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ABSTRACT 

Discovery of Tangier disease and subsequent discovery of ATP binding cassette transporter A1 

(ABCA1) as the gene responsible for the disease has changed the study of lipoproteins due to 

almost non-existent levels of HDL-C and increased atherosclerosis in these subjects.  The idea 

that HDL-C and atherosclerosis are inversely correlated provides evidence for the benefit of 

these anti-atherogenic particles.  However, African Americans generally have higher HDL-C, yet 

are at greater risk for heart disease.  Epidemiologic studies have shown that drugs which 

increase HDL-C do not necessarily improve measures of coronary heart disease, prompting the 

idea that HDL function may be more important than HDL concentration.  About 10-20% of 

individuals with low HDL-C harbor mutations of ABCA1.  Using exome sequencing, we have 

identified rare ABCA1 coding sequence variants present in African American populations are 

associated with decreased plasma HDL-C.  These mutations are predicted to be damaging and 

are largely absent in European American populations.  We predict these ABCA1 mutations will 

be defective in lipid efflux, nHDL formation, and result in plasma HDL with defective 

macrophage free cholesterol efflux potential.  Our results show that these mutations are able to 

impact cellular cholesterol efflux, a measure of HDL function, leading us to believe that these 

mutations to ABCA1 do, in fact, result in functional consequences. 
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Introduction 

 

Impact of Cardiovascular disease 

Cardiovascular diseases (CVD) are the leading causes of death in the United States and around 

the world.  Although CVD deaths per year declined approximately 11% in the 10 year period 

from 2003-2013, CVD still has a large impact on global health (Benjamin et al., 2017).  In 2013, 

CVD accounted for 30% of all deaths in the United States, averaging one death every 40 seconds 

(Benjamin et al., 2017).  The burden goes beyond mortality as CVDs demand a significant use of 

medical and financial resources.  From 2000-2010, the number of inpatient cardiovascular 

operations rose 28% from 5.9 million to 7.5 million.  For 2011-2012, the estimated cost for CVD 

and stroke was 316 billion dollars, representing about four times as much cost as cancer over 

the same time period.  The overall rate of death attributable to CVD was 222.9 per 100,000 

Americans.  This rate was higher in males versus females.  Also African Americans had much 

higher rates; 356.7 versus 270.6 for white males and 246.6 for African American females versus 

183.3 for white females.  CVDs encompass several different conditions including atherosclerosis, 

myocardial infarction, and stroke.  One of the most prevalent CVDs is atherosclerosis.  In 2013, 

coronary heart disease (CHD) or atherosclerosis was the cause of one in every seven deaths in 

the United States (Benjamin et al., 2017). 

Lipoproteins and Atherosclerosis 

Atherosclerosis is caused by lipid accumulation in arteries and is characterized by chronic 

inflammation resulting from interaction between modified lipoproteins, macrophages, and the 

arterial wall (Glass & Witztum, 2001). This process can lead to plaques and lesions that protrude 

into the arterial lumen.  The rupture of these plaques can result in myocardial infarction and 
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stroke.  Atherosclerotic plaques develop when low density lipoprotein (LDL) are retained 

beneath the endothelial layer of arteries.  Retained LDL undergoes enzymatic and non-

enzymatic modifications like oxidation.  Oxidized LDLs activate an endothelial cell response that 

involves secretion of cytokines and chemokines that recruit circulating blood monocytes to 

migrate into subendothelial tissue.  Monocytes then differentiate into macrophages that take up 

modified LDLs via scavenger receptors, resulting in cellular accumulation of cholesterol esters 

(CE).  High density lipoproteins (HDL) counteract CE storage by acting as acceptors for 

cholesterol efflux.  LDL uptake occuring during hyperlipidemia causes excess cholesterol 

accumulation in macrophages, which become foam cells.  Foam cells are characterized by 

macrophage cytosolic lipid droplets that form when excess cholesterol is stored as CE and are 

the hallmark of late-stage atherosclerosis (Glass & Witztum, 2001).  The transition to a complex 

lesion is marked by migration of smooth muscle cells from the medial layer of the artery wall to 

the subendothelial layer.  These smooth muscle cells can proliferate, contribute to foam cell 

formation, and synthesize extracellular matrix proteins that lead to fibrous cap development.  

Macrophages secrete metalloproteases that weaken the plaque fibrous cap and can induce 

plaque rupture, which can be very dangerous as it exposes plaque contents to the blood, 

resulting in platelet coagulation and thrombus formation, leading to myocardial infarction and 

tissue damage.  Atherosclerosis development is interesting because the development begins 

very early compared to other diseases and advances with age.  Due to the early onset of 

atherosclerosis, slowing the development is important in reducing CVD risk.  Improvement of 

risk factors like poor nutrition, inactivity, tobacco use, obesity, high cholesterol levels and high 

blood pressure are vital to slowing atherosclerotic progression (Glass & Witztum, 2001). 

Lipoproteins are particles in plasma that carry hydrophobic lipids in their core, which is 

surrounded by polar lipids and proteins.  Serum cholesterol is carried by several lipoprotein 
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particles that perform different tasks including the transport of lipids.  Lipoproteins are 

segregated into different classes: chylomicrons, very low density lipoproteins (VLDL), 

intermediate density lipoproteins (IDL), low density lipoproteins (LDL), and high density 

lipoproteins (HDL).  These divisions are based on size, density, and chemical composition 

(Osborne & Brewer, 1977).  Apolipoprotein B is the main apolipoprotein of chylomicrons, VLDL, 

IDL, and LDL.  Chylomicrons are the main carriers of dietary lipids; they are assembled and 

secreted by the intestine after food intake (Havel, 1982).  VLDLs are synthesized in the liver and 

function to transport endogenous lipids, like fatty acids, to adipose tissue and muscle.  After 

delivery of these lipids, remnants of the VLDL particle are metabolized sequentially to IDL and 

LDL particles through lipolysis of triglycerides (TG).  LDL particles are the major carriers of serum 

cholesterol and function to deliver cholesterol to peripheral tissues.  High levels of LDL 

cholesterol are a positive risk factor for atherogenesis (Cohen, Boerwinkle, Mosley, & Hobbs, 

2006; Libby, 2005).  LDL lowering drugs, like statins, are able to reduce cardiovascular events, 

but do not fully prevent the onset of atherosclerosis. HDL is generated by many tissues, but the 

liver is the major contributor to the plasma pool (Timmins et al., 2005).  HDL cholesterol (HDL-C) 

levels are negatively correlated with cardiovascular risk (Buring et al., 1992; Sweetnam et al., 

1994).  It is believed the main mechanism for the atheroprotection of HDL is through reverse 

cholesterol transport (Glomset, 1968), which is a process in which HDL accepts cholesterol from 

macrophage foam cells for eventual delivery to the liver, secretion into bile, and excretion via 

feces (Lewis & Rader, 2005).  Other atheroprotective mechanisms proposed for HDL include 

anti-inflammatory, anti-oxidative (Barter et al., 2004; Lewis & Rader, 2005) and vascular 

protective functions (Mineo & Shaul, 2012; Zhu & Parks, 2012).   

Animal studies have shown that raising HDL levels protects against development of 

atherosclerosis (Miyazaki et al., 1995; Paszty, Maeda, Verstuyft, & Rubin, 1994; Plump, Scott, & 
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Breslow, 1994; Rayner et al., 2010) and/or promotes regression of atherosclerosis (Feig et al., 

2011; Rong et al., 2001).  Several studies using human subjects have shown that raising plasma 

HDL reduces atherosclerotic markers like atheroma volume and macrophage inflammatory 

status (Nissen et al., 2003; Shaw et al., 2008).  These findings seem to support the concept that 

increasing HDL is atheroprotective.   

HDL Heterogeneity 

HDL are dense, small lipoproteins comprised of core CE and TG surrounded by a monolayer of 

phospholipids and free cholesterol (Atkinson & Small, 1986).  Apolipoprotein A1 (apoA1) is the 

most abundant HDL apolipoprotein, followed by apolipoprotein AII.  However, there are other 

minor apolipoproteins on HDL, including apoliprotein E, C and AIV; proteomic studies suggest as 

many as 80 proteins may bind to plasma HDL.  HDL particles are heterogeneous (Rothblat & 

Phillips, 2010) and can be fractionated in several ways, including by size (Blanche, Gong, Forte, & 

Nichols, 1981), density (Anderson, Nichols, Forte, & Lindgren, 1977), electrophoretic mobility 

(Noble et al., 1969), and apolipoprotein composition (Cheung & Albers, 1984).  HDL particles can 

be separated into HDL2 or HDL3 by density gradient ultracentrifugation with HDL3 being smaller 

more dense particles.  Gel electrophoresis can separate HDL into α and preβ HDL.  α HDL are the 

more mature particles comprised of a CE and TG core, whereas preβ HDLs are small, lipid-free or 

lipid-poor apoA1 particles with no measurable core.  Plasma preβ HDL comprise only about 5-

10% of total HDL particles (Fielding & Fielding, 1995).   

