated with type 2 diabetes 100. Thirteen variants in GCG were 

chosen to tag common variation, defined as minor allele frequency (MAF) > 5%, in 

Caucasians and Africans at r2≥0.8. Tagging variants were genotyped by oligonucleotide 

pool array on the Illumina BeadArray platform (Illumina, San Diego, CA)  100. The 

sample pass rate was 99.8%, and overall average call rate per variant was 98.5%. For 

these thirteen variants, the call rate was 99.6% 100. These thirteen variants account for 

100% of the variation in Caucasians with a mean r2=0.96 and 92% in Africans with a 

mean r2=0.89 compared to HapMap CEU and YRI, respectively. Linkage disequilibrium 

(LD) between the thirteen variants in each of the five ethnic groups showed consistent 

patterns across the major race/ethnicity groups in the DPP, as shown in Figure 2.1. 
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Figure 2.1. R2 for GCG variants in A) Caucasians, B) African-Americans, C) Hispanics, 
D) Asians/Pacific Islanders, E) American Indians. Missing values are due to very low 
MAF. 

 

HumanCoreExome chip variants 

The Illumina HumanCoreExome chip contains targeted exome content and non-

coding variants found throughout the genome. It contains approximately 550,000 variants 

of which ~300,000 are in exons or promoters and another ~100,000 are within 10kb of a 
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gene. The remaining ~150,000 variants are spread throughout the genome in order to tag 

common variation to allow for using the genotyping results from this chip to perform 

GWAS and to enable principal components adjustment. The use of this chip allows for 

interrogation of known coding variants in a higher throughput platform than sequencing, 

and is complementary to the tagging SNP approach described above. The 

HumanCoreExome chip contains 7 GCG variants, 5 of which are polymorphic in the 

DPP. Three of these variants are nonsynonymous coding variants, and two are intronic. 

All are rare (MAF < 0.01) in all five DPP race/ethnicity subgroups, except one (rs5647 

MAF range among all five ethnic groups 0.02-0.26). In our genotyping, the sample pass 

rate was 99.7%, and the overall call rate per variant was also 99.7%. For the five 

polymorphic variants in GCG, the call rate was 99.8%. 

Analysis 

Thirteen tagging variants and five exome chip variants were evaluated for 

association with seven diabetes-related quantitative traits: weight, fasting and two-hour 

glucose, glycated hemoglobin (HbA1c), oral disposition index (DIo), insulin, and insulin 

sensitivity index (ISI) at baseline and 1 year. The oral disposition index is a measure of 

insulin secretion adjusted for insulin sensitivity, calculated as Δ insulin/Δ glucose over 30 

minutes x 1/fasting insulin 112. Insulin was analyzed as a log transformed trait, to correct 

for non-normal distribution. The insulin sensitivity index is a measure of insulin 

sensitivity and the reciprocal of HOMA-IR, calculated as 22.5/ (fasting insulin x [fasting 

glucose/18.01]). We evaluated the interactions of each variant specifically with each 

active intervention against placebo, using the baseline-adjusted year 1 value for each 

quantitative trait evaluated. Specifically, the change in each quantitative trait was taken as 
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the difference between the baseline value upon entrance in the study and the value at year 

1. These analyses used the additive model of 0, 1 or 2 copies of the variant and adjusted 

for age at enrollment, race/ethnicity, sex, and, in the case of 1 year traits, for baseline 

values. All quantitative trait analyses were performed in PLINK version 1.07 113. Analysis 

of hazard ratios for diabetes risk used cox proportional hazards analysis in SAS, SAS 

Institute. A 2-sided p value of <0.05 for each individual analysis was taken as nominal 

evidence of association and worthy of further study.  We did not correct for multiple 

testing and use a moderate statistical significance level. While only a few of our 

associations survive a conservative Bonferroni correction, the interaction analyses that 

are the core of the DPP data are underpowered, as are the analyses of rare variants. We 

acknowledge that due to this underpowering our results will require replication and 

further study. 

Results 

All 13 tagging variants tested are non-coding, and most are common (MAF ≥ 

0.05) in Caucasians and African-Americans. Variants were chosen using HapMap data 

for CEU and YRI populations, so certain variants may be less common than predicted in 

the more admixed DPP populations. Of the five GCG variants that were available on the 

HumanCoreExome chip and polymorphic in the DPP, three are nonsynonymous coding 

variants and two are intronic (Table 2.1). The HumanCoreExome chip is geared toward 

exonic variants and other likely functional variants, which comprise a high percentage of 

rare variants. Table 2.1 shows the location of all variants on chromosome 2, and their 

position in or near GCG. 
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We first conducted an analysis of six glycemic traits (fasting glucose, two-hour 

glucose, HbA1c, DIo, insulin, and ISI) and body weight in all individuals at baseline, 

combining all treatment groups (n=3505). Table 2.2 shows the association of the 

eighteen evaluated GCG variants with weight and fasting glucose at baseline. Two 

variants, rs2892827 and rs6733736, were associated with baseline weight. The T allele of 

rs2892827 was associated with greater weight at baseline (β = 1.32kg [0.15, 2.49]; 

p=0.03). The G allele of rs6733736 was associated with greater weight at baseline (β = 

5.22kg [0.08, 10.37]; p=0.047). Two variants, rs7599142 and rs79305438, were 

associated with baseline fasting glucose. The A allele of rs7599142 was associated with 

increased fasting glucose (β = 0.53mg/dl [0.14, 0.91]; p=0.007). The T allele of 

rs79305438 was associated with decreased fasting glucose at baseline (β = -18.82mg/dl [-

33.75, -3.89]; p=0.01) (Table 2.3). Associations of these variants with the other diabetes-

related quantitative traits can be found in Table 2.3; none was associated with HbA1c or 

DIo, while a few noncoding variants were associated with two-hour glucose, log insulin 

and/or ISI. 
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We then evaluated the interactions of the metformin, troglitazone and lifestyle 

interventions compared with placebo with all evaluated variants on the six glycemic traits 

and weight. Figure 2.2 shows the significant interaction for rs2892827 on fasting glucose 

with both lifestyle and metformin treatments (p=0.02 for SNP*lifestyle and p=0.04 for 

SNP*metformin), explained by a borderline association with increased baseline-adjusted 

fasting glucose at one year in the placebo group (β = 1.53mg/dl [-0.03, 3.08]; p=0.055), 

but not in the lifestyle (β = -0.93mg/dl [-2.14, 0.28]; p=0.13), metformin (β = -0.59mg/dl 

[-1.75, 0.57]; p=0.32), or troglitazone (β = -0.18mg/dl [-2.34,1.97]; p=0.87) groups 

(Figure 2.2; Table 2.4). There were no significant SNP x treatment interactions on 

baseline-adjusted one-year weight (interaction p=0.24 for lifestyle, interaction p = 0.23 

for metformin, and interaction p=0.73 for troglitazone; Table 2.5). 

 

 
 
Figure 2.2. Association of the T allele of rs2892827 with baseline-adjusted 1-year fasting 
glucose by treatment group. The y-axis shows the mean difference in baseline-adjusted 1-
year value for fasting glucose, measured in milligrams per deciliter, per copy of the T 
allele of rs2892827 by treatment group. The p values shown are for the additive 
association between rs2892827 and fasting glucose in each treatment group.
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Table 2.6 shows the three variants that have significant interactions with lifestyle 

on weight as measured by baseline-adjusted one-year weight (rs10200420 p=0.02; 

rs13010545 p=0.006; rs11897425 p=0.03). In the case of rs13010545 this is explained by 

an association with decreased baseline-adjusted weight at one year in the placebo group 

(β = -0.57kg [-1.13, -0.01]; p=0.048) and a trend towards increased weight in the lifestyle 

group (β = 0.73kg [-0.05, 1.52]; p=0.07) (Figure 2.3). 

 

 
Figure 2.3. Association of the G allele of rs13010545 on baseline-adjusted 1-year weight 
by treatment group.	The y-axis shows the mean difference in baseline-adjusted 1-year 
weight, measured in kilograms, per copy of the G allele of rs13010545 by treatment 
group. The p values shown are for the additive association between rs13010545 and 
weight in each treatment group. 
 
 

Figure 2.4 shows the significant interaction for rs5649 on fasting glucose with 

both lifestyle and troglitazone (p=0.002 for SNP*lifestyle and p=0.04 for 

SNP*troglitazone). This is explained by associations with increased baseline-adjusted 

fasting glucose at one year in the metformin (β = 7.09mg/dl [0.35,13.83]; p=0.04) and 

placebo (β = 11.87mg/dl [4.79,18.95]; p=0.001) groups, but a trend towards decreased 

baseline-adjusted fasting glucose at one year in the lifestyle group (β = -6.1mg/dl [-
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14.49,2.29]; p=0.15) and no association in the troglitazone group (β = -4.51mg/dl [-

20.41,11.39]; p=0.58) (Figure 2.4 and Table 2.4). The same pattern can be seen in the 

results for baseline-adjusted two-hour glucose. Figure 2.5 shows that again rs5649 is 

associated with increased baseline-adjusted two-hour glucose in the metformin group (β 

= 35.86mg/dl [12.62,59.11]; p=0.003) and has a trend towards increased baseline-

adjusted two-hour glucose in the placebo group (β = 16.41mg/dl [-5.97,38.79]; p=0.15), 

while there is no association seen in the lifestyle (β = -13.44mg/dl [-43,16.12]; p=0.37) 

and troglitazone groups (β = -17.81mg/dl [-70.54,34.91]; p=0.51) (Figure 2.5 and Table 

2.7). 

 

 
Figure 2.4. Association of the T allele of rs5649 with baseline-adjusted 1-year fasting 
glucose by treatment group. The y-axis shows the mean difference in baseline-adjusted 1-
year value for fasting glucose, measured in milligrams per deciliter, per copy of the T 
allele of rs5649 by treatment group. The p values shown are for the additive association 
between rs5649 and fasting glucose in each treatment group. 
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Figure 2.5. Association of the T allele of rs5649 with baseline-adjusted 1-year two-hour 
glucose by treatment group. The y-axis shows the mean difference in baseline-adjusted 1-
year value for two-hour glucose, measured in milligrams per deciliter, per copy of the T 
allele of rs5649 by treatment group. The p values shown are for the additive association 
between rs5649 and two-hour glucose in each treatment group. 
 
 

One GCG variant, rs5647 in intron 2, had significant interaction with troglitazone 

on fasting glucose (p=0.005) and HbA1c (p=0.01) with a borderline interaction on two-

hour glucose (p=0.05) (Table 2.8). This was explained for all three traits by an 

association with increased baseline-adjusted values at one year of each of the three traits 

in the troglitazone group only. For fasting glucose, there was increased baseline-adjusted 

fasting glucose at one year in the troglitazone group (β = 3.09mg/dl [0.24, 5.94]; p=0.03) 

but not in the lifestyle (β = -0.09mg/dl [-1.71, 1.53]; p=0.91), metformin (β = -0.78mg/dl 

[-2.48, 0.92]; p=0.37), or placebo (β = -0.6mg/dl [-2.92, 1.73]; p=0.61) groups. The same 

pattern can be seen in the results for baseline-adjusted HbA1c and two-hour glucose 

(Table 2.8). 
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Six variants had significant interactions with troglitazone on DIo. The two 

variants with most highly significant interactions were rs10200420 (p=4.5x10-6 for 

SNP*troglitazone) and rs10164435 (p= 2.2x10-5 for SNP*troglitazone). Both variants 

were associated with increased baseline-adjusted DIo at one year in the troglitazone 

group (β = 0.04 (md/dl)-1 [0.02, 0.07]; p=1.9x10-5) and (β = 0.14 (md/dl)-1 [0.07, 0.20]; 

p=7.42x10-5) but not in the lifestyle (β = -0.01 (mg/dl)-1 [-0.02, 0]; p=0.21) and (β = -0.01 

(mg/dl)-1 [-0.04, 0.02]; p=0.43), metformin (β = 0 (mg/dl)-1 [-0.01, 0.01]; p=0.87) and    

(β = 0 (mg/dl)-1 [-0.05, 0.05]; p=1), or placebo (β = 0 (mg/dl)-1 [-0.01, 0.01]; p=0.85) and 

(β = 0 (mg/dl)-1 [-0.04,0.03]; p=0.80 ) groups. The same pattern can be seen in the results 

for the other associated variants (Table 2.9). Additional interactions were seen with 

HbA1c and log insulin (Table 2.10 and Table 2.11) 

We also examined the interactions between the five HumanCore Exome chip 

variants and the three treatments on diabetes risk. This was previously done for the 

tagging variants as part of an earlier work 100. There were no significant interactions with 

the three treatment groups on diabetes risk (Table 2.12). 

 Finally, we used the large meta-analysis cohorts of the Meta-analyses of Glucose 

and Insulin-related traits Consortium (MAGIC) and Genetic Investigation of 

Anthropometric Traits (GIANT) to seek replication for the associations we saw with 

fasting glucose and weight at baseline, respectively (Table 2.2). The association we saw 

between rs7599142 and higher baseline fasting glucose was not replicated in MAGIC. 

Instead, there was a trend towards lower fasting glucose for rs7599142 (β = -6.70x10-03 

mg/dl [SE ±3.80x10-03]; p=0.08) 18. Of the two variants we found associated with baseline 

weight one, rs6733736, was not available in GIANT, and no variants with an r2≥0.8 with 
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rs6733736 in European Caucasians were available either. The other, rs2892827, with 

which we saw an association with increased baseline weight, was not associated with 

BMI in GIANT (β = 0.01 mg/dl [SE ±0.01]; p=0.15) 114. BMI was used as the body mass 

trait to compare with, as GIANT did not have weight as a variable. 