HDL formation 

HDL formation begins with the secretion of apoA1 synthesized by the liver and intestine. ApoA1 

accepts free cholesterol and phospholipids (PL) by ATP binding cassette transporter A1 (ABCA1)-

mediated efflux, forming nascent HDL particles (Lee & Parks, 2005; Yokoyama, 2006).  Efflux of 
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cholesterol to mature HDL particles is mediated by the ATP binding cassette transporter G1 

(ABCG1) and scavenger receptor B1 (SR-B1) transporters (Ji et al., 1997; N. Wang, Lan, Chen, 

Matsuura, & Tall, 2004).  Passive diffusion is another mechanism of free cholesterol efflux to 

mature HDL particles, but is not mediated by a transporter protein (Phillips et al., 1998).  The 

contribution of each pathway is as follows: ABCA1, passive diffusion, ABCG1, and SR-B1 are 

estimated at 35%, 35%, 21%, and 9%, respectively.  Nascent HDL (nHDL) particles have a unique 

distribution with different names preβ1, preβ2 and so on based on increasing size.  These 

distinct sizes appear to depend on the ratio of available FC and PL to apoA1.  Increases in lipid to 

apoA1 ratio or ABCA1 expression lead to increased nHDL particle size (Lyssenko, Nickel, Tang, & 

Phillips, 2013).  The metabolism of nHDL particles is dependent on particle size.  Our lab has 

shown that smaller preβ1 particles are catabolized by the kidney, but as size increases, these 

particles are increasingly catabolized by the liver (Mulya et al., 2008).  Additional experiments 

with radiolabeled nHDLs showed that preβ1 and preβ2 particles are remodeled into larger HDL, 

but preβ3 and preβ4 particles get remodeled into smaller HDLs (Mulya et al., 2008).  These 

studies show that nHDL particle size impacts in vivo catabolism. 

After assembly, nHDL undergo a remodeling process to become mature HDL particles.  Lecithin 

cholesterol acyltransferase (LCAT) is responsible for the esterification of free cholesterol to CE 

that makes up the core of an α migrating HDL particle.  These α HDL particles can act as 

cholesterol acceptors from the ABCG1 and SR-B1 cholesterol efflux pathways (Kunnen & Van 

Eck, 2012; Santamarina-Fojo, Lambert, Hoeg, & Brewer, 2000). 

Several lipid transfer proteins contribute to HDL formation, including cholesterol ester transfer 

protein (CETP) and phospholipid transfer protein (PLTP).  PLTP mediates the transfer of 

phospholipids among plasma lipoproteins (Jiang et al., 1999).  CETP mediates the exchange of 
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HDL CE with VLDL TG (Barter, Hopkins, & Calvert, 1982), generating TG-rich HDL that are 

remodeled into smaller HDL particles via lipase activity (Tall, 1992).  Endothelial Lipase (EL) 

hydrolyzes HDL phospholipids, decreasing HDL size and cholesterol levels (Maugeais et al., 

2003), and as a result, plasma EL is inversely correlated with HDL-C in humans (Badellino, Wolfe, 

Reilly, & Rader, 2006).  Hepatic lipase is also capable of hydrolyzing HDL TGs, generating smaller 

HDL particles (Rosenson et al., 2012).  Through HDL’s ability to act as a cholesterol acceptor 

from a variety of lipid transporters as well as the remodeling activities of other proteins 

important in lipid metabolism, a better understanding of the generation and modification of 

HDL particles is evolving.  However, the role of each remodeling protein in atherosclerosis is not 

as well understood as in the case of EL and PLTP (Chatterjee & Sparks, 2011; Yasuda, Ishida, & 

Rader, 2010). 

HDL Catabolism 

There are various pathways responsible for cholesterol and lipid uptake with the ultimate goal 

of excretion or recycling.  SR-B1 functions to selectively remove core CEs from HDL (Arbeeny, 

Rifici, & Eder, 1987; Zhang et al., 2005), resulting in CE-poor HDL particles released as preβ HDL 

particles destined for catabolism by the kidney or to be recycled back into a spherical HDL 

particle.  SR-B1 knock-out mice have increased atherosclerosis, suggesting the importance of SR-

B1 in macrophage cholesterol efflux (Brundert et al., 2005).  Uptake of whole HDL particles by 

the liver also contributes to HDL catabolism (DeLamatre, Sarphie, Archibold, & Hornick, 1990).  

CETP’s role in exchange of CE from HDL for TG from VLDL, with subsequent catabolism of VLDL 

to LDL and LDL uptake by the liver via LDL receptors also contributes to HDL catabolism (Barter 

et al., 2003).  This makes LDL receptors important for reverse cholesterol transport in humans.        
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Tangier Disease and ABCA1 

Tangier disease (TD) is a rare autosomal recessive genetic disorder of lipid metabolism (Bodzioch 

et al., 1999; Oram, 2000).  First discovered in the 1960’s, TD is named after a small island in 

Chesapeake Bay where the first case was described.  To date, only about one hundred cases of 

the disease have been reported.  TD is characterized by severe HDL deficiency (<5% of normal), 

accumulation of CE in macrophages, splenomegaly, hepatomegaly, corneal opacity, peripheral 

neuropathy, and premature coronary artery disease in some kindreds (Oram, 2000).  

Homozygotes with TD show accumulation of CE in reticuloendothelial cells in multiple tissues, 

including tonsils, thymus, lymph nodes, bone marrow, spleen, liver, gall bladder, and intestinal 

mucosa.  Along with very low HDL and apoA1 levels, TD homozygotes have low plasma LDL 

levels (~40% of normal) and elevated plasma TG concentrations (Oram, 2000).  Metabolic 

studies have elucidated that low levels of plasma HDL are likely due to rapid degradation.  

Metabolic studies have also shown that despite normal apoA1 structure and synthetic rates, it 

was also rapidly catabolized from plasma of a TD subject (Oram, 2000).  It is interesting to note 

that even HDL particles from normal subjects are rapidly degraded when infused into TD 

subjects.   

TD and Atherosclerosis 

Homozygotes with TD over the age of 30 exhibit a six-fold higher incidence of coronary artery 

disease (Oram, 2000).  This rate is lower than would be expected in subjects with an almost 

complete lack of HDL, considering HDL’s important role as an anti-atherogenic lipoprotein.  It is 

likely that low HDL levels are counterbalanced by the decreased levels of the proatherogenic 

lipoprotein LDL.     
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Normal skin fibroblasts can efflux cholesterol and phospholipid to apoA1, resulting in nascent 

HDL particles. However, fibroblasts from TD subjects have impaired lipid efflux to apoA1 

(Mendez, 1997; Oram & Yokoyama, 1996; Rothblat et al., 1999). Although TD was reported in 

the early 1960’s, the molecular defect was not discovered until 1999. Through graphical linkage 

exclusion strategy, Rust et al. assigned the TD locus to a 7cM region of chromosome 9q31(Rust 

et al., 1998).  Other groups reported the molecular defect in TD to be due to ATP binding 

cassette transporter A1(ABCA1)(Bodzioch et al., 1999; Brooks-Wilson et al., 1999; Lawn et al., 

1999).  ABCA1 is a member of a large protein family of ATP binding cassette transporters 

(Luciani, Denizot, Savary, Mattei, & Chimini, 1994).  The discovery of ABCA1 as the mutated 

protein in TD demonstrates that ABCA1 plays a critical role in whole-body lipoprotein 

metabolism and macrophage lipid transport.   

ABCA1 protein  

ATP binding cassette transporters (ABC) are a large family of integral membrane proteins (Oram, 

2000; Oram & Vaughan, 2000).  This transporter family is diverse and several member proteins 

are linked to genetic diseases (e.g., TD, Cystic Fibrosis, and Stargardt macular dystrophy) (Dean, 

Hamon, & Chimini, 2001; Oram, 2000; Oram & Vaughan, 2000).  These proteins are highly 

conserved with ~94% amino acid identity between humans and mice (Oram & Vaughan, 2000).  

These transporters use ATP as an energy source to transport different substrates to across cell 

membranes.  ABC proteins are defined by the presence of nucleotide binding domains that 

interact with ATP (Oram & Vaughan, 2000).  These nucleotide binding domains have two 

conserved peptide motifs called Walker A and Walker B present in many proteins that utilize 

ATP.  A signature amino acid sequence between these motifs helps to define the family to which 

the specific ABC protein belongs.  ABCs are integrated into the membrane by two 
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transmembrane domains composed of six transmembrane helices.  To be active, an ABC protein 

requires two transmembrane domains and two nucleotide binding domains.  The ABCA subclass 

is unique among ABC family members in that it contains a highly hydrophobic regulatory domain 

between the two halves of the protein that is proposed to interact with the cell membrane.  The 

nucleotide binding domains also contain a Walker C motif that is unique to ABCA proteins (Oram 

& Heinecke, 2005).  There are about 19 different mutations of ABCA1 that are linked to TD or 

other familial HDL deficiencies.  These mutations occur throughout the polypeptide chain, but 

especially at the N-terminus and in the nucleotide binding domains, which demonstrates the 

importance of these regions for protein function. 

ABCA1 is highly expressed in macrophage cell lines where cholesterol efflux is active.  

Cholesterol loading and cAMP treatment of macrophages increase ABCA1 expression and 

cholesterol efflux to apoA1.      

ABCA1 Function 

ABCA1 mediates the transport of cholesterol, phospholipids, and other lipophilic molecules 

across cellular membranes via lipid-poor HDL apolipoprotein A1 (Oram, 2003). ABCA1 likely 

facilitates flipping of lipids from the inner to outer membrane leaflet by an ATPase-dependent 

process (Oram, 2002, 2003). ABCA1 localizes to the plasma membrane as well as endosomal 

intracellular compartments (Neufeld et al., 2001; Neufeld et al., 2004), where it facilitates 

transport of lipids to apolipoproteins. ABCA1 is in membrane domains that are sensitive to 

accumulation of cholesterol, but not in lipid rafts (Mendez, Lin, Wade, Lawn, & Oram, 2001).  

Although ABCA1 is able to transport a diverse range of substrates, the most physiologically 

relevant are cholesterol and phospholipids. 
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In order to transport cholesterol there is a need for a particle to act as a lipid acceptor. HDL 

apolipoproteins are able to interact with membrane domains formed via actions of ABCA1 

(Gillotte-Taylor et al., 2002; Gillotte et al., 1999; Liu et al., 2003), increasing cholesterol and 

phospholipid efflux and nascent HDL particle formation (Francis, Knopp, & Oram, 1995; Remaley 

et al., 2001). ABCA1 efflux is stimulated by multiple apolipoproteins, including AI, AII, E, CI, CII, 

CII, etc. (Remaley et al., 2001). The most abundant apolipoprotein on HDL is apoAI, which 

comprises about 70% of total HDL protein content (Oram & Heinecke, 2005). Studies have 

shown that ABCA1 can be covalently crosslinked with apolipoproteins, suggesting direct binding 

between ABCA1 and apolipoproteins (Chroni, Liu, Fitzgerald, Freeman, & Zannis, 2004; 

Fitzgerald et al., 2004), and that binding sites on ABCA1 have broad specificity (Fitzgerald et al., 

2004). Additional studies have demonstrated that ABCA1 missense mutations decrease lipid 

efflux and impair binding between ABCA1 and apolipoproteins (Fitzgerald et al., 2002).  

ABCA1 Regulation  

ABCA1 is expressed in most tissues and its expression is subject to complex regulation at the 

transcriptional level, post-translational level, or via micro RNA 33 (Rayner, Esau, et al., 2011). 

Overloading cells with cholesterol greatly increases ABCA1 expression via nuclear receptors liver 

X receptor (LXR) and retinoid X receptor (RXR) (K. Schwartz, Lawn, & Wade, 2000), which 

dimerize and bind to LXR response elements within the first intron of the ABCA1 gene promoter 

to stimulate transcription (Oram & Heinecke, 2005). Cholesterol must be converted to an 

oxysterol to activate LXR and RXR, but other lipids and metabolites are capable of modulating 

ABCA1 expression.  Polyunsaturated fatty acids act as antagonists to oxysterol binding to 

response elements in LXR α negatively effecting ABCA1 expression (Oram & Heinecke, 2005). 

Activators of peroxisome proliferator activating nuclear receptors (PPARs) also can enhance 
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ABCA1 transcription (Oram & Heinecke, 2005). PPARγ activators work by activating LXRα gene, 

inducing ABCA1 transcription (Chawla et al., 2001; Chinetti et al., 2001). Thyroid hormone 

receptor can suppress ABCA1 by complexing with RXR and competing for binding to the 

response element (Huuskonen, Vishnu, Pullinger, Fielding, & Fielding, 2004). There are also 

transcriptional activating mechanisms that are independent of LXR/RXR, including cAMP analogs 

(Oram, Lawn, Garvin, & Wade, 2000), inhibition of cAMP specific phosphodiesterase 4 (Lin & 

Bornfeldt, 2002), and verapamil, a calcium channel blocker (Suzuki et al., 2004). Several 

cytokines have been shown to modulate ABCA1 expression, including interferon-γ (Panousis & 

Zuckerman, 2000), TGF-β (Argmann et al., 2001), and oncostatin-M (Langmann et al., 2002). 

Sterol regulatory element binding protein 2 can interact with the ABCA1 promoter to suppress 

ABCA1 transcription (Zeng et al., 2004).  

Modulation of ABCA1 protein stability is an example of post-transcriptional regulation. In the 

absence of apoA1 inducers, ABCA1 protein is rapidly degraded. This turnover is mediated by an 

amino acid proline-glutamate-serine-threonin (PEST) motif (N. Wang et al., 2003). 

Phosphorylation of this sequence promotes proteolysis of ABCA1 by a calpain protease (N. 

Wang et al., 2003). The interaction of ABCA1 and apolipoproteins decreases the rates of 

degradation. Unsaturated fatty acids also destabilize ABCA1 (Y. Wang & Oram, 2005). ABCA1 

trafficking can also influence ABCA1 protein level and function.  

ABCA1 and Reverse Cholesterol Transport (RCT)  

 ABCA1 is essential for the formation of HDL particles and one of the most beneficial actions of 

HDL is its role in RCT, a process in which excess cholesterol from peripheral tissues is 

transported to the liver for secretion into the bile and excretion into feces. Non-hepatic cells 

accumulate cholesterol by lipoprotein uptake and de novo synthesis; however, they are unable 
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to catabolize cholesterol. Excess free cholesterol is toxic to cells so excess cholesterol must be 

removed from cells through efflux to extracellular acceptors for eventual delivery to liver 

(Cuchel & Rader, 2006). Thus, RCT is important in maintaining whole body cholesterol 

homeostasis. 

ApoA1 is produced by the liver and interacts with liver ABCA1 to generate nascent HDL, which 

undergo maturation to mature spherical HDL in the circulation by the enzyme LCAT upon 

esterification of free cholesterol to CE. This transformation creates a mature α-HDL particle 

which then can travel to the liver to transfer CEs through SR-B1, an HDL receptor that selectively 

transfers CEs to hepatocytes for eventual excretion into the bile and feces. Another mechanism 

for liver CE uptake is via hepatic LDL receptors. In plasma, CETP exchanges CE from HDL for TG 

from LDL (Singh, Shishehbor, & Ansell, 2007). The LDL particle is then endocytosed by the 

hepatic LDL receptor where the CE is hydrolyzed to free cholesterol in the lysosome, after which 

the free cholesterol can be stored as CE (after esterification by Sterol O-acyltransferase 2), 

secreted into bile, or resecreted into plasma.  Uptake of CE by LDL receptors is estimated to 

account for 50% of RCT (Singh et al., 2007).  