Discussion 
We have evaluated GCG variants for associations with glycemic traits and weight 

at baseline, and with randomized treatment interventions that modify these traits after one 

year of treatment. We observed nominal associations between several variants in and near 

the glucagon gene with baseline and baseline-adjusted one-year weight and fasting 

glucose. We were particularly interested in variants that interacted with metformin 

treatment, because metformin has been shown to exert its effect at least in part through 

decreasing glucagon signaling 83, 84. While the troglitazone group is often excluded, we 

include it here in order to differentiate between the generic effects of an anti-diabetes 

medication and the decreased glucagon signaling caused by metformin treatment. 

Because of the diversity of peptides formed from GCG expression, variants could 

have effects in many different ways. For example a variant could cause increased 

glucagon production, which if not counteracted by a treatment that reduces 

gluconeogenesis, leads to increased fasting glucose. Alternatively both GLP2 and 

oxyntomodulin have been associated with body size and food intake 115. Mice with the 

GLP2 receptor (GLP2R) knocked out have a phenotype similar to obese human 

individuals with increased body fat, increased food intake and more frequent gastric 

emptying, in addition to fasting hyperglycemia and insulin resistance 116, 117. 

Oxyntomodulin has been shown to reduce food intake and increase energy expenditure in 

overweight and obese individuals 118, 119. 
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The relevance of GCG variants to diabetes risk may be partially explained by 

these relationships with quantitative diabetes traits. As previously reported by Jablonski 

et al., two of 13 GCG variants genotyped in the DPP (Table 2.1) modified the effects of 

metformin and lifestyle interventions to prevent the progression to diabetes. GCG SNP 

rs7599142 had a significant interaction with lifestyle (p=0.02) 100. In that analysis, the 

minor allele of rs7599142 was associated with decreased risk of diabetes among those in 

the lifestyle intervention (HR=0.66 [0.51-0.86], p=0.002) versus no significant difference 

in those given metformin (HR=1.00 [0.81-1.22], p=0.97) or placebo (HR=1.02 [0.84-

1.23], p=0.86). GCG SNP rs6733736 had a significant interaction with metformin 

(p=0.04). The minor allele of rs6733736 was associated with an increased risk of diabetes 

among those in the metformin intervention (HR=3.7[1.56-8.8], p=0.0003), but not among 

those in the lifestyle intervention (HR=0.59[0.08-4.45], p=0.61) or placebo group 

(HR=0.65[0.2-2.13], p=0.48). These data provide evidence that variants in or near GCG 

are involved in response to antidiabetic interventions. There are multiple possible 

explanations for finding effect modification by different GCG variants on metformin and 

lifestyle (see Chapter I). 

In this study, we saw an association for rs2892827 with higher weight at baseline 

and greater gain in fasting glucose at one year only in those individuals who were not 

exposed to a treatment. rs2892827 is 15kb 5’ of GCG, and the reference allele (A) is 

conserved in mammals with a Genomic Evolutionary Rate Profiling (GERP) score of 

3.83. The GERP score is a measure of conservation using estimates of evolutionary 

constraint 120. This score ranges from -12.36 to 6.18, with values greater than 2 

suggesting evolutionary constraint. Using HaploReg a tool for exploring annotations, 



 

52 

conservation, and motifs altered by a given a variant, the T allele is predicted to change 

binding motifs for the transcription factors HOXA5, RAD21, and SMAD3. SMAD3 is a 

part of the TGFβ signaling pathway 121, 122, and SMAD3 knockout mice exhibit increased 

glucose tolerance and insulin sensitivity and show resistance to diet-induced obesity 123. 

As the reference allele rs2892827 is conserved and lies the binding site for SMAD3, it is 

possible that reduced SMAD3 binding leads to increased weight and greater impairment 

in fasting glucose in individuals not exposed to a glucose-lowering treatment. 

The association of the G allele of rs13010545 with decreased baseline-adjusted 

weight at one year in the placebo group and a trend towards a trend towards increased 

weight in the lifestyle group is the opposite of what would be expected, given that the 

lifestyle intervention had the goal of reducing body weight. The minor allele (G) of 

rs13010545 in humans is the conserved allele in other mammals. This variant could play 

a regulatory role in expression of GCG or be in linkage disequilibrium (LD) with another 

variant responsible for this effect. rs13010545 is in perfect LD with several variants in 

and around GCG including rs5645 in Caucasians, although it is not in strong LD (r2<0.8) 

with any variants in Africans. rs5645 is a synonymous coding variant in GCG with a 

GERP score of 4.95 that lies in the putative binding site for the transcription factor p300, 

which has been shown to be involved in energy balance 124. Thus, rs5645 may alter the 

binding of p300, which could modify energy balance and therefore weight, by altering 

the target genes of p300 including GCG, INS (encodes insulin), AR (encodes the 

androgen receptor), and ESR1 (encodes the estrogen receptor) 125-128. These genes have 

all been shown to affect body weight  118, 129-131.  
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The association seen for rs5649 with increased fasting and two-hour glucose at 

one year in the metformin and placebo groups but not in the other two treatments could 

be due to altered splicing of GCG leading to a change in the ability of metformin to 

decrease glucagon signaling. rs5649 is in the consensus splice donor site for the third 

exon of GCG. It changes the intronic side of the splice donor site from the consensus of 

GTRAGT (where R is A or G) to GTAAAT. This variant has a GERP score of 4.53, 

indicating conservation. It is possible that rs5649, by disrupting the consensus splice 

donor site, causes retention on the third intron which would change the structure of 

proglucagon and could lead to metformin being less effective in reducing glucagon 

signaling. However, we did not see association with this variant and metformin response 

with respect to the development of diabetes risk overall, which could be due to either 

false association for fasting and two-hour glucose; or to the low power of the proportional 

hazards analysis to detect an effect of low MAF variants.  

Association was seen for rs5647 with increased fasting glucose, two-hour glucose, 

and HbA1c at one year in the troglitazone group. Troglitazone is one member of the 

thiazolidinedione (TZD) family of anti-diabetes medications. The mechanism of TZDs’ 

effect on lowering blood glucose is through binding the PPARγ receptor 132-134. PPARγ 

then heterodimerizes with the RXRα receptor to bind certain target sequences 5’ of 

certain genes 135. rs5647 is in LD (r2=1 in Caucasians, r2=0.92 in Asians, r2=0.83 in 

Hispanics) with another variant, rs16846320, in the RXRα receptor binding site 391 base 

pairs 3’ of GCG. It is possible that the change in this binding site could reduce the 

efficacy of troglitazone. rs10164435, one of several variants associated with increased 
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DIo in the troglitazone group, is also in a different putative RXRα binding site in intron 1 

of GCG, potentially explaining its interaction with troglitazone. 

A major strength of this work is the use of the DPP population. This is a unique 

population of individuals at high risk for type 2 diabetes. Both the lifestyle and 

metformin interventions used in the DPP have been associated with differences in 

glucagon and GLP1 signaling in other studies. Metformin has been shown to reduce 

glucagon signaling by decreasing cyclic AMP and increasing both total GLP1 levels and 

active GLP1 levels through inhibition of DPP4  83, 84, 105-108.  In addition, physical activity 

increases glucagon and GLP1 levels 85, 86, and mice with a knockout of GLP1R show 

hyperglycemia due to increased glucagon after exercise and GCG variants have 

previously been shown to modify the effect of exercise on type 2 diabetes risk 82, 87. One 

limitation of this study is that it uses a moderate statistical significance level. The use of 

both tagging and rare variants from the HumanCore Exome chip allowed us to capture 

most common and rare variation, but a future study using whole genome sequencing or 

other sequencing methods that improve variant detection might uncover previously 

unknown variants 136. An additional limitation is the lack of replication of the baseline 

trait associations with other large meta-analyses. In the case of fasting glucose this is 

likely due to a false association for that one variant. In the case of the two variants 

associated with baseline weight, the lack of replication is more inconclusive as one 

variant was not present in the GIANT database, likely due to its relatively low frequency.  

In summary, we have discovered associations of variants of the GCG gene with 

glycemic traits at baseline, and interactions of these variants with the randomized 

treatment interventions on these same traits. The association of these variants in GCG 
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with diabetes and diabetes-related quantitative traits suggests that variation in the 

production of glucagon or other products formed from the cleavage of proglucagon 

influence diabetes, weight, and glucose levels. Further exploration of these genetic 

factors will increase our understanding of the contributions of glucagon gene products to 

glucose homeostasis. Additional knowledge can be acquired through the interactions 

between variants and different treatment options, for example, in the case of the variant 

rs5649 that was associated with decreased metformin effectiveness. This implies that 

rs5649 could alter GCG splicing leading to a change in the ability of metformin to 

decrease glucagon signaling; however, this needs to be experimentally verified. This type 

of effect modification could lead to more individualized treatment and prevention of type 

2 diabetes based on genetic predispositions for effectiveness of a given intervention.
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Chapter III. Investigation of PCSK2 coding variant rs200711626 
R430W in the Old Order Amish2  

Abstract 
	

Prohormone convertase 2 (PC2), encoded by PCSK2, is one of two enzymes that 

cleave proglucagon and is the sole enzyme that can accomplish of one of the two 

cleavages necessary to excise mature glucagon from proglucagon. In humans, noncoding 

variants near PCSK2 have been previously associated with risk for and age of onset of 

type 2 diabetes and with variation in glucagon levels. However, coding variants in 

PCSK2 are rare and no missense variants with a minor allele frequency (MAF) greater 

than 0.001 are present in 1000 Genomes (phase 3). We hypothesized that coding variants 

in PCSK2 would be associated with type 2 diabetes and diabetes-related traits. There is 

one coding variant found in PCSK2 in the OOA, R430W (rs200711626). This variant is 

greatly enriched in the OOA (MAF 4.3%) as compared to other populations, with 2 

copies (0.04%) in 1000 genomes and 1 copy in the NHLBI Exome Sequencing Project 

(0.008%). R430W is almost twice as common (MAF 7.4%) among OOA individuals with 

type 2 diabetes as OOA individuals with normal or impaired glucose tolerance (MAF 

3.9% and 2.9%, respectively; p=0.10). While the association between R430W and 

diabetes or diabetes-related traits in the OOA is not significant, we hypothesize that the 

increased frequency of R430W among those with type 2 diabetes could be caused by an 

increased risk of R430W carriers with impaired glucose tolerance to convert to type 2 

diabetes. 

																																								 																					
2	Winters AH, Ramos-Molina, B, Yerges-Armstrong LM, Pollin TI, Lindberg I. In 
preparation for submission. 	
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Introduction 

As described in Chapter I, PC2 activity is required to cleave mature glucagon 

from proglucagon. Knockout mice for PCSK2 had improved glucose tolerance and 

fasting hypoglycemia due to their low glucagon levels 46. These mice also showed 

reduced adiposity and protection from weight gain due to a high fat diet, despite having 

no difference in food intake 46. This unusual body weight stability under conditions that 

normally cause weight gain may be due to the increased levels of glucagon-like peptide 1 

(GLP1) found in the PCSK2 knockout mice, which is caused by increased processing of 

proglucagon by PC1/3 in the absence of PC2 46. PCSK2 knockout mice are also 

normoinsulinemic 46, lending support to the idea that PC2’s role in insulin processing is 

limited. However, these mice also have alpha cell hyperplasia, which can lead to 

pancreatic tumors, as is found in GCGR knockout mice  28, 137.  

PCSK2 variants have also been associated with diabetes risk and related traits in 

humans; however all associations have been with intronic variants, as coding variants in 

PCSK2 are rare in outbred populations. One PCSK2 variant, rs2208203, was associated 

with lower fasting glucagon (β=-0.084, p=0.005) in ~1330 Scandinavian individuals 49. In 

several populations PCSK2 variants have also shown association with increased type 2 

diabetes risk. A study in ~650 African-American with type 2 diabetes showed association 

between diabetes and four intronic variants in PCSK2 including rs2021785 (p= 0.00014)  

50. A study in a Han Chinese population confirmed the association for rs2021785 and 

type 2 diabetes risk found previously in an African-American population (OR = 1.4489 

[1.0285, 2.0412]; p = 0.0335), while a study in a Japanese population saw association 

between diabetes risk and an intronic microsatellite (p = 0.0068)  51, 52. These previously 



 

58 

associated variants are in several different PCSK2 introns, suggesting that either they 

have an unknown function or are in linkage disequilibrium with other functional variants. 

The association between several PCSK2 variants and type 2 diabetes in several 

populations suggests that differences in PC2 activity, which may affect glucagon 

cleavage, are an important factor in type 2 diabetes risk. 

As coding variants in PCSK2 are rare, with no variant having a global minor 

allele frequency (MAF) greater than 0.001 in phase 3 of 1000Genomes, no associations 

have ever been found between coding variants and diabetes or related traits. We have 

recently identified a missense coding variant (R430W) that is present at a much higher 

frequency in the Amish.  Here we have evaluated the association between this PCSK2 

variant, with increased frequency in a founder population, and diabetes and diabetes-

related traits. 

Methods 

Study Population 

The Old Order Amish population and the Amish Family Diabetes Study are 

described in Chapter I.  