ABCA1 mutations 

Mutations completely disrupting ABCA1 have been shown to have profound consequences on 

plasma lipoproteins evident in TD subjects.  Much less is known about how decreased ABCA1 

expression or ABCA1 mutations affect HDL formation and function.  About 10-20% of individuals 

with low HDL-C have ABCA1 mutations that compromise transporter function(Iatan, Palmyre, 

Alrasheed, Ruel, & Genest, 2012).  One study examined ABCA1 missense mutations in families 

with TD or familial hypoalphalipoproteinemia; carotid artery intima-media thickness and HDL 

cholesterol were measured in all subjects.  Individuals who were heterozygous for ABCA1 
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mutations had lower HDL cholesterol concentrations (van Dam et al., 2002), significantly larger 

mean carotid artery intima-media thickness, and reached an abnormal intima-media thickness 

earlier in life compared with controls (van Dam et al., 2002).  These data show that ABCA1 

mutations can compromise cholesterol efflux function and lead to early atherogenesis.  Another 

study found that heterozygotes for ABCA1 mutations have decreased HDL-C, increased TG, and 

an increased risk for coronary artery disease (Clee et al., 2000).  This same group studied the 

coding of single nucleotide polymorphisms and showed common variants within ABCA1 are 

associated with altered plasma lipids and risk of coronary artery disease.  For example, an 

ABCA1 variant, R219K, was associated with decreased triglycerides, increased HDL-C, and 

decreased coronary artery disease (Manninen et al., 1992; Zilversmit, 1995) with no significant 

difference in cholesterol efflux, suggesting a gain in ABCA1 function and increased RCT (Clee et 

al., 2001).  These studies, in both common and rare variants of ABCA1, suggest that HDL-C levels 

and CHD measures are influenced by genetic variants of ABCA1. 

HDL Therapies 

Epidemiological studies have documented an inverse association between plasma HDL 

cholesterol (HDL-C) concentrations and coronary heart disease (Emerging Risk Factors et al., 

2009). This offers support for HDL’s role as an anti-atherogenic lipoprotein. HDL’s association 

with cardiovascular events applies to different diseases, including acute myocardial infarctions, 

cerebrovascular disease, and peripheral arterial disease (Ridker, Stampfer, & Rifai, 2001; van der 

Steeg et al., 2008; Yeh et al., 2013). Due to these reasons, raising HDL-C levels has been viewed 

as a positive strategy for preventing with CHD (Hovingh, Rader, & Hegele, 2015). 
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Non-pharmacological Therapies to Increase HDL-C 

Several lifestyle modifications have been found that increase HDL-C levels including exercise, 

weight loss, tobacco cessation, alcohol consumption and dietary factors. Frequent aerobic 

exercise has been shown to increase HDL-C levels by approximately 5% about 2 months after 

starting exercise. To optimize HDL-C levels from exercise, one must complete five 30 minute 

aerobic exercise periods per week (Kraus et al., 2002; Roberts, Ng, Hama, Eliseo, & Barnard, 

2006). Tobacco reduces HDL-C levels (Khurana, Sharma, & Khandelwal, 2000), with one study 

showing an increase of about 4mg/dL upon quitting (Singh et al., 2007). This gain came without 

affecting LDL-C, TG or total cholesterol. Tobacco smoke can cause oxidative stress, which leads 

to dysfunctional HDL (Ansell, Fonarow, & Fogelman, 2006). Weight loss increases HDL-C levels in 

overweight and obese individuals (Weisweiler, 1987) with a 0.35 mg HDL-C/dL increase per 

kilogram body weight lost (Dattilo & Kris-Etherton, 1992).  Alcohol consumption is linked to HDL-

C increases as well as decreased risk of CHD, independent of other risk factors (Gaziano et al., 

1993; Valmadrid, Klein, Moss, Klein, & Cruickshanks, 1999). Drinking 30-40g of alcohol per day, 

equivalent to 1-3 drinks, can lead up to a 12% increase in HDL-C levels after 3 weeks (Gaziano et 

al., 1993). Diets enriched in monounsaturated and polyunsaturated fatty acids reduce the LDL-C 

to HDL-C ratio and are predicted to reduce CVD risk (Mensink, Zock, Kester, & Katan, 2003). 

Saturated fatty acids are known to increase HDL-C but also LDL-C, which will not be as beneficial 

(Nicholls et al., 2006).   

Pharmacologic agents that modify HDL 

Nicotinic Acid (Niacin), one of the first treatments for dyslipidemia, increases HDL-C 20-30%, and 

reduces plasma TG levels by 40-50% and LDL-C levels by 20% (Singh et al., 2007). The Coronary 

Drug Project evaluated niacin in over 8,000 men with prior myocardial infarction and found a 
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27% reduction in incidence of non-fatal reinfarction after six years ("Clofibrate and niacin in 

coronary heart disease," 1975). Mortality was reduced 11% at 15 years (Canner et al., 1986). 

Despite the reduction in CHD, niacin has major adverse side effects such as flushing, gout, 

ulcers, irregular heartbeat that are only partially ameliorated by extended release formulations 

(Singh et al., 2007). Several other clinical trials have studied extended release niacin 

formulations, including the Atherothrombosis Intervention in Metabolic Syndrome with Low 

HDL/ High Triglycerides: Impact on Global Health Outcomes (AIM-HIGH) trial, in which two doses 

of extended release niacin were given to 3,414 subjects with established CVD already on lipid 

lowering drugs (i.e. statins). After three years, the study was terminated due to futility 

(Investigators et al., 2011). In 2013, the Treatment of HDL to Reduce the Incidence of Vascular 

Events (HSP2-THRIVE) study was terminated for reasons of futility and increased adverse effects 

in the niacin-treated group (Group et al., 2014). Significant reductions in CVD endpoints were 

shown in a meta-analysis of 11 randomized controlled trials (Lavigne & Karas, 2013). However, 

results from the AIM-HIGH and HSP2-THRIVE studies have led to abandonment of niacin in most 

markets.  

Statins increase HDL levels between 5-15% (Jones et al., 2003), but the mechanism of action is 

unclear. Statins have been found to increase levels of apoA1 and lipid-poor HDL (Singh et al., 

2007). Statins show greater efficacy in subjects with low HDL-C values (Heart Protection Study 

Collaborative, 2002). For raising HDL-C, statins are generally not a reliable monotherapy due to 

modest HDL-C raising effects (Ansell, 2005).  

Pharmacologic Agents that target RCT  

Some pharmacologic agents target RCT and macrophage cholesterol efflux (e.g., fibric acid 

derivatives). Fibrates are agonists of PPARα and can increase HDL-C levels (10-20%) and lower 
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LDL-C (10-15%) and TG concentrations (40-50%) (Carlson & Rosenhamer, 1988; Rubins et al., 

1999). In the Helsinki Heart Study and the VA-HIT trial, subjects treated with gemfibrozil had a 

reduction in CVD events (Frick et al., 1987; Rubins et al., 1999). The 22% reduction in coronary 

events in the VA HIT trial was possibly due to the slight (6%) increase in HDL-C levels (Rubins et 

al., 1999). Other fibrates, like fenofibrate and benzafibrate, have shown negative results. 

Clofibrate was been found to be potentially hazardous (Singh et al., 2007).  There is still some 

therapeutic promise with fibrates being studied in combination with other drugs. 

CETP Inhibitors represent an attempt to develop more targeted therapies. CETP is responsible 

for the transfer of CEs between HDL particles, and the exchange of CE for TG in apolipoprotein B 

(apoB)-containing lipoproteins (Tall, 1993). These findings prompted more research on CETP 

inhibition.  A study in mice showed transgenic expression of CETP gene caused an increase in 

atherosclerosis (Marotti et al., 1993). Initially, it was thought low CETP might decrease RCT due 

to the role of CETP in remodeling of αHDL to generate preβ HDL, although more recent studies 

have shown the importance of preβ particles to RCT (de la Llera-Moya et al., 2010). To date 

several clinical trials of CETP inhibitors have been performed. The first trial (ILLUMINATE) was 

abandoned because the drug torcetrapid increased CVD events by 25% even though HDL-C was 

raised 72% and LDL-C lowered 25% (Barter et al., 2007). There was a 61% increase in all-causes 

mortality and other cardiovascular events over placebo.  This could be due to an increase in 

blood pressure, a noted off-target effect of torcetrapib, or possibly an adverse effect of CETP 

inhibition, but the study could not confirm the cause. The Dal-OUTCOMES was also abandoned 

when it was clear the drug dalcetrapid was a less potent inhibitor of CETP than torcetrapib and 

did not produce positive outcomes (G. G. Schwartz et al., 2012). Two more phase III trials are 

ongoing, examining anacetrapib and evacetrapid, both highly potent CETP inhibitors (Bishop, 

2015). These drugs in monotherapy reduce LDL-C by 40% and elevate HDL-C up to 130%. 
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Anacetrapid led to enhanced HDL particle function through in vitro measures of cellular 

cholesterol efflux and anti-inflammatory assays. CETP inhibitors influence lipoproteins beyond 

HDL-C making it difficult to attribute a specific mechanism to their potential benefit. Studies 

with earlier CETP inhibitors showed that benefits may come from LDL-C reduction, not from 

HDL-C increases. While lowering LDL is a positive outcome, this response makes it difficult to 

understand the mechanism of CETP inhibition and atherogenesis.  

HDL Infusion therapies include HDL mimetics, recombinant LCAT and apoA1 transcriptional 

upregulators. HDL infusion therapies represent the most physiological approach to increasing 

HDL particle number and anti-atherothrombotic functions (Kingwell & Chapman, 2013).  

Recombinant HDL particle infusion causes dose proportional elevation in apoA1 and preβ HDL 

particles (Nanjee, Doran, Lerch, & Miller, 1999; Patel et al., 2009). Elevating these particles 

increases the amount of lipid-poor acceptors of cholesterol, increasing cholesterol efflux from 

peripheral tissues as well as RCT. Several small clinical trials showed modest results, thus far, 

which is encouraging despite the short follow-up periods. Studies using recombinant HDL 

reduced average plaque atheroma volume by 1-2% (Nissen et al., 2003; Tardif et al., 2007). 

These therapies could be very beneficial, but have many barriers to their success, including their 

intravenous administration, short half-life of apoA1, and high amount of infused HDL required 

for efficacy. These infusion therapies are also very costly to produce. Despite these barriers, 

several more clinical trials should be concluding shortly.  

Other Potential Therapies 

There are several other potential therapies being studies currently including recombinant LCAT, 

apoA1 transcriptional upregulators, apoA1 mimetics, LXR agonists, and antagonists of miR-33. 

Recombinant LCAT infusions are being used to stimulate RCT (Kunnen & Van Eck, 2012). Studies 
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in mice have shown enhanced cholesterol efflux after recombinant LCAT infusion using in vivo 

assays (Rousset et al., 2010). Recombinant LCAT has also been shown to be safe and to increase 

plasma HDL-C levels in humans.  

ApoA1 transcriptional up-regulators are attractive targets to increase the number of circulating 

HDL particles and thus increase cholesterol efflux. In the ASSERT clinical trial, the drug RVX-208 

increased circulating apoA1 5.6%, increased HLD-C levels between 3-8%, and increased the 

number of large HDL particles by 11-21%.   

ApoA1 mimetics are small peptides resembling apoA1 in structure and activity. These peptides 

are smaller than full length apoA1 and thus oral administration is possible (Navab et al., 2005). 

There are several limitations including low bioavailability, short half-life and instability in the 

digestive system (Carballo-Jane et al., 2010; Remaley, Amar, & Sviridov, 2008).  

LXR agonists attenuate atherosclerosis in mice (Verschuren, de Vries-van der Weij, Zadelaar, 

Kleemann, & Kooistra, 2009). These anti-atherogenic effects do not always extend to species 

that express CETP, which exhibit increased TG and LDL-C levels in response to activation of fatty 

acid synthesis via stimulation of sterol regulatory element binding protein 1C (Beltowski, 2008). 

LXR agonists also tend to have off target effects such as nervous system-related effects; 

however, LXRα activation can selectively raise HDL-C, making it imperative to develop selective 

LXR ligands.  

MiRNA can control cellular cholesterol homeostasis and are transported by HDL (Rayner & 

Moore, 2014). In mice, miR-33 decreases expression of ABCA1 and HDL biogenesis (Rayner & 

Moore, 2014; Rayner et al., 2010). MiR-33 antagonism raises HDL-C, increases cholesterol efflux, 

and exerts anti-atherosclerotic actions (Rayner, Sheedy, et al., 2011). It is for these reasons that 

miR-33 is a potential target for HDL therapy.  
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Issues with therapies 

Many of the current drugs on the market were designed based upon the original HDL 

hypothesis.  This hypothesis states “a reduction of plasma HDL concentration may accelerate 

the development of atherosclerosis, and hence ischemic heart disease, by impairing the 

clearance of cholesterol from the arterial wall” (Miller & Miller, 1975).  There is support for the 

inverse relationship between HDL-C levels and atherosclerosis. HDL stimulates RCT, as well as 

exhibiting anti-inflammatory and anti-oxidative properties (Assmann & Gotto, 2004; Navab et 

al., 2004; Shah, Kaul, Nilsson, & Cercek, 2001).  In spite of these beneficial properties, there is no 

definitive evidence to show increasing HDL-C decreases incidence of cardiovascular events 

(Singh et al., 2007).  There has been a disconnect between epidemiological studies and in vitro 

studies.  In vitro findings have shown benefits of HDL where clinical trials show increasing HDL-C 

has no effect on CVD outcomes (Hovingh et al., 2015).  Some beneficial effects could stem from 

lowering LDL-C as demonstrated in niacin trials. These issues regarding HDL-C with CVD 

outcomes may signal the importance of a revised HDL hypothesis that includes looking at HDL 

particles and their function as opposed to HDL-C.  The importance of considering HDL particles 

stems from their size heterogeneity and differing functions.  The fact that pre β HDL acts as a 

better cholesterol acceptor from peripheral tissues than larger HDLs like those produced by 

niacin and dalcetrapib (Rader & Tall, 2012) supports HDL function as an important variable to 

consider.  Failures of recent clinical trials suggest functionality of HDL could be more predictive 

of CVD than HDL-C levels (Assmann & Gotto, 2004; Navab et al., 2004; Rader & Tall, 2012; Shah 

et al., 2001).  Studies have shown HDL-C is less predictive of risk when corrected for low density 

lipoprotein particle (LDL-P) concentration compared with HDL-P concentration (Emerging Risk 

Factors et al., 2009; Mackey et al., 2012), meaning that therapies that increase HDL cholesterol 

may be less efficacious than increasing number of HDL particles.  Another study concluded HDL-



20 
 

P concentration remains significantly inversely related with carotid intima media thickness 

(cIMT) and CHD independent of LDL-P, TG, and LDL-C levels (Mackey et al., 2012).  HDL-C 

associations with cIMT and CHD are attenuated by these adjustments (Mackey et al., 2012).  

Thus, HDL’s ability to accept cholesterol from macrophages and promote reverse cholesterol 

transport may be the most beneficial in terms of atherosclerosis regression.  Developing 

therapies to increase HDL-P may be more beneficial than those designed to increase HDL-C. 

Cholesterol Efflux Capacity Studies 

Issues with the efficacy of HDL raising therapies and the heterogeneity of HDL with respect to 

particle composition and properties demonstrate the need for tests measuring HDL function.  

HDL’s atheroprotective activities likely stem from HDL’s ability to promote reverse cholesterol 

transport from lipid-laden macrophages, termed macrophage reverse cholesterol transport 

(Khera et al., 2011).  One study by Khera et. al. sought to test if cholesterol efflux capacity could 

serve as a predictor for atherosclerotic burden using roughly 900 subjects, either healthy 

controls or subjects with coronary artery disease.  This study found that cholesterol efflux 

capacity was inversely associated with subclinical atherosclerosis and obstructive coronary 

artery disease even after adjustment for risk factors such as HDL cholesterol and apoA1.  

Additionally, they found that efflux capacity was a stronger predictor of cIMT and coronary 

disease status than HDL cholesterol (Khera et al., 2011).  Another study, the Dallas Heart Study, 

has also assessed the link between cholesterol efflux capacity and atherosclerosis.  The Dallas 

Heart Study has examined 2900 adults in a probability-based population sample measuring 

baseline HDL cholesterol, HDL particle concentration, and cholesterol efflux capacity with 

atherosclerotic cardiovascular disease as the endpoint.  This Dallas Heart Study cohort found 

similar results to the previous study; cholesterol efflux capacity was inversely associated with 
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incident atherosclerotic cardiovascular disease (Rohatgi et al., 2014).  This association persisted 

after a multivariate adjustment, which the authors suggest is associated with cardiovascular risk 

via processes independent of traditional risk factors like HDL cholesterol levels.  Another study 

investigated the link between cholesterol efflux capacity with prevalent coronary artery disease 

and incident development of major adverse cardiovascular events using an angiographic cohort 

and an outpatient cohort.  Enhanced cholesterol efflux was associated with a reduced risk of 

prevalent coronary artery disease in both cohorts.  However, when adjusted for traditional 

coronary artery disease risk factors, the inverse association was attenuated in the angiographic 

cohort (Li et al., 2013).  Moreover, this group studied cholesterol efflux capacity and its 

relationship with major adverse cardiovascular events over a three year period.  Surprisingly, 

subjects within the highest third of cholesterol efflux capacity showed significantly higher risk 

for incident myocardial infarction, stroke, and other adverse cardiovascular events even after 

adjustments for traditional cardiovascular risk factors (Li et al., 2013).  A final study quantified 

cholesterol efflux capacity in 1700 subjects with incident coronary heart disease and 1700 

control participants while correcting for variables like age, sex, diabetes, HDL-C, and apoA1 

concentrations (Saleheen et al., 2015).  This population based study tested the association of 