Variant Selection 
PCSK2 variants from 1000Genomes phase 1 were evaluated for frequency 

differences between the overall outbred population and the OOA. There was one variant, 

rs188499534 A385V, which was common in 1000 genomes with MAF 12.7%, and 

preliminary functional studies in our laboratory showed that A385V had zero activity 

(unpublished data). However, attempts to confirm A385V frequency in other multiethnic 

populations, including the Exome Sequencing Project (ESP) and the T2D-Genes 
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consortium (which represent exomes from approximately 6, 500 and 13,000 individuals 

respectively) led to no copies being found. After examining sequence files from 1000 

Genomes phase 1, it seemed likely that A385V was an artifact. The sequence near the 

A385V variant was compared to other members of the PC family to determine if there 

might be a problem with reads mapping to the wrong gene. PCSK6 (which encodes 

PACE4) does have a similar sequence with a V at the corresponding position, but it was 

determined that the sequence was not similar enough to cause mismatched reads (Tim 

O’Connor, personal communication). However, use of the Basic Local Alignment Search 

Tool (BLAST), an algorithm for comparing DNA sequences across the genome, revealed 

that a 15mer including a T in the sequence at the same position as that of A385V is found 

in anther gene, ASPH. Another possible reason that this error appeared in the 1000 

Genomes phase 1 database is due to the low coverage sequencing that was used, as the 

high coverage data from phase 3 does not show the erroneous variant. In addition, 1000 

Genomes phase 1 used a number of different sequencing platforms, as compared to phase 

3, which used a single brand of sequencer (Illumina) at all sites 138, 139. It is possible that 

all the variant calls were from one of the less reliable sequencing platforms, thus 

explaining how only 12% of the samples showed this variant; however, the information 

needed to confirm this is unavailable. Finally, sequencing in 1000 Genomes phase 3 was 

performed using paired-end sequencing, a method that sequences uses the sequences at 

each end of a DNA fragment along with the fragment length to more accurately map 

reads to the genome, resulting in fewer errors 140, 141. Using this new more accurate 

sequencing method, 1000 Genomes phase 3 found that ~2.3 million variants from phase 1 

were unlikely to be real 139. 
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Next, the Human Exome Chip variants were examined for frequency in the OOA, 

to determine if any variants are enriched in this population. There are seven coding 

variants in PCSK2 on that chip. Five of these seven variants are present in two or more of 

ESP, T2D-Genes, and 1000Genomes phase 3, which was taken as evidence of a true 

variant. Human Exome Chip analysis in 1909 OOA individuals who were genotyped as 

part of other ongoing complex disease studies showed that R430W was the only PCSK2 

variant that was polymorphic in the OOA with a MAF of 4.9%. Previously, whole exome 

sequencing was performed for 154 OOA individuals chosen for extreme values of several 

phenotypes (including platelet aggregation after aspirin or clopidogrel, triglyceride 

response after fat ingestion, and extremes for HDL cholesterol, LDL cholesterol, 

triglycerides, and coronary artery calcification) in order to find rare variants associated 

with these phenotypes, an approach that has been shown to increase power compared to 

random sampling 142, 143. In this exome sequencing sample of OOA individuals, R430W 

was also the only coding variant found in PCSK2, with a MAF of 4.2%. Thus, we 

genotyped R430W in the AFDS as not all AFDS participants had been genotyped for this 

variant, and AFDS provided the largest sample of OOA individuals with information on 

type 2 diabetes and related traits. 

Genotyping 

R430W was genotyped by custom TaqMan assay, Illumina Human Exome Chip, 

and HumanCore 500k Exome Chip. The HumanCore Exome chip consists of the Human 

Exome Chip with additional common non-coding variation added as described in Chapter 

II. Of AFDS participants with phenotype data on at least one of the traits analyzed here, 

there were 232 individuals with only TaqMan genotypes, 86 with only HumanCore 500k 
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Exome Chip genotypes, and 914 individuals genotyped by both platforms. Of the 

individuals genotyped on both platforms, there were three individuals with discordant 

genotypes, a rate of 0.3%. These three individuals were excluded from analyses. In total 

there were 1229 individuals analyzed. As noted above OGTTs were only performed on 

individuals without prevalent diabetes in the first phase of the study; additionally, 

individuals diagnosed as diabetic by the OGTT were also excluded. Finally, OGTT data 

were only available for 877 individuals. 

Analysis 

R430W was evaluated for association with diabetes and with ten diabetes-related 

quantitative traits. Insulin and HbA1c were analyzed as log transformed traits, to correct 

for non-normal distribution. Analyses were performed using a mixed model that assesses 

the additive effect of 0, 1, or 2 copies of the variant and was adjusted for age at inclusion 

in the study, sex, and relatedness as modeled by a relationship matrix. All analyses were  

performed in MMAP (mixed models analysis for pedigrees and populations) 144. MMAP 

is a mixed model program that allows for a wide range of covariance structures and was 

chosen to allow for the use of a relationship matrix to control for relatedness of the OOA 

population.   

Results 

We first examined PCSK2 coding variants in 1000Genomes. We found one 

variant with an appreciable frequency, A385V, that was later determined to be a 

sequencing artifact; and we identified 17 additional coding variants with 1-5 copies each. 

We then evaluated exome sequence and exome chip data in the OOA. In 154 individuals 

with sequence data we found 13 copies of R430W, for a MAF of 4.2%. In agreement, in 
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1909 OOA individuals that were participants in ongoing complex disease studies other 

than AFDS, using Human Exome chip data we found 187 copies of R430W, yielding a 

MAF of 4.9%. We next performed TaqMan genotyping on all 1146 available individuals 

in AFDS to evaluate the association between the R430W rs200711626 and type 2 

diabetes risk and diabetes-related traits in the OOA population. Subsequently, an 

additional 3826 OOA individuals were genotyped on the HumanCore Exome Chip. Of 

those, there were 86 individuals in AFDS that were not successfully genotyped by 

TaqMan but were genotyped on the HumanCore Exome Chip, for a total of 1229 

genotyped individuals.   

We then evaluated the allele frequency of R430W by glucose tolerance status in 

the AFDS. R430W is almost twice as common (MAF 7.4%) among OOA individuals 

with type 2 diabetes as OOA individuals with normal or impaired glucose tolerance; 

however, this difference is not statistically significant (Table 3.1; p=0.10).  

 

Table 3.1. Minor allele frequency of rs200711626 R430W in the Amish population 
	 N Allele Frequency 
Diabetes 156 0.074 
IGT 156 0.029 
NGT 648 0.039 
NGT+IGT 804 0.037 
Overall 957 0.043 
P=0.10 comparing diabetes to NGT + IGT; P=0.25 comparing IGT to NGT; P=0.25 
comparing diabetes to NGT; IGT – impaired glucose tolerance; NGT – normal glucose 
tolerance 
 

Next we evaluated ten related glucose, insulin, and body composition traits for 

their association with R430W.  None of those ten traits were associated with R430W 

(Table 3.2). Finally we evaluated the association between these variants and the insulin 
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and glucose levels during a 75g oral glucose tolerance test (OGTT). OGTTs were only 

performed on individuals without prevalent diabetes and were analyzed quantitatively 

among non-diabetic individuals only. There was no association seen between R430W and 

glucose or insulin levels during the OGTT. However there is a trend toward higher 

fasting glucose (4.31 mg/dl ±2.91;p=0.14) and lower fasting insulin (-0.08 µIU/mL 

±0.06; p=0.18) (Table 3.3).  

 
 
Table 3.2. Association of rs200711626 R430W with type 2 diabetes status and diabetes-
related traits 
 	 N β P 
 Log HbA1C 1118 0.02 ± 0.02 0.17 

Fasting glucose 987 4.07 ± 3.21 0.20 
AUC glucose 772 7.40 ± 16.85 0.66 
Log fasting insulin 820 -0.07 ± 0.05 0.18 
AUC insulin 711 12.18 ± 11.56 0.29 
HOMA-IR 819 -0.30 ± 0.21 0.16 

 

BMI 1229 0.67 ± 0.53 0.21 
Weight 1226 1.25 ± 1.51 0.41 
Waist circumference 1206 0.81 ± 1.22 0.50 
Waist to hip ratio 1204 0.005 ± 0.01 0.49 
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Table 3.3. Association of rs200711626 R430W with glucose and insulin levels during an 
oral glucose tolerance test 
 	 N β P 

G
lu

co
se

 

0 mins OGTT 874 4.31±2.91 0.14 
30 mins OGTT 820 5.05±5.34 0.34 
60 mins OGTT 816 4.39±7.12 0.54 
90 mins OGTT 819 -2.11±7.75 0.79 
120 mins OGTT 877 -2.93±7.03 0.68 
150 mins OGTT 801 -4.49±6.66 0.50 
180 mins OGTT 783 -2.67±5.34 0.62 

L
og

 in
su

lin
 

0 mins OGTT 757 -0.08±0.06 0.18 
30 mins OGTT 754 0.09±0.09 0.28 
60 mins OGTT 750 0.03±0.09 0.73 
90 mins OGTT 752 0.07±0.09 0.45 
120 mins OGTT 759 0.05±0.11 0.66 
150 mins OGTT 737 0 ±0.11 0.99 
180 mins OGTT 718 -0.06±0.09 0.48 

 
 

Discussion 

We have here identified a coding variant, R430W, in PCKS2 that is rare in the 

general population but common in the OOA population (MAF 4.3%). R430W is in the 

catalytic domain of PC2, and the change from a positively charged arginine to a neutrally 

charged tryptophan could change the secondary structure of the enzyme due to the larger 

and less polar side chain. The “genomic evolutionary rate profiling” (GERP) score is a 

measure of conservation using estimates of evolutionary constraint 120. This score ranges 

from -12.36 to 6.18, with values greater than 2 suggesting evolutionary constraint. The 

wild type allele of R430W is conserved with a GERP score of 4.35, suggesting that it is 

important for PC2 function. Conservation of a variant implies that the protein does not 

tolerate a change in the residue it encodes. The “sorting intolerant from tolerant” (SIFT) 

score is a homology-based tool that categorizes missense changes based on their 
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likelihood to cause a phenotypic effect 145. PolyPhen2 is  a third algorithm that predicts 

the outcome of a nonsynonymous substitution 146. The R430W variant is also rated as 

deleterious with a score of 0.01 by SIFT and rated as “probably damaging” with a score 

of 0.992 by PolyPhen2. Thus, we would expect this variant to alter PC2 activity. 

However, these prediction tools can be incorrect, as they do not take into account specific 

features of individual proteins, and indeed experimental data (see Chapter V) show no 

significant impairment of PC2 activity with R430W as compared to wild type.  

As seen in the model presented in Chapter V, Figure 5.1, R430W lies within the 

catalytic domain of PC2, but does not appear to be in an area critical to the overall 

enzyme structure. However, this variant could have an effect on PC2 in a number of other 

ways. It is possible that R430W could influence the cleavage of the signal peptide; the 

binding of chaperone 7B2 to prevent aggregation in the ER; the storage and glycosylation 

of proPC2 in the ER and Golgi; or the packaging of proPC2 into secretory granules 

(Figure 1.3). Additionally, this variant could affect the optimal pH for PC2 activity or 

amount of enzyme produced or secreted. Any of these changes might impact glucagon 

cleavage and thus diabetes risk. A more detailed examination of this issue is presented in 

Chapter V.  

We evaluated the association of this coding variant with diabetes and diabetes-

related traits. Previous research has shown association between intronic variants in 

PCSK2 type 2 diabetes risk and age of onset. While the R430W variant is twice as 

common among OOA diabetics as individuals with normal or impaired glucose tolerance, 

this difference was not statistically significant. 
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It is of interest that R430W is almost twice as common among OOA individuals 

with diabetes as those with normal glucose tolerance and impaired glucose tolerance. 

Previous work has found that compared to the NHANES outbred US population, type 2 

diabetes is less common, but impaired glucose tolerance is more common in the OOA 104. 

However, the percent of individuals with either diabetes or impaired glucose tolerance 

combined is the same between populations, leading to the hypothesis that genetic and/or 

lifestyle factors specific to the OOA account for the decreased percentages of individuals 

with type 2 diabetes (given their relatively high percentage of individuals with impaired 

glucose tolerance). Further it was found that type 2 diabetes but not impaired glucose 

tolerance showed a pattern of familial aggregation in the OOA 104, suggesting that genetic 

factors might contribute to decreased likelihood of conversion from impaired glucose 

tolerance to type 2 diabetes. If R430W carriers are more likely to convert from impaired 

glucose tolerance to diabetes, this might explain its higher frequency in OOA individuals 

with diabetes as compared to those with normal or impaired glucose tolerance. 

The lack of significant association between R430W and glucose and insulin 

tolerance during the OGTT may be due to the small sample size. Another explanation for 

the lack of statistical significance could be that the effect of R430W may only be visible 

in those with impaired glucose tolerance. Among individuals with impaired glucose 

tolerance, carriers of R430W may be more likely to convert to diabetes than noncarriers. 