HDL-C efflux capacity with cardiovascular traits and incident coronary heart disease events and 

found that cholesterol efflux capacity is significantly and inversely associated with incident 

coronary heart disease events independent of cardiovascular risk factors, and this inverse 

correlation persists after adjustment for HDL-C and apoA1 concentrations (Saleheen et al., 

2015).  It is important to note that when HDL-C and apoA1 concentrations are adjusted for 

cholesterol efflux capacity, they lack a significant inverse association with incident coronary 

heart disease (Saleheen et al., 2015).  This shows cholesterol efflux capacity may be a better 

predictor of incident coronary heart disease.  Of these four studies three are in agreement that 
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cholesterol efflux capacity measured in healthy individuals is inversely associated with coronary 

heart disease.  Subjects with pre-existing coronary heart disease showed a positive association 

of cholesterol efflux capacity and major adverse cardiovascular events, a finding at odds with 

the other studies.  Some animal studies have also shown cholesterol efflux capacity is a better 

predictor of atherosclerosis than HDL cholesterol level (Rohatgi et al., 2014).  Overall, 

cholesterol efflux capacity shows strong evidence of its utility in prediction of incident coronary 

heart disease, perhaps more so than HDL-C levels. 
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STATEMENT OF PURPOSE 

HDL-C levels vary greatly in the general population.  The inverse relationship between HDL-C and 

CHD is well-documented and has led many to study the effect of HDL-C raising therapies.  AA 

generally have higher HDL-C levels compared to European Americans (EA), which is at odds with 

the much higher rates of cardiovascular disease in AA populations (Benjamin et al., 2017).  From 

studies on TD subjects, we know mutations affecting ABCA1 have profound consequences on 

HDL-C levels, and about 10-20% of individuals with low HDL-C have ABCA1 mutations that 

compromise its transporter function (Iatan et al., 2012).  These studies into rare and common 

variants of ABCA1 suggest HDL-C and CHD measures may be influenced by ABCA1 mutations.   

The NHLBI GO Exome sequencing project has been used to identify rare ABCA1 coding sequence 

variants in EA and AA with unknown functional consequences.  From these ABCA1 mutations, 

several were found almost exclusively in AA and presented the opportunity to test the link 

between HDL-C, CHD, and HDL functionality.  Of the rare ABCA1 variants, five were chosen due 

to their high prevalence in AA and non-existence in EA.  Individuals in the diabetes heart study 

(DHS) cohort were genotyped and these five variants were found in the AA-DHS cohort.  These 

subjects with variant alleles were found to have HDL-C significantly lower (~10%) than 

individuals with common alleles.  We hypothesized that ABCA1 coding variants unique to AA and 

associated with reduced plasma HDL will be defective in lipid efflux and nHDL formation and/or 

result in plasma HDL defective in macrophage FC efflux. 
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MATERIALS AND METHODS 

Cellular Cholesterol Efflux 

J774A.1 cells derived from a murine macrophage cell line was grown in RPMI 1640 plus 10% 

fetal bovine serum and antibiotics.  These cells were plated 500,000 per well in a 24 well plate.  

Five hours post plating cells were checked under a microscope for adherence.  Cells were 

labeled for 24 hours with RPMI 1640 plus 2.5% fetal bovine serum, antibiotics, and 2μCi/mL [1,2-

3H] Cholesterol.  Five hundred microliters of media was added to each well effectively labeling 

cells with 1 μCi 3H cholesterol.  Cells were then washed and equilibration media was added.  

Equilibration media was RPMI 1640 plus antibiotics, 0.2% bovine serum albumin, and 0.3mM 

cAMP per well.  Equilibration media was added for 20 hours to upregulate ABCA1.  Efflux media 

contained sera from subjects in the African American Diabetes Heart Study found to have single 

nucleotide polymorphisms of ABCA1 as well as control subjects who did not exhibit these snps.  

The media was prepared by depleting sera of apolipoprotein B-containing particles using 

polyethylene glycol at a 100:40 sera to PEG ratio.  This sera was then diluted to 2.8% in MEM-

HEPES media with the addition of 0.3 mM cAMP.  Efflux was measured for four hours with 

triplicates of each sera tested (see below).  Serum Free media was used as a background 

measure and contained MEM-HEPES media with only 0.3mM cAMP added.   

Lipid extraction 

After collecting media, cells were washed with buffered saline solution.  The 24 well plates were 

dried in the cell culture hood.  Lipid extraction was achieved with 1mL of isopropanol added to 

each well overnight.  The next day isopropanol was collected and dried down using a heating 

block and nitrogen gas.  Samples were then reconstituted with 500mL of isopropanol to obtain 

an even volume for each sample.  
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Liquid Scintillation Counting 

Aliquots (100μL) of media and lipid extract were taken and added to scintillation vials with 5mL 

of scintillation cocktail.  3H radiolabel was quantified using a liquid scintillation counter; each 

sample was counted for 5 minutes.  The efflux was calculated by dividing count in media by 

count in media plus the count in the cellular lipid extract.  This number was then multiplied by 

100 to obtain a percentage. 

nHDL formation  

This experiment uses McArdle rat hepatoma cells transfected with a pCMV vector containing 

mutated ABCA1 to test nHDL formation.  Mutated ABCA1 was generated using a QuikChange II 

XL kit (Aligent #200521) to make specific site-directed mutations of ABCA1 corresponding to 

those found in human subjects from the AA-DHS study.  McArdle cells are maintained in DMEM 

high glucose with 10% FBS and 1% penicillin/streptomycin.  Cells are plated 300,000 per well in a 

six well plate.  Two plates were used to test four mutant constructs of ABCA1 in triplicate.  Cells 

were grown for 24 hours or until the cells obtain 70% confluence.   

Transfection 

Cells were transfected using a pCMVtag4A vector containing ABCA1-flag, empty vector, a serine 

mutant, or aspartate mutant DNA.  Three μg of DNA was mixed in 300μL of OptiMEM media and 

incubated for five minutes leaving 1μg of DNA per well.  Meanwhile, 30μL of lipofectamine was 

mixed with 300μL of OptiMEM media and incubated at room temperature.  Next the dilute DNA 

and dilute lipofectamine are mixed and incubated at room temperature.  During this incubation, 

media was prepared in a ratio of 2:1 DMEM high glucose to OptiMEM.  Cells were washed and 
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then 200μL of DNA and lipofectamine mixture was added to wells along with 600μL of media 

mixture.  The cells were incubated for six hours at 37°C.   

Efflux Media 

Efflux media was prepared using DMEM high glucose with 0.1% bovine serum albumin and 1% 

antibiotics.  Efflux media contained 125I labeled apo A1 added as well as unlabeled apo A1 to 

obtain 10μg/mL (approximately 1,000,000 cpm per well) of 125I labeled apoA1 per well.  After 

the transfection time of six hours, cells are washed using buffered saline solution and 1mL of 125I 

labeled media is added to each well overnight.  This efflux media is collected and saved at 4°C 

until its use.  The media was concentrated by centrifugation (2000g at 4°C) using Amicon ultra-4 

centrifuge filters units with a 10kDa cutoff; 3mL of media was concentrated to approximately 

600μL.  Aliquots of 5μL are taken before and after concentration to calculate the percent 

recovery of 125I apoA1.   

FPLC 

Of the 600uL collected about 500uL is injected and fractionated using a Superdex 200 HR FPLC 

column (Amersham-Biosciences) using 0.15M NaCl, 0.01% EDTA, pH 7.4 (column buffer).  The 

particles were eluted at a flow rate of 0.2mL/min and fractions from 20 minutes to 70 minutes 

were collected.  These individual fractions were analyzed using a gamma counter for 125I 

radioactivity and the 125I profile was plotted using graph pad.   

Western Blots 

Cell lysates were collected from cells post cholesterol efflux using 150μL of RIPA buffer with 

Roche cOmplete ULTRA tablet protease inhibitor (Ref. # 05892791001) and Roche PhosSTOP 

phosphatase inhibitors tablet (Ref# 04906837001) added.  The cell lysate was centrifuged at 
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12000 X g for 10 minutes at 4°C.  The samples were then sonicated three times for five seconds 

each on ice.  The cell lysate was then centrifuged again at 12000 X g for 10 min at 4°C.  A BCA 

assay was run using 25μL of cell lysate to determine the protein concentration in the cell lysate.  