As the number of R430W carriers with impaired glucose tolerance was small here, a 

larger study focusing on OOA individuals with impaired glucose tolerance who do or do 

not develop diabetes over time would be of interest for a future work. Additionally, while 

this variant is rare in the outbred population, there may be other founder populations 
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enriched for this or for other PCSK2 variants, which future studies could investigate. A 

final possibility is that this variant does not alter enzyme activity, as suggested by our 

findings in Chapter V.  
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Chapter IV. Investigation of two GCGR coding variants in the Diabetes 
Prevention Program and the Old Order Amish3 

Abstract 

GCGR encodes the glucagon receptor, which binds glucagon as the first step of 

the glucagon signaling process. The G40S variant in GCGR that reduces receptor binding 

affinity for glucagon has been previously associated with type 2 diabetes risk, but this 

association has not been found in all populations. Additionally, a GCGR knockout mouse 

model has improved glucose tolerance, and GCGR antagonists are being tested as type 2 

diabetes treatments. We hypothesized that coding variants in GCGR would be associated 

with type 2 diabetes and diabetes-related traits and response to three antidiabetic 

interventions in the DPP and AFDS. There are two GCGR variants present at increased 

frequency in the OOA: G40S with MAF 14% vs. 0.6-0.8% in the outbred European 

Caucasian population and D458H with MAF 1.8% vs. 0.2-0.3% in the outbred European 

Caucasian population. The G40S variant, which has previously been associated with 

increased type 2 diabetes risk, was associated with significantly lower baseline insulin 

levels in the DPP (β = 0.25	µIU/mL [-0.41,-0.08]; p=0.003).  However, we did not see an 

association between G40S and type 2 diabetes risk. Additionally, we report here on the 

only known study including G40S homozygotes and find that none of the ten 

homozygous participants in our study have type 2 diabetes. D458H is twice as common 

among OOA individuals with diabetes (MAF 3.8%) as OOA individuals with normal or 

impaired glucose tolerance (MAF 1.5% and 0.8% respectively), although this difference 

																																								 																					
3	Winters AH, Yerges-Armstrong LM, and Pollin TI. In preparation for submission.	
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is not statistically significant (p=0.24). In sum these findings provide evidence that G40S 

is not associated with increased type 2 diabetes risk. 

Introduction 

The GCGR gene on chromosome 17q25 encodes the glucagon receptor, a 7-

transmembrane domain G protein coupled receptor 23, 24. The glucagon receptor is 

expressed in the pancreas, liver, kidney, intestine, brain, and adipose tissue and binds 

glucagon 24. Glucagon is a hormone synthesized in the pancreatic alpha cells and intestine 

4 that increases blood glucose levels. In healthy individuals, glucagon production is 

upregulated in the fasting state and downregulated postprandially, while in individuals 

with type 2 diabetes it is not suppressed postprandially 5, 6.  

The effect of variants on glucagon receptor function is unclear. On one hand a 

mouse model lacking the glucagon receptor is viable, and in fact has improved glucose 

tolerance  7, 8.  After these GCGR knockout mice were treated with streptozotocin (STZ) 

to kill pancreatic β-cells, they were still shown to have normal plasma glucose levels 

despite having almost no insulin production and no glucagon signaling 7. Similarly, an 

individual homozygous for the inactivating P28S variant in GCGR had normal glucose 

and insulin levels with only occasional mild fasting hypoglycemia despite very high 

glucagon levels 26. However GCGR inactivating variants have also been associated with 

alpha cell tumors in both humans and mouse models 27, 28.  In addition, GCGR antagonists 

have been used to treat type 2 diabetes by decreasing glucagon action  37, 38. 

The G40S variant, examined in the current work, has been shown to be associated 

with type 2 diabetes in a French and Sardinian cohort of ~1500 individuals (OR 4.4 [2.1-

19.5]) despite having decreased receptor binding affinity for glucagon 31, 32. However, the 
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association with G40S has not been found in other populations that carry this variant, 

such as the Finnish population, where a study of ~700 individuals showed no copies of 

the variant among those with type 2 diabetes or impaired glucose tolerance and instead 4 

carriers with normal glucose tolerance 33. A similar finding was found in ~250 Russian 

individuals, with the only carriers of G40S being those with normal glucose tolerance, 

and in a study of ~150 Brazilian individuals which found 2 individuals with type diabetes 

and 4 control individuals with normal glucose tolerance that were carriers of G40S 34, 147. 

Additionally, a study of ~950 Italian men showed association between G40S and 

increased waist circumference (OR waist >94cm = 3.14[1.26, 7.81]) and waist to hip ratio 

(OR waist to hip ratio >1.0 = 2.72 [1.30, 5.68)  35. However, no study has reported on the 

phenotype of G40S homozygotes, due to the low frequency of this variant in outbred 

populations. The glucagon receptor has also been shown to play a role in body weight 

through the binding of oxyntomodulin, a glucagon-like peptide formed through alternate 

cleavage of proglucagon 40. Here we evaluate the associations between two GCGR 

variants and diabetes and diabetes-related traits in two populations, one a high-risk multi 

ethnic population and one a founder population with an increased frequency of both 

variants. 

Methods 

Populations 

The Diabetes Prevention Program and the Old Order Amish are described in 

Chapter I. 
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Genotyping 

In the DPP both variants were genotyped on the Illumina HumanCore 500k 

Exome chip. This chip contains targeted exome content and non-coding variants found 

throughout the genome (as described in Chapter II), including 4 GCGR variants, 2 of 

which are polymorphic in the DPP and OOA populations. Both of these variants are 

nonsynonymous coding variants. In the DPP as a whole, there are 3156 individuals with 

available genotypes after quality control. rs138492107 D458H is relatively uncommon in 

both the OOA and all DPP populations with a minor allele frequency (MAF) of 1% or 

less (Table 4.1). rs1801483 G40S has a similar frequency of less than 1% in all five DPP 

populations, but is common in the OOA population with a MAF of 14%. 

 

Table 4.1. Position and MAF of variants genotyped in GCGR in the DPP 
	 	 Observed Minor Allele Frequency in DPP (N) 
SNP AA  change EA (1770) AA (630)  HIS (539) API (138) AI (79) 
rs1801483 G40S 0.006 0.003 0.009 0.007 0.006 
rs138492107  D458H 0.002 0.011 0.004 0.004 0 
Abbreviations: EA – European American, AA – African-American,         
HIS – Hispanic/Latino, API – Asian/Pacific Islander, AI – American Indian 
 

 

In the OOA, rs1801483 G40S was genotyped on both the Illumina HumanCore 

500k Exome chip and the Illumina Human Exome chip, while rs138492107 D458H was 

available only from the Illumina HumanCore 500k Exome chip. The HumanCore 500k 

Exome chip consists of the Human Exome Chip with additional variants added to allow 

genome wide coverage. There were 344 OOA individuals genotyped on the Human 

Exome Chip and 555 genotyped on the HumanCore 500k Exome chip, for a total of 899 

individuals with genotyped on both platforms for G40S and 555 individuals genotyped on 
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only the HumanCore 500k Exome chip for D458H. As noted above, OGTTs were only 

performed on individuals without prevalent diabetes in the first phase of the study; 

additionally, individuals diagnosed as diabetic by the OGTT were also excluded. Finally, 

OGTT data were available for 641 individuals. As compared to Chapter III, there are 

fewer individuals genotyped for these variants than for R430W, as no additional single 

variant genotyping was performed. 

Analysis 

In the DPP, both variants were evaluated for association with four diabetes-related 

quantitative traits: fasting and two-hour glucose, glycated hemoglobin, and insulin. 

Insulin was log transformed to correct for non-normal distribution. We evaluated the 

interactions of each variant specifically with each active intervention against placebo, 

using the baseline-adjusted year 1 value for each quantitative trait evaluated. These 

analyses use the additive model of 0, 1 or 2 copies of the variant and adjusted for age at 

enrollment, race/ethnicity, sex, and in the case of 1 year traits, for baseline values. All 

DPP analyses were performed in Plink version 1.07 113.  

In the OOA, both variants were evaluated for association with diabetes and with 

eight diabetes-related quantitative traits. Insulin and HbA1c were analyzed as log 

transformed traits, to correct for non-normal distribution. Analyses use a mixed model 

that assesses the additive effect of 0, 1, or 2 copies of the variant and was adjusted for age 

at inclusion in the study, sex, and relatedness as modeled by a relationship matrix. All 

analyses were performed in MMAP (mixed models analysis for pedigrees and 

populations)  144. MMAP is a mixed model program that allows for a wide range of 
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covariance structures and was chosen to allow for the use of a relationship matrix to 

control for relatedness of the OOA population.   

Results 

We first conducted analysis on four glycemic traits (fasting glucose, two-hour 

glucose, HbA1c, and insulin) in all DPP individuals at baseline, combining all treatment 

groups. The A allele of rs1801483 G40S was associated with significantly lower baseline 

insulin levels (β = -0.25	µIU/mL [-0.41,-0.08]; p=0.003) (Table 4.2). No other 

associations with baseline traits were seen.  

We then evaluated the interactions of the metformin, troglitazone, and lifestyle 

interventions compared with placebo with all evaluated variants on the four glycemic 

traits (Tables 4.3-4.6). There were no significant interactions with any of the 

interventions. However there no was a trend toward an interaction for D458H on fasting 

glucose with troglitazone (p=0.07 for SNP*troglitazone; Table 4.4). This is explained by 

a trend toward increased baseline-adjusted one year fasting glucose in the troglitazone 

group (β = 10.64 mg/dl [-0.71,21.98]; p=0.07) but not in the lifestyle (β = -0.72 mg/dl [-

6.42,4.97]; p=0.8), metformin (β =-3.76 mg/dl [-13.75,6.23]; p=0.46), or placebo (β =-

2.46 mg/dl [-11.94,7.02]; p=0.61) groups. However this trend is not seen in two-hour 

glucose, where instead there is a trend to higher baseline-adjusted one year two-hour 

glucose in the lifestyle (β = 19.81 mg/dl [-0.28,39.9]; p=0.05) and metformin (β = 33.51 

mg/dl [-1.06,68.07]; p=0.06) groups but not in the troglitazone (β = 1.79 mg/dl [-

35.89,39.48]; p=0.93) or placebo (β = -1.14 mg/dl [-30.93,28.64]; p=0.94) groups (Table 

4.3). 
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Next we evaluated the frequency of both GCGR variants in the OOA population.  

Both D458H and G40S have a higher frequency in the OOA than the DPP population or 

the outbred population. G40S has a MAF of 14% in the OOA compared to a MAF in the 

DPP of 0.3-0.9% and in 1000Genomes phase 3 of 0.4%, while D458H has a MAF of 

1.8% in the OOA as compared to a MAF of 0.2%-1.1% in the DPP and a MAF of 0.4% 

in the 1000Genomes phase 3 (Tables 4.1 and 4.7). Within the OOA population, G40S 

has the same frequency among individuals with type 2 diabetes as individuals with 

normal and impaired fasting glucose. However, D458H is twice as common in 

individuals with diabetes (MAF of 3.8%) as those with normal or impaired glucose 

tolerance (MAFs of 1.5% and 0.8%, respectively), although this difference is not 

statistically significant (Table 4.7). 

 

Table 4.7. Minor allele frequency G40S and D458H in the Amish population 
  rs1801483 G40S rs138492107 D458H 
	 N Allele Frequency N Allele Frequency 
Diabetes 91 0.14 65 0.038 
IGT 102 0.14 63 0.008 
NGT 496 0.14 293 0.015 
IGT + NGT 598 0.14 356 0.013 
Overall 689 0.14 421 0.018 
p=0.93 (G40S) and p=0.24 (D458H) comparing diabetes to IGT + NGT; p=0.56 (G40S) 
and p=0.49 (D458H) comparing IGT to NGT; p=0.68 (G40S) and p=0.80 (D458H) 
comparing diabetes to NGT; IGT – impaired glucose tolerance; NGT – normal glucose 
tolerance 
 

 

Of note, due to the higher MAF in the OOA, as compared to other outbred 

populations, our sample contained ten individuals who are homozygous for G40S. None 

of these ten individuals, who range from 21 to 73 years old and include four males and 
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six females, have diabetes, although one has impaired fasting glucose and three have 

impaired glucose tolerance.  

We then evaluated these two variants for association with eight diabetes-related 

traits in the OOA. The C allele of rs138492107 D458H was associated with a trend 

toward increased fasting insulin (β = 0.27	µIU/mL ± 0.14; p=0.06) (Table 4.8). There 

were no significant associations between either variant and the eight diabetes-related 

traits. 

Finally we evaluated the association between these variants and the insulin and 

glucose levels during a 75g oral glucose tolerance test (OGTT). OGTTs were only 

performed on individuals without prevalent diabetes, and individuals diagnosed with 

incident diabetes were removed from the analysis. There was a trend toward an 

association between the A allele of rs1801483 G40S with lower fasting insulin (β = -0.06	

µIU/mL ± 0.04; p=0.07) and lower fasting glucose (β = -2.72 µIU/mL ± 1.67; p=0.10) of 

the OGTT (Table 4.9). There was also a trend toward an association between the C allele 

of rs138492107 D458H and increased glucose at the three hour point of the OGTT (β = 

22.67 mg/dl ± 12.38; p=0.07). 

 

Table 4.8. Association of G40S and D458H with type 2 diabetes status and diabetes-
related traits 
 rs1801483 G40S rs138492107 D458H 
 N β±SE P N β±SE P 
Log HbA1C 820 -0.02 ± 0.01 0.14 510 -0.02 ± 0.04 0.58 
Fasting glucose 715 -2.08 ± 1.94 0.28 435 -0.42 ± 7.08 0.95 
AUC glucose 552 -9.29 ± 9.97 0.35 338 6.53 ± 36.70 0.86 
Log fasting insulin 595 -0.02 ± 0.03 0.56 371 0.27 ± 0.14 0.06 
AUC insulin 519 0.17 ± 7.29 0.98 319 -10.37 ± 38.43 0.79 
HOMA-IR 595 -0.10 ± 0.14 0.46 371 0.82 ± 0.58 0.16 
BMI 899 -0.56 ± 0.36 0.12 555 1.70 ± 1.28 0.19 
Waist to hip ratio 881 0 ± 0 0.62 544 -0.01 ± 0.02 0.73 
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Table 4.9. Association of G40S and D458H with glucose and insulin levels during an 
oral glucose tolerance test  
  rs1801483 G40S rs138492107 D458H 
  N β±SE P N β±SE P 

G
lu

co
se

 

0 mins OGTT 639 -2.72 ± 1.67 0.10 381 4.03 ± 5.00 0.42 
30 mins OGTT 590 -3.76 ± 3.24 0.25 364 -4.81 ± 10.53 0.65 
60 mins OGTT 586 -2.27 ± 4.33 0.60 360 -1.47 ± 14.22 0.92 
90 mins OGTT 589 -1.28 ± 4.45 0.77 363 -2.62 ± 14.78 0.86 

120 mins OGTT 641 -2.55 ± 3.91 0.51 385 3.94 ± 12.09 0.74 
150 mins OGTT 573 -1.87 ± 3.55 0.60 354 9.88 ± 14.04 0.48 
180 mins OGTT 563 -1.77 ± 2.99 0.55 347 22.67 ± 12.38 0.07 

L
og

 in
su

lin
 

0 mins OGTT 555 -0.06 ± 0.04 0.07 344 0.22 ± 0.13 0.10 
30 mins OGTT 553 -0.08 ± 0.05 0.14 342 -0.02 ± 0.24 0.92 
60 mins OGTT 548 -0.02 ± 0.06 0.75 337 0.30 ± 0.22 0.19 
90 mins OGTT 550 0.04 ± 0.06 0.49 340 0.37 ± 0.23 0.11 

120 mins OGTT 554 -0.05 ± 0.07 0.49 344 0.15 ± 0.26 0.58 
150 mins OGTT 538 0.01 ± 0.07 0.92 334 -0.24 ± 0.33 0.46 
180 mins OGTT 524 0.04 ± 0.06 0.53 324 -0.30 ± 0.28 0.28 

 

Discussion 

We have evaluated two GCGR variants for associations with diabetes and 

diabetes-related traits in two unique populations, the DPP and OOA. Previous research 

has shown an association between G40S and increased type 2 diabetes risk in a French 

study 32, but not in subsequent studies of Finnish and Russian individuals 33, 34. The G40S 

variant has also been shown to reduce binding affinity of the glucagon receptor for 

glucagon 31. This is somewhat surprising, as the GCGR knockout mouse has improved 

glucose tolerance, which would predict that a human variant that decreased glucagon 

signaling would protect against diabetes. While G40S is rare in the general population, it 

is common in the OOA population due to a founder effect. This allows for assessment of 

many more carriers than studies in outbred populations. All of the prior studies that failed 

to replicate the original association between G40S and type diabetes had fewer than ten 



 

78 

heterozygotes due to the low frequency of this variant in the outbred population 33, 34, 147, 

148. In this study we have a unique opportunity to show a lack of association between 

G40S and type 2 diabetes risk with many more heterozygotes due to the increased minor 

allele frequency in the OOA. In addition, we have, to our knowledge, the only study 

evaluating the phenotype of G40S homozygotes. While we have only 10 such 

homozygotes, the fact that none of the ten has diabetes is of interest. It is our hypothesis 

that G40S does not increase type 2 diabetes risk, as would be expected from a variant that 

reduces glucagon signaling.  We hypothesize that the original association was due to 

population stratification. Indeed two other studies that evaluated the association of G40S 

with type 2 diabetes risk also raised this question. One study of British individuals 

replicated the original association of G40S with increased type 2 diabetes risk but did not 

replicate the finding of increased transmission of this variant to affected offspring by a 

TDT 149. Another study evaluated the frequency of G40S in different regions of Sardinia 

and found that the frequency of the variant depended on location, also pointing to 

population stratification as an explanation for the original association 150. The question of 

this variant’s true role in diabetes risk is of particular interest, given that many databases 

such as 1000Genomes and ClinVar, an online database of the clinical consequences of 

genetic variants, report G40S as a pathogenic allele. Finally, future work should evaluate 

a larger number of G40S homozygotes in the OOA, or any other population found to 

have an increased frequency, to definitively determine the biological effect of this 

variant.  

 In the DPP, we found that G40S was associated with decreased fasting insulin at 

baseline. We also saw a trend in the OOA toward lower baseline fasting insulin for G40S 
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carriers. Additionally, a previous study of 24 Brazilian individuals showed decreased 

fasting C-peptide levels (a measure of endogenous insulin production) for G40S carriers 

with type 2 diabetes but not for those with normal glucose tolerance 147. There was no 

association between G40S and fasting glucose in the DPP and a trend towards lower 

fasting glucose in the OOA; this could happen if G40S reduced binding affinity and thus 

carriers required less insulin output. Previous work has shown that glucagon receptor 

antagonists decrease glucose-stimulated insulin release 151 which may also explain the 

lower fasting insulin levels in G40S carriers.  

To our knowledge the GCGR variant D458H has not previously been associated 

with any phenotypes or been assayed in any candidate gene or variant studies. In the 

OOA, D458H is twice as common among individuals with type 2 diabetes as those with 

normal or impaired glucose tolerance, although this difference was not statistically 

significant. In order to better understand the role of D458H in type 2 diabetes risk, 

additional studies in other populations are needed. Future studies of D458H could also 

take advantage of its increased frequency in non-Caucasian populations (see Table 4.1 

and 1% MAF in Africans in the Exome Aggregation Consortium (ExAC), an online 

database containing genotypes from ~60,000 individuals compiled from many 

sequencing efforts  152. 

Previous work has found that compared to the NHANES outbred US population, 

in the OOA type 2 diabetes is less common, but impaired glucose tolerance is more 

common 104. However, the percent of individuals with either diabetes or impaired glucose 

tolerance combined is the same between populations, leading to the hypothesis that 

genetic and/or lifestyle factors particular to the OOA account for the decreased 
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percentages of individuals with type 2 diabetes given their relatively high percentage of 

individuals with impaired glucose tolerance. Further it was found that type 2 diabetes but 

not impaired glucose tolerance showed a pattern of familial aggregation in the OOA 104, 

suggesting that genetic factors might contribute to decreased likelihood of conversion 

from impaired glucose tolerance to type 2 diabetes.  

One explanation for the lack of significant association between D458H and type 2 

diabetes could be that the effect may only be visible in those with impaired glucose 

tolerance who may be more likely to convert to diabetes than noncarriers. Future studies 

might focus specifically on OOA individuals with impaired glucose tolerance to 

determine whether D458H carriers are more likely to convert to diabetes over a longer 

follow up time.  

Additionally, we saw a trend toward association with increased fasting insulin for 

D458H in the OOA population. It is possible that this variant has the opposite effect than 

that of G40S. If D458H increases glucagon binding and signaling, then the increased 

glucagon signaling could explain the higher insulin levels in D458H carriers. Future work 

into the binding affinity of D458H for glucagon would be of interest in order to 

investigate this idea. 

Increased fasting insulin is also a sign of increased insulin resistance. As an 

individual becomes insulin resistant the pancreas initially increases insulin production to 

compensate. When the output of insulin can no longer overcome the insulin resistance, an 

individual becomes diabetic. The trends toward higher insulin at time 0 and 90 minutes of 

the OGTT in D458H carriers also may be due to increased insulin resistance, which could 

in turn be due to increased glucagon signaling. In summary, additional studies are needed 
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to definitively determine whether G40S can under some circumstances contribute to 

increased type 2 diabetes risk, and to learn how D458H might affect GCGR binding of 

glucagon.		
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Chapter V. Functional Assessment of PCSK2 Coding Variants 

Introduction 

Prohormone convertase 2 (PC2), encoded by PCSK2, is required for the cleavage 

of mature glucagon from proglucagon 44. All of the subtilisin/kexin family of enzymes, of 

which PC2 is a member, have a similar structure. PC2 has a propeptide domain important 

for correct synthesis and targeting; a catalytic domain; a “P” domain needed for 

expression, stability, and sorting; and a carboxyl terminus (CT) domain involved in 

sorting and storage. PC2 also requires a chaperone protein, 7B2, for activity 41, 42. 7B2 

plays a role in proPC2 maturation 43 and prevents the aggregation (and ensuing loss of 

function) of PC2.  

Knockout mice for PCSK2 and the effect of human coding variants are described 

in Chapter I. 

We hypothesized that variants in PCSK2 would alter PC2 activity, and that 

variants with reduced enzyme activity would lead to less glucagon cleavage from 

proglucagon and might thus be less common among individuals with type 2 diabetes or 

those with impaired fasting glucose and glucose tolerance. In contrast, variants with 

increased activity might predispose individuals to type 2 diabetes by increasing the 

amount of glucagon cleaved from proglucagon. 

Methods 

Selection of variants 

I originally selected thirteen variants in PCSK2 to assess for changes in enzyme 

activity, representing at least one variant in each domain (Table 5.1 and Figure 5.1). 
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C18G, R47S, and E52K have high conservation scores. R81C is in the propeptide 

cleavage site (KRRR) and therefore may affect activation of the proenzyme. C18G, 

R47S, A77D, R430W, and T569I are represented on the HumanCore exome chip. 

D123N, N221D, and A385V were either not found, or found at lower allele frequencies 

in the DPP as compared to the 1000 Genomes database. A385V is next to one of the three 

residues that make up the catalytic triad. P244Q is in the 7B2 binding domain. M525V, 

T569I, Q595L are in domains that are necessary for stability and sorting.  

 
 

Table 5.1. Variants in PCSK2 that were originally selected for assay 
SNP ID Allele frequency 

in 1000 Genomes 
Phase 1 

Allele 
change 

Amino 
acid 
changea 

Protein region Appears in 
ExACb 

rs149426043 - T>G C18G signal peptide 4 
rs143788251 0.001 C>A R47S propeptide 12 
rs201483143 0.001 G>A E52K propeptide N 
rs201718679 - C>A A77D propeptide 4 
rs372462573 - C>T R81C propeptide 2 
rs201958127 0.0005 G>A D123N catalytic N 
rs201915698 0.001 A>G N221D catalytic 5 
rs17854040 - C>A P244Q catalytic N 
rs144151196 - G>A A267T catalytic 2 
rs188499534 0.1273 C>T A385V catalytic N 
rs200711626 - C>T R430W catalytic 16 
rs139619496 0.0014 A>G M525V P domain 92 
rs200384798 0.001 C>T T569I P domain 17 
rs148983041 - A>T  Q595L CT domain 4 
a Position based on 638 amino acid transcript 
b N if not present in ExAC; The number of copies found if present in ExAC 
Represents a sequencing error present in 1000 genomes phase 1 
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Figure 5.1. Location of catalytic and P domain variants tested within the proPC2 
structure. A model based on the crystal structure of the related enzyme furin 153. 
 

Materials 

Eukaryotic expression cDNAs were designed using a wild type human PC2 

transcript (product of Dr. Robert Day’s lab, University of Sherbrooke) and cloned into 

pcDNA3 and mutants ordered from Genscript. The identity of all cDNAs was confirmed 

by sequencing. 

Enzyme activity methods 

To assess enzyme activity, I transiently transfected CHO cells that stably express 

the required chaperone 7B2 at high levels, using human PC2 cDNAs subcloned into 

pcDNA3 (Genscript), diluted in OptiMEM (Life Technologies) and FuGENE-HD 

(Promega) at a 1:3 ratio, as per the manufacturer’s instructions. Cells were plated into a 

12-well plate and allowed to grow to 70-80% confluence. I transfected two wells of a 

plate per variant, with positive controls (wild type proPC2) and negative controls (no 

transfection) on each plate. Half a microgram of cDNA was used to transfect each variant 

per well, and each variant was transfected in duplicate on a given plate. The cells were 

Catalytic domain 
P domain 
Variants 
Catalytic triad 
Oxyanion hole 
Calcium ions 
7B2 CT peptide 
binding domain 53 
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allowed to express for one day, and then the plate was washed and 0.25 ml of OptiMEM 

collection media was added to each well. The following day, 48 hours after transfection, 

the conditioned medium was collected for enzyme assay. The assay was performed in 

duplicate for each well, so there were four measurements for each variant per plate. The 

low pH of 5 of the assay buffer (0.2 M sodium acetate, pH 5.0, 0.1% Brij, 2 mM calcium 

chloride, 0.1% azide) permits autocatalytic conversion of secreted proPC2 to PC2. I used 

the established convertase fluorogenic substrate pERTKR-amc to estimate enzyme 

activity. I measured fluorescence continuously, with a 380 nanometer excitation and a 

460 nanometer emission wavelength, using a SpectraMaxM2 fluorometer (Molecular 

Devices) for one hour at 35°C, taking automatic readings every 21 seconds, to measure 

the production of the fluorescent product amino methylcoumarin. Linear rates of enzyme 

activity were obtained.  

I also performed Western blots for PC2 and 7B2 on medium aliquots to determine 

the amount of proPC2 secreted, using antiserum directed against human PC2 (R&D 

Systems).  Specific activity was calculated for each secreted variant by dividing the linear 

enzyme rate by the blot density as measured by Image J software 154 of the band on the 

Western blot.  Raw activity is useful to determine whether a given variant is both secreted 

and active. However, specific activity gives an indication of the catalytic impairment of 

the enzyme, and also provides a correction for slightly differing amounts of cDNAs. 
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Results 

Enzyme Activity 

Both R47S and R430W appear in the raw enzyme activity data to have increased 

activity as compared to wild type enzyme (Figure 5.2). A77D, D123N, A267T, and 

Q595L all show greatly decreased activity as compared to wild type enzyme.  

After correction for protein expression in the conditioned medium using Western blot 

density, R47S, R430W, and T569I exhibit slightly increased specific activity as 

compared to wild type proPC2, while D123N and A267T show greatly decreased specific 

activity (Figure 5.3). The latter finding is mostly due to poor secretion of mutant enzyme 

into the medium, indicating poor folding (Figure 5.4).  