Western blots were run using 8% agarose gels with 10μg of protein added per well.  Western 

blots were run for ABCA1 as described in (Lee et al., 2005), Flag (Sigma F3165), and 

GAPDH(Santa Cruz Biotechnology sc-32233) to ensure the transfection worked properly.   
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RESULTS 

Preliminary Data 

We hypothesize that rare ABCA1 coding variants present in AA but not EA and associated with 

decreased HDL will be defective in lipid efflux and nHDL formation or result in plasma HDL 

defective in macrophage FC efflux.  We identified five rare ABCA1 coding variants through the 

NHLBI GO Exome sequencing project.  These variants were non-synonymous mutations 

predicted to cause damaging mutations to ABCA1 and present in AA, but not EA.  The DHS and 

AA-DHS were chosen to test our hypothesis.  These cohorts was chosen for several reasons: 1) 

close working relationship with DHS investigators, 2) extensive phenotyping of subjects (bone 

mineral density, adipose tissue volume, EKG, HbA1c, kidney function, CRP, Vitamin D, and 

medications), 3) multiple CHD measures (coronary, carotid and aorta calcified atherosclerotic 

plaque via helical CT) (Bowden et al., 2010), 4) available frozen plasma and DNA samples, 5) 

sufficient number of subjects to test our hypothesis, and 6) DNA sequencing facilities available 

to genotype ABCA1 coding variants.  We genotyped 1192 EA and 752 AA subjects to determine 

the frequencies of the exon variants in the DHS population and examined plasma HDL-C 

concentrations in subjects with common alleles vs one copy of the variant allele. Only one of 

1160 EA had a variant ABCA1 allele, whereas 106 of 739 AA had one of the five variant alleles 

(Table 1).  HDL-C concentrations were significantly lower (~10%; P=.007) compared to subjects 

with the common allele after adjusting for age, gender, BMI, diabetes (presence or absence), 

lipid medications, and genetic admixture (Figure 1A).     

To determine whether the five ABCA1 variants that were present in AA, but not EA, resulted in 

decreased ability of ABCA1 to efflux cellular cholesterol, we generated each of the five ABCA1 

variants using site-directed mutagenesis and transfected a hepatoma cell line (McArdle RH777) 
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with each variant cDNA to investigate cholesterol efflux and nascent HDL formation. In addition, 

we measured cellular cholesterol efflux using each subject’s apoB lipoprotein-depleted serum as 

an acceptor for cholesterol efflux.  

Serum HDL free cholesterol efflux capacity  

Before the study, we conducted 10 repeats of cholesterol efflux experiments using a pooled 

human control serum to test assay reproducibility (Figure 2). To determine intra- and inter-assay 

variability, we included a pooled human serum control sample in every assay (Figure 1) as 

described in previous studies (Khera et al., 2011; Li et al., 2013). The average efflux for the 

pooled human control serum was 12.12% across 35 assay repeats.  The average inter and intra 

assay variability were 14% and 6% respectively (Figure 2). 

We then examined cholesterol efflux capacity of apoB lipoprotein-depleted serum from AA 

individuals with one of five rare ABCA1 coding sequence variants compared to AA individuals 

with the common ABCA1 coding sequence as control groups. The controls chosen were matched 

based on sex, age, diabetes duration, smoking duration, and Hba1c (Figure 1).  Control subjects 

had slightly higher HDL-C levels than subjects with variant alleles.  Figure 3 shows that compared 

to AA harboring common ABCA1 alleles (n=16), AA harboring the Ser212 variant allele (n=16) 

had a significant decrease in cholesterol efflux capacity (12.39 % v.s. 14.99%; p<0.004). 

Interestingly, AA harboring the Asp2243 variant allele (n=6) had a trend toward higher 

cholesterol efflux capacity compared to their control group (14.46% v.s. 12.11%; p value<0.09, 

Figure 3). There is no difference in cholesterol efflux capacity between the other three ABCA1 

coding variants and their controls (Figure 3).  Cholesterol efflux results were also normalized to 

the pooled human control as previously described (Khera et al., 2011), but this did not affect the 

outcomes (Figure 4).  
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nHDL formation 

McArdle cells were transfected with an empty vector, ABCA1-flag (WT), Ser212Thr variant, or 

Asp2243Glu variant vector to determine whether the ABCA1 variants had compromised ability 

to produce nHDL particles.  Western blots were performed for GAPDH, ABCA1, and anti-FLAG.  

The anti-flag western blots were performed to examine transfection efficiency as shown in 

figure 5.  ABCA1 western blots show the differences in expression across the treatments despite 

the same amount of DNA being transfected.  Our second replicate used two times as much DNA 

for the ASP2243 vector to obtain consistent Flag expression across all vectors (Figure 5); 

however less ABCA1 protein expression is evident compared to the other variants.  Asp2243Glu 

ABCA1 expression is much lower despite the increased amount of cDNA transfected due to our 

homemade antibody having trouble recognizing the mutated ABCA1.  Finally GAPDH was 

included as a housekeeping protein.   

From media fractionation via FPLC, we saw discernable peaks that were consistent across the 

four different transfections shown below in (Figure 6A).  Media labeled with 125I ApoA1 was 

fractionated using a Superdex 200HR column.  Peak 3 represents free 125I ApoA1 devoid of lipids.  

Peak 2 likely shows the portion of pre β particles formed.  Both ABCA1 variants had a higher cpm 

in peak 2.  The data shows both ABCA1 variants form more pre β HDL particles than the ABCA1-

flag vector used as the control.  Peak 1 shows a possible HDL peak or perhaps partially matured 

HDL where again the mutants have a higher cpm showing more HDL species (Figure 6B).  These 

results, though preliminary, are interesting and warrant more study.   
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Table 1 shows subjects from the DHS study with common or variant alleles. The position of 
these mutations as well as their prevalence and HDL-C levels are also shown.  These five variants 
were chosen from a larger table created with the NHLBI GO exome sequencing project. 
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Figure 1A 

 

Figure 1B 
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Figure 1C 

 

Figure 1D 

Figure 1- Controls were chosen from the AA-DHS cohort and were matched based on HDL-C, 
Age, Diabetes Duration, and Hba1c.  The graphs above show the averages for each category with 
common alleles in closed shapes and variant alleles in open shapes.  Figure 1A shows HDL-C 
averages for each group of variant or common alleles.  Figure 1B shows average age for each 
variant.  Figure 1C shows average duration of diabetes for each variant.  Figure 1D shows Hba1c 
averages for variant and common alleles. 
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Figure 2- Mean ± SEM of percentage cholesterol efflux (analyzed in triplicate) using a human 
serum pool (n=5 normal donors) that was included on every cholesterol efflux plate.  The 
average within plate and between plate coefficient of variation was 6% and 14%, respectively. 
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Figure 3- Efflux from J774 macrophages to sera from subjects with five rare single nucleotide 
polymorphisms of ABCA1 compared to subjects with the corresponding common allele.  Open 
bars denote rare variants.  Pooled human control is included to determine inter-plate variability.  
**p=0.004 by unpaired two-tailed Student’s t-test.   
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Figure 4- Efflux from J774 macrophages to sera from subjects with five rare single nucleotide 
polymorphisms of ABCA1 compared to subjects with the corresponding common allele.  Open 
bars denote rare variants.  Efflux percentages of each sample are normalized to pooled human 
control efflux values from corresponding plate.  **p=0.004 by unpaired two-tailed Student’s t-
test. 

 

 

Antibody Empty Vector Flag-ABCA1 (WT) Ser212Thr Asp2243Glu 
Flag 

    
ABCA1 

    
GAPDH 

    
 

Figure 5- Western blots for Flag, ABCA1 and GAPDH. McArdle cells were transfected with empty 
vector (pCMVtag4A) or cDNA pCMVtag4A-ABCA1, human ABCA1 Ser212Thr variant or human 
ABCA1 Asp2243Glu variant for 24h before harvesting cells for Western blot analysis.   One μg of 
cDNA was added to each well for the Empty Vector, Flag-ABCA1 Wild Type, and Ser212Thr 
vectors.  2 μg of cDNA was added for the Asp2243Glu vector as 1 μg was insufficient to see 
protein expression.   
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Figure 6A 

Figure 6B 

Figure 6- A) FPLC fractionation of 500uL of media from empty vector, ABCA1-flag, Ser212Thr, 
and Asp2243Glu vectors transfected into McArdle cells and incubated with 125I apo A1 for 24 
hours to monitor nHDL formation.  B.) Vertical expansion of panel A to better visualize peaks 1 
and 2.   
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DISCUSSION 

AA tend to have increased HDL-C levels compared with EAs, but still have higher rates of 

cardiovascular disease (Benjamin 2017).  This is contradictory to the evidence that shows an 

inverse relationship between HDL-C and CHD.  Approximately 10-20% of people with lower than 

normal levels of HDL-C have been found to harbor mutations in the ABCA1 gene (Iatan 2012).  