 

 
Figure 5.2. Enzyme activity for nine proPC2 variants, uncorrected for protein expression. 
The wild type activity was set to 100% (not shown), with all other variants shown as a 
percentage of wild type activity. Error bars represent standard deviations for 
quadruplicate measurements. 
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Figure 5.3. Enzyme activity for tested PC2 variants, normalized for expression by 
Western blot density. The wild type activity was set to 1.0, with all other variants shown 
as a percentage of wild type activity. Error bars represent the standard deviation from the 
two wells of a single experiment, while two bars next to each other for a given variant 
represent two different experiments. R81C and M525V were densitized but the 
percentage of activity compared to wild type was close to zero and therefore the bars are 
not visible. Q595L did not have quantifiable bands (see Fig. 5.4). * indicates significantly 
different from wild type with p < 0.05. 
 
 

 
  Figure 5.4. Western blots of conditioned medium for secreted proPC2 variants.  
  Each Western blot image represents one experiment, and each band represents an 
aliquot from one well.  
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The fact that several mutants showed slightly increased specific activity is 

interesting. However, as the standard deviations in this experiment were large and these 

data arise from only two experiments, these differences in activity are not statistically 

significant. An independent experiment by a laboratory colleague who examined the 

amount of glucagon cleaved from proglucagon by variant proPC2s (after transfection into 

GH4 cells) as compared to wild type enzyme initially showed evidence for increased 

activity of R430W; however, this result was later not found to be reproducible (Bruno 

Ramos-Molina, personal communication).  

Discovery of 1000 Genomes sequencing error 

After assessing enzyme activity, one variant, A385V, looked promising. The very 

large difference in allele frequency between the Diabetes Prevention Program (DPP) and 

1000 Genomes phase 1 and the location of A385V in the catalytic domain of proPC2 led 

me to hypothesize that A385V reduced PC2 function, and thus might reduce glucagon 

cleavage from proglucagon, decreasing the risk of diabetes. Functional studies showed 

that A385V had no activity. However, attempts to confirm A385V frequency in other 

multiethnic populations, including the Exome Sequencing Project and the T2D-Genes 

consortium, which represent exomes from approximately 6, 500, and 13,000 individuals 

respectively, led to no copies being found. After examining sequence files from 1000 

genomes phase 1, it seemed likely that A385V was a sequencing error. It does not appear 

in the updated, cleaned, and expanded 1000 Genomes phase 3.  

The existence of A385V  in the DPP has not been confirmed by sequencing, but 

four individuals are called as heterozygous (green squares) in Figure 5.5, which fall in 
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the designated area on the plot. In this figure, if there were points to the left of the first 

line (closer to the y-axis) those would be homozygous for the variant; but there are none. 

These four individuals appear to be carriers of A385V. All four are Caucasian, and there 

was no association between A385V and BMI (range 24-34 vs. a mean of 34 in the DPP as 

a whole), fasting glucose (range 96-112 vs. mean of 107), or two-hour glucose (range 

140-162 vs. mean of 165) (data not shown). These four individuals do not appear to differ 

from the DPP as a whole in terms of BMI or glucose measurements. In addition, we 

would expect heterozygotes in this assay to cluster around the identity line, as that would 

show that they have an equal mixture of the two primers 155. While it is difficult to tell 

with only four calls, the midpoint of the cluster is much closer to the x axis than an ideal 

heterozygote cluster would be. Taken together, the evidence suggests that this variant is 

an artifact. These individuals may appear as carriers in this assay due to user error or 

primer mismatch (see below). 
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Figure 5.5. Cluster plot from rs188499534 A385V from genotyping on a Sequenom 
custom panel in the DPP. Green squares denote individuals heterozygous for the variant, 
and blue triangles are homozygous wild type individuals. Red circles are individuals with 
genotypes that could not be called. The lines give rough estimates of where genotype 
calls should fall on the graph. Heterozygous genotype calls should fall between the first 
and third lines, rough along the second (identity) line. Homozygous calls should fall 
below the third line (closer to the x-axis) as most do in this figure. Points that are close to 
(0,0) are assay failures. The location of the four green squares tells us those individuals 
were called on this assay as A385V carriers, though this may be erroneous. 

 

As described in Chapter III, further investigation into the A385V variant in the 

1000 genomes phase 1 sequence data leads to the supposition that this variant is likely an 

error and not a true variant.  
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In silico assessment of variants 

 After it was determined that A385V was likely not a true variant, all PCSK2 

variants used for functional studies were also assessed for the likelihood of being true 

variants. All variants were queried in the Exome Aggregation Consortium (ExAC), an 

online database of variants compiled from numerous studies and sequencing groups of in 

total ~60,000 unrelated individuals from all of the major ethnic groups. In addition to 

A385V, three other variants from 1000 Genomes phase 1 were not found in this large 

database (Table 5.1). These three variants, E52K, D123N, and P244Q, are also likely to 

be sequencing errors. The existence of three other variants in PCSK2 that are also likely 

to be sequencing artifacts, combined with the evaluation of the variant above, increases 

our confidence that the A385V variant is likely not real. Additionally, the ExAC data 

show that the other nine variants are all very rare in the outbred population. 

Discussion 

In humans, noncoding variants near PCSK2 have been previously associated with 

risk for, and age of onset of type 2 diabetes; and with variation in glucagon levels 49-51. 

We evaluated coding variants in PCSK2 for their effect on enzyme activity. Variants 

were originally chosen based on data from the 1000 Genomes project phase 1 low 

coverage sequencing. Four of these variants, E52K, D123N, P244Q, and A385V, were 

found to likely be sequencing artifacts. Future studies should use Sanger sequencing to 

confirm that all known PCSK2 variants are indeed real. After examining the totality of 

the evidence – the lack of existence in ExAC or any other sequencing database, the 

existence of a matching 15mer in another gene with the variant A385V allele which 

opens the possibility of primer mismatch, and the absence of this variant from the high 
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quality and high coverage data in the 1000 Genomes phase 3 – it is our belief that the 

A385V variant is an artifact. However, to confirm this hypothesis all four possible DPP 

carriers should be sequenced using Sanger sequencing. Given the enzyme data that shows 

this variant has no activity, if Sanger sequencing finds this variant to exist, that would 

mean that either 50% of PC2 activity is phenotypically benign, or that reduction in the 

amount of active PC2 causes a phenotype that was unmeasured in the DPP. If, however, 

this variant is confirmed as real, future work would ideally measure the levels of all PC2 

cleavage products in the blood of these four individuals, and might additionally measure 

variant PC2 activity against substrates other than the standard substrate pERTKR-amc.  

Three variants, D123N, A267T and Q595L, are all secreted much less efficiently 

than wild type enzyme and are functionally inactive. D123N is likely to be a sequencing 

artifact (see discussion above).  A267T and Q595L are both present in ExAC, but are 

very rare. As these three variants are totally inactive, they would be expected to show 

radically reduced processing of proglucagon to glucagon and physiological effects of 

decreased glucagon levels. Further work should pursue the identification and 

phenotyping of carriers of these alleles.  

While it R47S, R430W, and T569I may have slightly increased specific activity 

compared to wild type enzyme, the experimental variation is too great to confirm this 

idea. Future studies  should use primary pancreatic cell cultures to determine the activity 

of these variants in tissues where PC2 is normally expressed. Additionally the effect of 

these variants on proglucagon cleavage and the cleavage of other PC2 substrates would 

be of interest. Future studies that take advantage of the Crispr/Cas9 system of editing 

could introduce specific variants into different mouse lines to examine effects. Finally, 



 

93 

large consortia are now being developed that include many thousands of individuals 

which could be used to obtain larger sample sizes of PC2 variant carriers in order to 

perform more accurate association studies with these rare variants. The existence of 

PCSK2 variants in other founder populations that may have variants unknown in the 

outbred population should also be investigated.  

In all known outbred populations, coding variants in PCSK2 are very rare. This 

rarity of coding variants itself alone suggests that evolution does not tolerate a lack of 

PC2 function, likely due to its function in maintaining glucose homeostasis. However as 

compared to a single copy each in the Exome Sequencing Project and T2D-Genes and 16 

in ExAC, the R430W variant is much more frequent (minor allele frequency of 4.3%, 

Chapter III) in the Old Order Amish population (OOA) due to a founder effect. This 

variant is twice as common in OOA individuals with type 2 diabetes as those with 

impaired or normal fasting glucose (Chapter III, this work). If a slight increase in the 

activity of R430W is substantiated in future experiments, the increased function of this 

variant might explain the increased frequency in OOA individuals with type 2 diabetes. 

However, increased activity cannot be clearly demonstrated using our data because the 

effect is small and is within the margin of experimental error.   Future studies examining 

R430W PC2-mediated processing of proglucagon under conditions of cell stress, or in in 

primary cell cultures (rather than in cell lines) might result in a  significant effect. Thus, 

further studies are needed to determine whether R430W has increased or decreased 

enzyme activity against proglucagon or any other of PC2’s many substrates.  

Understanding how these coding variants change the enzyme activity of PC2 

against proglucagon and other prohormone substrates may lead to a better knowledge of 
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PC2 structure and function. We hypothesize that any inactivating variant would provide 

protection against type 2 diabetes and obesity, given the phenotype of the PCSK2 

knockout mouse 46. In that case, PC2 inhibitors currently in development 47, 48 could be 

used as treatments for type 2 diabetes and metabolic syndrome. However, if A385V is 

found by future studies to be a true variant and to decrease PC2 cleavage of proglucagon, 

that would argue against this hypothesis, as the four heterozygotes in the DPP do not 

show any of the expected phenotypic differences-such as lower glucose levels- that 

would be expected if there were reduced PC2-mediated proglucagon cleavage. If either 

A267T or Q595 are validated in subsequent studies, the phenotypes of carriers of these 

variants would be of interest to test the above hypothesis that they would have lower 

fasting and postprandial levels and thus lower type 2 diabetes risk. Similarly, evidence 

that R430W both increases PC2 activity and is associated with increased type 2 diabetes 

risk would support the idea that pharmacologic reduction of PC2 activity might represent 

an effective anti-diabetic treatment. 
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Chapter VI. General Discussion 

The glucagon hypothesis of type 2 diabetes proposes that disordered glucagon 

regulation, including both increased fasting hyperglucagonemia and a lack of 

postprandial glucagon suppression, contributes to the diabetic phenotype 3. Previous work 

has shown associations between variants in GCG, PCSK2, GCGR, PCSK1, and SCG5 in 

the glucagon pathway and type 2 diabetes or related glucose, insulin, and body 

composition traits. In this work, we used two unique populations, the DPP and OOA, to 

test the overall hypotheses that variants in five genes in the glucagon pathway are 

associated with response of type 2 diabetes-related glucose, insulin, and body 

composition traits to three antidiabetic interventions in the DPP; and that rare coding 

variants would be enriched compared to other populations and associated with type 2 

diabetes and diabetes-related traits in the OOA. The previously known associations for 

these five genes and the findings of this work are summed up in Table 6.1.
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GCG 

As GCG encodes glucagon, GLP1, GLP2, oxyntomodulin, and several other 

peptides, some with overlapping and others with opposing functions, it can be unclear 

which peptides a given variant affects. Previous research has shown that variants 3’ of 

GCG modified the effects of metformin and lifestyle interventions to prevent the 

progression to diabetes in the DPP 100. Additionally rs4664447, a variant predicted to 

change a splice enhancer, was associated with decreased levels of the proglucagon 

products glucagon and GLP1 in addition to decreased insulin and glucose levels 22. In this 

work, we found that rs2892827, a non coding variant 5’ of glucagon, is associated with 

increased weight at baseline and greater gain in fasting glucose at one year only in those 

individuals who were not exposed to a treatment. This variant is conserved and predicted 

to disrupt the TGFβ pathway by changing the binding of the transcription factor Smad3, 

which we predict would decrease GCG expression.  Smad3 knockout mice exhibit 

increased glucose tolerance and insulin sensitivity and show resistance to diet-induced 

obesity 123. However, the association with increased weight at baseline was not replicated 

in the large meta-analysis consortium GIANT. While GIANT used BMI instead of 

weight as the body mass trait, it is likely that the baseline association with weight is false. 

Another possibility explanation is that the lack of replication is due to the differences 

between the DPP  and GIANT populations. The DPP consists only of overweight and 

obese individuals who are at high risk of developing type 2 diabetes, and GIANT 

includes individuals of normal weight and glucose levels. Additionally, we found an 

association between rs5649 with increased fasting and two-hour glucose at one year in 

the metformin group only.  As rs5649 is in the consensus splice donor site for the third 
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exon of GCG and modifies the consensus sequence, we hypothesize that by disrupting the 

splice donor site, this variant changes the splicing of proglucagon, reducing expression. 

This could lead to metformin being less effective in reducing glucagon signaling. This 

association should be replicated in another cohort that has data evaluating the effects of 

metformin treatment such as the Genetics of Diabetes and Audit Research Tayside Study 

(GoDARTS), a study of 17,000 individuals with type 2 diabetes and matched controls, 

where metformin response is measured by whether a participant on metformin 

monotherapy achieves the treatment goal of HbA1c <7%  156, 157. Another possible 

replication cohort is the Metformin Genetics Consortium, which consists of  >10, 000 

individuals being treated with metformin, and has the goal of determining which genetic 

variants contribute to poor metformin response 158. Future studies should determine 

experimentally if this variant leads to a retained intron, how this might affect the cleavage 

of proglucagon by PC2 and PC1/3,  whether the mature glucagon  peptide is changed, 

and what effect these changes have on glucagon signaling. We predict that this variant 

will be associated with decreased glucagon levels.	The association of these variants in 

GCG with diabetes and diabetes-related quantitative traits suggests that variation in the 

production of glucagon or other proglucagon-derived products may influence diabetes, 

weight, and glucose levels; however more work is needed to conclusively determine the 

effects of these and other GCG variants. 

PCSK2 

While coding variants in PCSK2 are very rare in outbred populations, several 

previous studies have found associations between intronic variants in PCSK2 and 

increased type 2 diabetes risk 50-52. Another previous work saw an association of intronic 
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variant with decreased levels of glucagon, insulin, and HbA1c 49. In what is to our 

knowledge the only study of a common coding PCSK2 variant, we saw that R430W was 

twice as common among OOA individuals with type 2 diabetes as those with normal or 

impaired glucose tolerance. One explanation for the lack of statistical significance is that 

we had low power to detect an effect due to a modest sample size. Additionally, among 

individuals with impaired glucose tolerance, carriers of R430W may be more likely to 

convert to diabetes than noncarriers. While our in vitro studies of coding variants in 

PCSK2 did not show a statistically significant difference between R430W and wild type 

PC2 enzyme, we hypothesize that a more active PC2 would lead to more glucagon 

cleavage. This variant could also affect PC2 activity in numerous other ways, as 

described in Chapter III. This change, even if small, might be particularly important in 

individuals with impaired glucose tolerance. These individuals who are beginning to have 

dysregulated glucose metabolism, including excess glucagon postprandially, may be 

more likely to convert to type 2 diabetes if they carry R430W. Additionally we saw that 

several intronic variants in PCSK2 were associated with glucose levels both at baseline 

and in response to antidiabetic interventions. Future studies that clarify the question of  

possible alterations in R430W activity against endogenous substrates, particularly 

proglucagon, should be conducted. In particular, a future study measuring fasting and 

postprandial glucagon levels in R430W carriers would help define the effect of this 

variant.  

We also evaluated the enzyme activity of thirteen PC2 variants, chosen for their 

predicted functionality and allele frequency, with at least one variant assayed in each PC2 

domain. Four of these variants were determined to likely be artifacts due to errors from 
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low coverage sequencing data. Of the true variants, several greatly decreased PC2 

specific activity. These variants are likely degraded, since they were not present in the 

medium, Coding variants may  influence PC2 activity in several different ways. One 

possibility is that a variant affects some part of the processing that PC2 undergoes from 

its preproPC2 form to the mature enzyme packaged in the secretory granules. This 

process and takes place in the endoplasmic reticulum and the Golgi, and includes signal 

peptide cleavage, association with its chaperone 7B2 and glycosylation. A variant could 

also influence the total amount of PC2 that is secreted, or affect its optimal pH. As we 

used the standard fluorogenic substrate to test activity, we cannot rule out that one or 

more variants tested here might have differential activity when cleaving proglucagon or 

any of PC2’s other substrates. Future studies should determine the substrate-specificity  

of PC2 coding variants. Additionally further work should determine how these variants 

influence the interaction between PC2 and 7B2. The crystal structure of PC2 should also 

be determined to allow a better understanding of how variants might affect the overall 

enzyme structure.  

GCGR 

Previous studies evaluating the association between GCGR variants and type 2 

diabetes risk have had mixed outcomes. An original study in a French and Sardinian 

population showed association with the coding G40S variant 31, but the association was 

not found in any of several other populations that attempted to replicate the finding 33, 34. 

The same variant was also shown to be associated with increased central obesity and 

blood pressure in a different population 35, 36. However, this variant exhibited decreased 

receptor binding affinity for glucagon and thus decreased glucagon signaling 32. Under 
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the glucagon hypothesis, it would be expected that a variant that decreased glucagon 

signaling would decrease type 2 diabetes and related traits. The phenotype of the GCGR 

knockout mouse supports this hypothesis. Even under conditions of treatment with a beta 

cell toxin that destroys insulin production this mouse model does not develop diabetes or 

abnormal glucose tolerance, although these mice do have alpha cell hyperplasia, which 

can lead to pancreatic tumors, increased cholesterol levels, and decrease lifespan  7, 8, 28, 29, 

39. This complicates the use of glucagon receptor antagonists as a type 2 diabetes 

treatment. One hypothesis to explain in the normal glucose tolerance without insulin is 

that an increased level of GLP1 plays a role 59. The increase in GLP1 is a phenotype also 

shared by the PCSK2 knockout mice, which also have improved glucose tolerance. This 

is due to the increased proglucagon levels in both GCGR and PCSK2 knockout mice; and 

increased processing of proglucagon to GLP1 by PC1/3 in the absence of functional PC2 

in the PCSK2 knockout 46.  

In the current work, we saw an association between G40S and decreased insulin 

levels in the DPP. However, in the OOA, where G40S has greatly increased frequency as 

compared to the outbred population, we saw no association between G40S and type 2 

diabetes risk or other related traits. As discussed in Chapter IV, due to the increased MAF 

of G40S in the OOA, our analysis is better powered than previous studies. Additionally 

we report on what is, to our knowledge, the only study of G40S homozygotes. While our 

sample size is limited, it is of interest that none of the ten G40S homozygotes in our study 

have type 2 diabetes. As discussed previously, we hypothesize that the previous 

association between G40S and type 2 diabetes risk was due to population stratification. In 

addition to the ten G40S homozygotes that were a part of AFDS, we have genotype data 
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showing the existence of another 60 G40S homozygotes in the OOA population. Future 

studies in the OOA should genotype additional individuals for this variant and perform 

OGTTs on all homozygous individuals to better understand the effect this variant has on 

glucagon signaling and type 2 diabetes risk. Finally,	our data argue against the 

pathogenicity of this variant and this designation should be reevaluated.  

We did see a trend toward an association between another GCGR coding variant 

D458H and decreased insulin levels. Similarly to R430W in PCSK2, D458H is also twice 

as common among OOA individuals with type 2 diabetes as those with normal or 

impaired glucose tolerance. As with R430W, this difference was not statistically 

significant, but we hypothesize that the effect of D458H may only be visible in those with 

impaired glucose tolerance. We expect that individuals with impaired glucose tolerance 

who are also carriers of D458H may be more likely to convert to diabetes than 

noncarriers. Future work could include long-term studies of individuals with impaired 

glucose tolerance to determine this. Further work on the effect of D458H on glucagon 

receptor binding affinity is also needed to understand the possible effects this variant may 

have.  

PCSK1 

Unlike the other four genes in the glucagon pathway examined here, there are 

three common coding variants in PCSK1. N221D (MAF 1-7% depending on population) 

is associated with increased levels of glucagon, GLP1, and GLP2 in addition to increased 

body fat, weight, and central obesity 77. Given that N221D has been shown to decrease 

PC1/3 enzyme activity 159, it is not clear how this leads to increased GLP1 levels, but it 

may be due to increased proglucagon levels. Mice homozygous for the neighboring 
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variant N222D or heterozygous for any PC1/3 null allele show increased weight 67, 160, 161. 

The Q665E/S690T pair (MAF 15-30% depending on population), variants which almost 

always appear together, has been associated with increased type 2 diabetes risk in 

addition to increased body fat, weight, and central obesity 75-77. However, this pair of 

variants has been shown to have comparable enzyme activity to wild type PC1/3 159, so 

the mechanism by which it affects diabetes risk and body size is also unclear. In this 

work, we saw an association between N221D and two-hour glucose at one year, adjusted 

for baseline, only in the metformin group, which suggests that metformin is less effective 

for carriers of N221D. Because metformin acts through decreasing glucagon signaling 

and N221D has previously been associated with increased glucagon and GLP1 levels, we 

hypothesize that the effectiveness of metformin may be diminished in carriers of N221D 

because of their increased glucagon levels 77, 83, 84.  

We also observed associations between E463K and decreased insulin at baseline. 

E463K is rare with a MAF of 0.02% in ExAC, with most copies being in African 

individuals. To our knowledge there have been no previous associations seen between 

this variant and any phenotypes. There was only a single carrier of this variant in the 

DPP. However, given PC1/3’s role in proinsulin processing, it is possible that this variant 

reduces PC1/3 activity and thus proinsulin processing, leading to lower insulin levels. 

Future studies should evaluate the effect of this variant on PC1/3 enzyme activity, 

structure, and processing, particularly of proinsulin. It would be of interest to find a 

population enriched for this variant to measure levels of proinsulin and other PC1/3 

substrates. In addition, future studies should determine if any compound heterozygotes 

exist with this variant and a known PC1/3 inactivating variant to determine if those 
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individuals have the same phenotype of failure to thrive and gastrointestinal distress in  

infancy and later obesity exhibited by other compound heterozygotes for inactivating 

variants.  

SCG5 

Previous work has shown that an intronic variant in SCG5 is associated with 

decreased glucose tolerance and increased insulin resistance in an obese cohort 56. A 

mouse model that overexpresses SCG5 shows increased PC2 activity and decreased 

weight 162, while knockout of SCG5 in certain mouse strains results in decreased glucose 

levels, due to the lack of PC2 activity, and increased weight 55, 163. In the current work, we 

found that an intronic variant in SCG5 was associated with increased HbA1c, a measure 

of long-term glucose control, at baseline and at 1 year in the lifestyle group only. We also 

saw an association between two other SCG5 intronic variants and reduced insulin at one 

year in the troglitazone group only; however the effects on function of these variants are 

unknown. It is possible that these variants alter the amount of 7B2 produced or its affinity 

for PC2, leading to a change in the amount of functional PC2 and in turn affecting  

glucagon cleavage. This has been shown previously, with overexpression and knockdown 

of 7B2 in an alpha cell line causing, respectively, increased or decreased glucagon 

production. Future studies should examine glucagon levels in individuals with SCG5 

variants. Compared to the other four genes in the glucagon pathway examined here, the 

function of SCG5 is less well understood.  Once the crystal structure of a PC2-7B2  

complex has been determined, more can be learned about the binding and interplay 

between them. Additionally, future studies should test 7B2 variants for  effects on PC2 
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aggregation. Finally, subsequent work should investigate the role 7B2 variants play in 

preventing aggregation of other peptides. 

Glucagon Hypothesis Framework 

The glucagon hypothesis of type 2 diabetes proposes that disordered glucagon 

regulation, including both increased fasting hyperglucagonemia and a lack of glucagon 

suppression postprandially, contributes to the diabetic phenotype 3. There is evidence that 

the normoglycemic process of upregulated glucagon production in the fasting state and 

downregulated glucagon postprandially is disordered in type 2 diabetes, where 

postprandial glucagon suppression is blunted  5, 6. In addition, individuals with type 2 

diabetes are known to have increased glucagon levels, even under conditions of increased 

plasma glucose. It is thought that glucagon functions to prevent hypoglycemia in the 

fasting state, but mice that lack the glucagon receptor (and thus glucagon signaling) in 

fact have improved glucose tolerance  7, 8.  Thus we hypothesized that variants in genes in 

the glucagon pathway modify type 2 diabetes risk and diabetes-related quantitative traits. 

With the exception of N221D and the Q665E/S690T pair in PCSK1, coding 

variants in all five genes explored here are rare, which implies that variance in these 

genes is not tolerated. This invariance shows the importance of this pathway in 

maintaining glucose homeostasis that is necessary for survival. We found that variants in 

four of the five genes studied, GCG, PCSK2, PCSK1, and SCG5, were associated with 

response to the three antidiabetic treatments we examined, including a variant in GCG 

predicted to change splicing and modify the structure of glucagon. As these treatments 

have all been shown to affect glucagon signaling 83-86, 88, 89, this provides additional 

evidence as to the importance of this pathway for type 2 diabetes risk and as a target for 
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antidiabetic treatments. However, our results should be interpreted with caution given the 

modest levels of significance and the need for replication of these associations. In 

addition, we evaluated the only known coding variant in PCSK2 common in any 

population and showed that it exhibited little effect on activity. We did not replicate the 

association between GCGR variant G40S and type 2 diabetes risk seen previously, 

despite the fact that our work was better powered to detect an effect due to the increased 

allele frequency in the OOA. In fact, we found that of the ten G40S homozygotes studied, 

none have type 2 diabetes, providing evidence that this variant does not increase type 2 

diabetes risk. Thus, some but not all associations support the glucagon hypothesis of 

diabetes. 

Future Directions 

There are many possible therapeutic avenues to exploit these results. PC2 

inhibitors have been developed that block glucagon cleavage from proglucagon, which 

might be useful as antidiabetic agents to control excess glucagon produced postprandially  

47, 48. Additionally, dual glucagon/GLP1 agonists have been developed that mimic the 

effect of oxyntomodulin on reducing body weight and also mitigate the effects of insulin 

resistance on the heart in mice 164, 165. Another group has developed a novel peptide that is 

a GLP1 agonist and glucagon antagonist that prevented diabetes in obese mice 166. 

Collectively this work lends support to the idea that modulating the action of the 

glucagon pathway can affect type 2 diabetes-related traits. Finally, in some individuals 

with type 2 diabetes specific types of bariatric surgery that have a malabsorptive as well 

as a restrictive component can result in normalization of glucose metabolism 167. As 

normalization of glucose levels often occurs before any significant weight loss, it may 
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involve changes in peptides secreted by the gastrointestinal L cells 92. Several studies 

have shown that an increase in GLP1 levels plays a role in the return to normal 

metabolism 90, 91. Future studies should examine whether variants in the five genes 

studied here play a role in determining which individuals respond best to bariatric 

surgery. Additionally, future studies might investigate antidiabetic treatments that 

specifically affect the expression of these genes in the gastrointestinal tract. Additional 

studies are also needed to better understand the structure of these five proteins and their 

interplay with each other and with glucose homeostasis and energy balance.  