Through exome sequence analysis, many different mutations in the ABCA1 gene have been 

discovered.  Using the criteria that mutations are non-synonymous and predicted to be 

damaging decreased the number of possible mutations.  Using the AA-DHS cohort which has 

been extensively phenotyped, we were able to find five variants present in AA subjects that 

were absent from EA subjects and were predicted to be harmful.  Subjects with these rare 

variants have been shown to have significantly decreased HDL-C levels when adjusted for age, 

gender, BMI, and several other markers.  Serum samples were obtained from subjects with 

these rare variants as well as subjects with common alleles who acted as controls.  Previous 

studies have shown the ability of serum to promote cholesterol efflux is determined by the preβ 

HDL concentrations (de la Llera-Moya et al., 2010).  We hypothesized that ABCA1 coding 

variants unique to AA and associated with reduced plasma HDL-cholesterol concentration will 

be defective in lipid efflux and nHDL formation and/or result in plasma HDL defective in 

macrophage FC efflux.  Our studies using cholesterol-loaded macrophages and apoB depleted 

serum have shown that one rare variant shows decreased cholesterol efflux.  This variant has 

Threonine in place of Serine at position 212 due to a single nucleotide polymorphism and was 

predicted to be benign; however, we found that serum from subjects harboring this variant had 

decreased ability efflux from cultured macrophages. Not all of the variants showed decreased 

efflux, despite the prediction that these rare variants would be damaging.  The Asp2243Glu 
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variant showed a trend towards promoting greater efflux though this trend did not reach 

significance.   

There were several limitations to our study, including small sample size, as well as trouble 

keeping the cultured macrophages viable.  To further test our hypothesis, we generated each of 

the five ABCA1 variants using site-directed mutagenesis of human ABCA1 cDNA in pCMV vector 

and transfected a hepatoma cell line (McArdle RH777) with each variant cDNA.  Our nHDL 

formation experiment has yielded some interesting results.  Western blots have been able to 

confirm expression of ABCA1 via the fused FLAG epitope.  We doubled the cDNA amount of the 

Asp2243Glu variant in an attempt to obtain Flag expression similar to the other vectors to more 

easily compare the variants.  This increased the protein concentration detected by the Flag 

antibody, but did not affect the ABCA1 Asp2243Glu variant expression, which was lower than 

the other two ABCA1 variants.  In fact, ABCA1 protein expression of the Asp2243Glu variant was 

similar to the empty vector, leading us to speculate our antibody, which was raised to a 24-mer 

C-terminal peptide sequence in ABCA1(Lee et al., 2005), is not able to recognize this mutated 

ABCA1 variant, and that the low levels of ABCA1 expression detected were likely due to 

endogenous rat ABCA1 expression in McArdle cells. These data taken together with the HPLC 

data is interesting due to a higher radioactivity count in peak 2, which we believe to be preβ 

particles based on pasted experiments (Bi et al., 2013).  In fact both variants predicted to be 

deleterious show greater counts in both peak 1 and 2.  Peak 1 could be HDL particles that have 

undergone some maturation or modification, perhaps via LCAT activity secreted by the McArdle 

cells, and are thus larger than those particles in peak 2.  This would explain the larger size of 

particles in peak one, as cholesterol is added and esterified by LCAT in nHDL particles, their size 

should increase.  It seems paradoxical that the expression of ABCA1 Asp2243Glu variant protein 

is lower compared to wild type ABCA1, yet the Asp2243Glu variant is able to make more 
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particles than the wild type ABCA1.  In fact, both variants are able to make more pre β particles 

than the wild-type (ABCA1-flag vector).  However, to draw definitive conclusions from these 

data will require completion of more experiments.  All we can say with certainty is that these 

rare variants appear to have some functional consequences with respect to lipid efflux and nHDL 

formation.  Nonetheless, these findings are exciting and warrant further examination.   

Several future experiments are planned to attempt to gain further insight into the formation of 

HDL particles by ABCA1 mutants.  Lipid efflux experiments using McArdle cells transfected with 

the same variants should give a better picture of the lipid efflux these variants can promote, 

which may shed more light on what is happening in these rare variants.  We could also examine 

RNA expression in the cell lysates of transfected cells to see if the differences in expression 

between vectors can be explained.  Last, it would be interesting to look at several markers of 

atherosclerosis in the human populations harboring these rare variants to see if the cellular 

efflux studies can predict atherosclerotic progression or adverse cardiovascular events.  Recent 

data has shown that apoB lipoprotein-depleted plasma efflux potential and HDL particle number 

may be better biomarkers of CHD than HDL-C, something we hope to test more thoroughly 

(Heinecke, 2012; Khera et al., 2011; Mackey et al., 2012). 
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    Duties: Studying role of ABCA1 in adipocyte lipid 
metabolism. 
January 2012 –   Research Assistant  
February 2014   University of Nebraska at Omaha; Omaha, NE  
    Supervisor: Dr. Haizhen Zhong, Ph.D. 
    Duties: Studied how point mutations changed the protein 
structure      of PTP-1B receptors and updated new drug 
database properties. 
 
May 2012   FIRE Grant Research Assistant 
    University of Nebraska at Omaha; Omaha, NE 
    Supervisor: Dr. Haizhen Zhong, Ph.D. 

mailto:JohnMartinez402@gmail.com
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    Duties: Responsible for examining if hemaglutenin and  
     neuroaminidase will complex with toll-like 
receptors using the      computer program Z-Dock.  
 
Relevant Work Experience 
January 2014-April 2014 Organic Chemistry Lab Assistant 
    University of Nebraska at Omaha; Omaha, NE 
    Supervisor: Dr. Douglas Stack, Ph.D. 
    Duties: Collected chemical samples from students and ran 
them      through proton NMR to obtain a specific graph for 
students to      analyze. 
  
January 2012 –   Chemistry Teaching Assistant  
February 2014   University of Nebraska at Omaha; Omaha, NE  
    Supervisor: Dr. Douglas Stack, Ph.D.; Dr. Haizhen Zhong, 
Ph.D.;              & Dr. Dana Richter-Egger, Ph.D. 
    Duties: Responsible for grading quizzes and tests for 
Organic      Chemistry I, Fundamentals of Organic 
Chemistry, and       Fundamentals of Chemistry. 
 
May 2014 –    Behavioral Health Technician   
May 2015    Boys Town National Research Hospital; Omaha, NE   

Supervisor: Peg Reit, Program Coordinator 
Duties: Responsible for teaching and modeling appropriate             

social behaviors to youth in an adolescent psychiatric ward. 
 
February 2010 –  Class Instructor   
April 2011    University of Nebraska at Lincoln; Lincoln, NE  
    Supervisor: Vicki Highstreet, M.P.E., C.R.S.S. 
    Duties: Responsible for teaching classes, created course 
syllabus     and final exam. 
 
Honors and Awards 
May 2013 &    Certificate of Outstanding Service in Research to 
University of May 2014   Nebraska Omaha Chemistry Department 
 
     
Volunteer Work  
April 2012 –    Volunteer 
August 2014    ALS in the Heartland; Omaha, NE    



54 
 

    Supervisor: Tammy Stalzer  
    Duties: Visited patients in their homes and in hospice care. 
 
April 2014 –   Elder Life Program Volunteer 
May 2015    Methodist Hospital; Omaha, NE 
    Supervisor: Michelle Olmo Volunteer Coordinator 
    Duties: Visiting patients, helping them walk around  
               and keeping patients company. 
 
 
 
April 2012-   Assistant Baseball Coach  
August 2012   Hillside Little League Baseball 
    Supervisor: Brian Miner 
    Duties: Helped teach the fundamentals of baseball to youth. 
 
 
      
Relevant Course Work  
General Chemistry I with lab 
General Chemistry II with lab  
Organic Chemistry I   
Organic Chemistry II with lab  
Medicinal Chemistry  
Biochemistry of the Metabolism  
General Biology I  
General Biology II 
Molecular Biology of the Cell   
Genetics  
Medical Parasitology  
Introduction to Immunology  
Physics I with lab  
Physics II with lab  
Introduction to Chemical Engineering  
Calculus I  
Statistics  
 
Computer Skills  
Microsoft Excel  
Molecular Operating Environment Computer Program  
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Z Docking Computer Program  
 
 
References available upon request 