Strengths and Limitations 

This work is unique in having access to two special populations. The DPP’s 

multiethnic composition, specific enrollment criteria, and use of three interventions allow 

for assessment of associations between variants in these five genes in the glucagon 

pathway and response to interventions. The OOA has, to our knowledge, the only 

common coding PCSK2 variant and the only described G40S homozygotes in addition to 

increased allele frequency for other common coding variants and aggregation of type 2 

diabetes, which makes it an ideal population to assess the association between coding 

variants in these five genes. However, our sample size, particularly of individuals with 

impaired glucose tolerance where we hypothesize R430W and D458H may have the 

greatest effect, was modest. Additionally, despite having a population enriched for 

variants in PCSK2 and GCGR, we did not find any highly statistically significant results. 

However, taking advantage of the unique DPP design with data in response to three 

different antidiabetic interventions, we did see an association between a predicted splice 

variant in GCG and metformin response. Future studies involving longitudinal following 
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of OOA individuals with impaired glucose tolerance to obtain future conversion rates to 

type 2 diabetes would be of interest. Future studies that measure glucagon levels directly 

– particularly postprandially when we hypothesize that excess glucagon production 

would be highest – could clarify the functional consequences of the R430W PCSK2 

variant. While our in vitro studies were inconclusive with regard to the effect of R430W, 

future studies of R430W on PC2 activity against proglucagon and additional work on the 

effect of D458H on glucagon receptor binding affinity would further our understanding 

of the effects of these variants. 

Summary 

 In conclusion, we evaluated common and rare variation in five genes in the 

glucagon pathway for association with response of type 2 diabetes-related traits to three 

antidiabetic interventions in the DPP and with type 2 diabetes and diabetes-related traits 

in the OOA. We found that variants in four of the five genes studied GCG, PCSK2, 

PCSK1, and SCG5 were associated with response to the three antidiabetic treatments we 

examined in the DPP; that rare coding variants in PCSK2 and GCGR are enriched in the 

OOA; and that two of these rare coding variants are twice as common among individuals 

with type 2 diabetes as those with normal or impaired glucose tolerance. Specifically we 

found a variant in GCG that may alter splicing leading to decreased metformin efficacy, 

described the only known common coding variant in PCSK2, and evaluated the only 

reported G40S homozygotes. Overall, we have obtained evidence that variants in genes in 

the glucagon pathway play an important role in response to antidiabetic treatments, 

although we achieved limited statistical significance. We believe that this in-depth 
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analysis of variation in the five key genes of this pathway will inform future advances in 

the treatment of type 2 diabetes by targeting the glucagon pathway. 
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Appendix: Association of variants in PCSK1, PCSK2, and SCG5 with 
type 2 diabetes-related quantitative traits in the Diabetes Prevention 
Program  

Overview 

As an extension of the DPP genetic study, which used a candidate gene approach, 

all participants with available DNA (n=3227) were analyzed on the Illumina HumanCore 

Exome chip. The Illumina HumanCoreExome chip contains non-coding variants found 

throughout the genome and targeted exome content. This allows for interrogation of 

known coding variants in a higher throughput platform than sequencing. The HumanCore 

Exome chip has 538,448 variants. After removing variants monomorphic in the DPP, 

mitochondrial and Y chromosome variants, and variants out of Hardy-Weinberg 

equilibrium, there were 477, 444 variants analyzed (personal communication, Ling 

Chen). After removing subjects with a call rate less than 95% or concordance rate less 

than 95% with the previously used Illumina Cardio-MetaboChip, there were 3168 

individuals analyzed.  

Of the 25 variants present on the HumanCoreExome chip in PCSK1, 12 were 

polymorphic in the DP.  For SCG5 and PCSK2, 13 of 16 and 35 of 44 variants were 

polymorphic in the DPP, respectively.  In our genotyping, the sample pass rate was 

99.7%, and the overall call rate per variant was also 99.7%. This appendix presents 

results for association of sixty exome chip variants in these three genes with four 

diabetes-related quantitative traits: fasting and two-hour glucose, glycated hemoglobin, 

and insulin at baseline and 1 year. Insulin was analyzed as a log transformed trait, to 

correct for non-normal distribution. We evaluated the interactions of each variant 

specifically with each active intervention against placebo, using the baseline-adjusted 
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year 1 value for each quantitative trait evaluated. These analyses used the additive model 

of 0, 1 or 2 copies of the variant and adjusted for age at enrollment, race/ethnicity, sex, 

and in the case of 1 year traits for baseline values. All analyses were performed in Plink 

version 1.07 113.  

Highlighted results 

PCSK1 variant rs6232 N221D had a significant interaction with metformin on 2 

hour glucose (p=0.003). This is explained by an association with increased baseline-

adjusted 2 hour glucose at one year  in the metformin group (β = 13.24mg/dl [4.47, 

22.02]; p=0.003) but not in the lifestyle (β = 0.53mg/dl [-9.22, 10.27]; p=0.92), 

troglitazone (β = 9.67mg/dl [-4.52, 23.86]; p=0.18) or placebo (β = -6.35mg/dl [-17.02, 

4.32]; p=0.24) groups. N221D has previously been associated with increased glucagon 

and GLP1 levels as well as increased weight, waist circumference, and waist to hip ratio 

75-78.  Because metformin acts in part by decreasing glucagon signaling 83, 84, the 

effectiveness of metformin may be diminished in carriers of N221D because of their 

increased glucagon levels. 

PCSK1 variant rs143174906 E463K was associated with decreased baseline 

insulin (β = -2.08	µIU/mL [-3.11, -1.04]; p=8.32 E-05). PC1/3 is involved in the cleavage 

of endogenous insulin 168, so we hypothesize that E463K disrupts PC1/3 function leading 

to lower insulin levels. While there is only one copy of E463K in the DPP, the one 

E463K carrier has a fasting insulin levels of 3.5 µIU/mL vs. a mean of  26.8 µIU/mL 

among the DPP as a whole. To our knowledge, this variant has not been tested for its 

effect on PC1/3 function.   
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SCG5 variant rs202071901 P153L is associated with increased HbA1c at baseline (β = 

0.83% [0.18, 1.48]; p=0.01) and a trend towards increased two-hour glucose (β = 

21.51mg/dl [-2.08, 45.10]; p=0.07) at baseline. While there is only one copy of P153L in 

the DPP, coding variants in SCG5 are rare. It would be of interest to know more about 

how this variant affects 7B2 and PC2 function.  

PCSK2 variant rs1340932 is associated with increased two-hour glucose at 

baseline (β = 1.30mg/dl [0.05, 2.56]; p=0.04) and has significant interactions with all 

three treatments on HbA1c (SNP*lifestyle p=0.04; SNP*metformin p=0.002; SNP* 

troglitazone p=9.00 E-04). These interactions are explained by an association with higher 

baseline-adjusted HbA1c at one year in the placebo group (β = 0.08% [0.03, 0.14]; 

p=0.003) and a trend towards lower baseline-adjusted HbA1c at one year in the 

metformin (β = -0.02% [-0.06, 0.02]; p=0.37) and troglitazone (β = -0.04% [-0.11, 0.02]; 

p=0.19) groups. There is no change in the lifestyle group (β = 0.01% [-0.03, 0.06]; 

p=0.51). rs1340932 is in LD (r2=0.95 in Caucasians) with another PCSK2 intronic variant 

rs1592017 that is predicted to alter the binding motif for the glucocorticoid receptor, 

which acts as a transcription factor. A glucocorticoid receptor knockout mouse shows 

increased glucagon and decreased insulin levels 169. Interestingly this mouse model shows 

the same phenotype as the GCGR knockout mouse, with resistance to developing 

diabetes after destruction of the insulin-producing beta cells 169.  
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Table A1. Position and MAF of variants genotyped in PCSK1, SCG5, and PCSK2 in the DPP 
      Observed Minor Allele Frequency in DPP 

(N) 
 

   
   

   
   

   
   

   
 P

C
SK

1 

SNP 
Chr Position* 

Effect 
EA 
(1780) 

AA 
(631) 

 HIS 
(540) 

API 
(138) 

AI 
(79) 

 rs6230 5 96433143 5’ UTR 0.151 0.275 00.180 0.351 0.304 
 rs436321 5 96418779 Intronic 0.340 0.414 0.359 0.457 0.354 
 rs6232 5 96416081 N221D 0.047 0.010 0.026 0.014 0.013 
 rs10515237 5 96415845 Intronic 0.270 0.280 0.207 0.261 0.171 
 rs193214131 5 96412331 Y290C 0 0.001 0 0 0 
 rs142097318 5 96408240 Synonymous 0 0.003 0 0 0 
 rs271923 5 96401658 Intronic 0.346 0.129 0.322 0.387 0.373 
 rs143174906 5 96399996 E463K 0 0.001 0 0 0 
 rs149124467 5 96398917 R517Q 2.8E-4 0 0 0 0 
 rs139453594 5 96393345 T640A 0.003 0.001 0.002 0 0.006 
 rs6234 5 96393270 Q665E 0.260 0.186 0.208 0.323 0.171 
 rs147016634 5 96393006 N753H 0 0.002 0 0 0 
 

   
   

   
   

   
   

   
 S

C
G

5 

rs199901818 15 32643698 S36P 0 0.002 0 0 0 
 rs148575688 15 32643788 M66L 0 0 0 0.004 0 
 rs12594777 15 32647745 Intronic 0.161 0.147 0.098 0.083 0.057 
 rs11071882 15 32655605 Intronic 0.190 0.267 0.273 0.217 0.285 
 rs8041254 15 32670441 Intronic 0.364 0.285 0.296 0.402 0.234 
 rs3817592 15 32679557 Intronic 0.310 0.447 0.365 0.475 0.329 
 rs7177843 15 32679733 Intronic 0.220 0.224 0.285 0.464 0.298 
 rs202071901 15 32684638 P153L 0.001 0 0 0 0 
 rs200135028 15 32684662 G161V 0 0.001 0 0 0 
 rs16966853 15 32687412 Intronic 0.310 0.169 0.365 0.283 0.494 
 rs6494587 15 32689442 Intronic 0.074 0.200 0.112 0.319 0.127 
 rs1997317 15 32693753 Intronic 0.456 0.479 0.396 0.370 0.304 
 rs200621705 15 32696516 Synonymous 0 0 0 0.004 0 
 

PC
SK

2 

rs1592016 20   17231321 Intronic 0.488 0.222 0.486 0.467 0.494 
 rs1578405 20   17248099 Intronic 0.381 0.483 0.375 0.185 0.310 
 rs1592022 20 17255935 Intronic 0.497 0.479 0.428 0.424 0.361 
 rs1340932 20 17261492 Intronic 0.109 0.186 0.102 0.275 0.165 
 rs16998899 20 17280660 Intronic 0.068 0.159 0.078 0.217 0.057 
 rs1934887 20 17282354 Intronic 0.225 0.064 0.194 0.065 0.279 
 rs1024175 20 17291606 Intronic 0.289 0.380 0.244 0.181 0.139 
 rs8183636 20 17300869 Intronic 0.065 0.158 0.060 0.116 0.019 
 rs4814603 20 17311684 Intronic 0.337 0.254 0.420 0.409 0.487 
 rs6111497 20 17323550 Intronic 0.238 0.162 0.150 0.094 0.057 
 rs6044739 20 17335297 Intronic 0.352 0.457 0.268 0.145 0.135 
 rs981662 20 17346159 Intronic 0.352 0.341 0.482 0.428 0.399 
 rs12480205 20 17346303 Intronic 0.302 0.078 0.211 0.318 0.266 
 rs11905775 20 17350601 Intronic 0.172 0.231 0.387 0.341 0.418 
 rs2021935 20 17357169 Intronic 0.277 0.176 0.219 0.442 0.152 
 rs6075199 20 17360027 Intronic 0.203 0.091 0.140 0.083 0.051 
 rs890611 20 17361701 Intronic 0.066 0.118 0.045 0.164 0.025 
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 rs6080661 20 17366162 Intronic 0.182 0.059 0.377 0.290 0.405 
 rs12106074 20 17375921 Intronic 0.215 0.250 0.165 0.094 0.089 
  rs6080670 20 17383952 Intronic 0.299 0.218 0.464 0.341 0.354 
  rs6044777 20 17387897 Intronic 0.189 0.257 0.139 0.040 0.032 
  rs6034816 20 17399949 Intronic 0.175 0.120 0.375 0.294 0.411 
  rs2217182 20 17409185 Intronic 0.296 0.320 0.470 0.344 0.386 
  rs6075207 20 17424402 Intronic 0.470 0.178 0.368 0.459 0.284 
  rs2269010 20 17434773 Intronic 0.205 0.120 0.418 0.301 0.323 
  rs6131952 20 17442466 Intronic 0.414 0.368 0.478 0.431 0.323 
  rs6034830 20 17444566 Intronic 0.062 0.105 0.042 0.174 0.032 
  rs1010291 20 17446042 Intronic 0.352 0.264 0.480 0.256 0.354 
  rs13040219 20 17451688 Intronic 0.124 0.178 0.122 0.141 0.076 
  rs6075212 20 17462717 Intronic 0.386 0.173 0.321 0.413 0.323 
  rs2284915 20 17464804 Intronic 0.438 0.394 0.477 0.464 0.411 
  rs761015 20 17475773 Intronic 0.314 0.339 0.346 0.349 0.410 
  rs726256 20 17476198 Intronic 0.449 0.463 0.440 0.493 0.456 
  rs761018 20 17477029 Intronic 0.283 0.275 0.332 0.380 0.354 
  rs6044842 20 17483272 Intronic 0.163 0.316 0.235 0.219 0.234 
	
Abbreviations: EA – European American, AA – African-American, HIS – Hispanic/Latino, API – 
Asian/Pacific Islander, AI – American Indian 
* Build 38 
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