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The role of the high density lipoprotein (HDL) molecule is currently an area of 

great interest within the scientific community. Previously, mouse and human 

studies have demonstrated an inverse association between HDL cholesterol 

(HDL-C) levels and cardiovascular disease. Recent clinical trials, which 

increased HDL-C, have failed to reduce the number of cardiovascular disease 

events. This suggests a need for a new model of HDL biology in order to 

better understand the relationship between cardiovascular risk and HDL 

function. Rhesus macaques are a potentially valuable animal model  for 

analysis of HDL because many animals present with clinically relevant levels 

of HDL-C while maintaining normal levels of other related lipids, removing 

common confounding factors. Our findings show that genetic variation in 

selected genes related to disorders of HDL metabolism and function is highly 

conserved between rhesus macaques and humans. We also find suggestive 

evidence that genetic variation associated with human HDL disorders is also 

associated with HDL phenotypes in macaques. We conclude that the rhesus 

macaque is a valuable model for human HDL biology.  
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Introduction 

Lipoprotein particles are macromolecules composed of two layers. The 

outer layer contains hydrophilic phospholipids, apoproteins, and free 

cholesterol. The inner core is hydrophobic, and contains cholesterol esters 

and triglycerides. The lipoprotein structure is amphipathic due to this 

composition, and is necessary for the movement of hydrophobic lipids 

through blood, which is hydrophilic in nature. This system of transport is 

necessary for deposition of hydrophobic lipids in tissues and organs 

throughout the body. It is well established that the amount of cholesterol 

carried by low-density lipoproteins (LDL-C) is a risk factor for coronary artery 

disease (CAD).1-4 However, the role of high-density lipoproteins (HDL) and 

their function in moderating cardiovascular (CV) risk is currently a topic that is 

of great interest to the scientific community.5 In the past, there has been 

significant support for a protective effect of HDL cholesterol (HDL-C) levels on 

CV risk.6-9 Yet recent large clinical trials (i.e. ILLUMINATE,10 dal-

OUTCOMES,11 AIMHIGH,12 and HPS2-THRIVE14) failed to show reduced 

cardiovascular events following an increase in HDL-C levels.10-14 This 

unexpected result has prompted renewed interest in research of HDL function 

and the role it plays in CV health.  

Cholesterol efflux is one such function of the HDL particle, and is a critical 

component of the reverse cholesterol transport pathway.22 The ability of HDL 

particles to mediate cholesterol efflux is the most intensive area of research to 

date. In this process, HDL accepts free cholesterol and phospholipids from 
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lipid-laden arterial macrophages via the ATP-binding cassette-A1 (ABCA1) 

and –G1 (ABCG1) transporters, and free cholesterol is esterified. HDL 

particles then transport these cholesterol esters to the liver for eventual 

excretion, either directly by uptake via the SR-B1 scavenger receptor, or 

indirectly by transfer to Apo-B containing lipoproteins, which are then taken 

up by the hepatic LDL receptor.1-4  

The effective functioning of this pathway is essential for cardiovascular health. 

The cholesterol efflux capacity of HDL particles has been shown to be 

inversely associated with subclinical atherosclerosis and CAD, as diagnosed 

by coronary angiography. This association was independent of HDL-C levels 

in the body.16 Efflux capacity also accounted for a 67% reduction in CV 

events in a large prospective study.17   

 

 
Figure 1: Reverse Cholesterol Transport15 
This figure shows the process of reverse cholesterol transport as HDL particles transport 
cholesterol from lipid-laden macrophages to the liver. The variety of pathways are noted, 
including the use of ABCA1, ABCG1, and SR-B1. 
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 These findings suggest that HDL efflux capacity reduces CV risk in a 

manner that is independent of HDL-C levels. However, further study is 

needed to fully elucidate the functional role that HDL plays in health and 

disease. Unfortunately, it is difficult to study HDL function in clinical cohorts. 

For example, it is rare for human patients to present with sufficiently high or 

low HDL-C levels.19 When patients do present with these HDL-C extremes, 

they are typically accompanied by other lipid abnormalities. For example, 

many patients who have low HDL-C values also present with triglyceridemia 

because there is an inverse correlation between HDL-C levels and 

triglycerides.19 In addition, LDL-C also shows a correlation with HDL-C. 

 
Figure 2: Atherosclerosis18 

Panel A: This panel visualizes a normal healthy artery. There is no narrowing of the arterial 
lumen, and blood is able to flow through normally.  
Panel B: This panel visualizes an artery associated with atherosclerosis. The plaque builds up 
from excess cholesterol causes a narrowing of the arterial lumen. This causes blood flow to 
be restricted. Blockages like this can cause increased blood pressure, heart attack, or stroke. 
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Patients with low HDL-C typically will have high levels of LDL-C. Because of 

this, these patients may also be undergoing treatment with statins.19 Patients 

who are taking statins are exposed to a variety of dosages as well as other 

accompanying medications. This variability, as well as the differences in lipids 

other than those carried by HDL, produces a variety of confounding factors in 

human cohorts that tend to reduce experimental power.  

In order to circumvent this problem, the mouse model is used most 

frequently to study HDL function. Unfortunately, the application of findings in 

the mouse model to humans is challenging because there is a need for 

genetic manipulation in the mouse, in order to more accurately reflect human 

lipid metabolism. In addition, there are large physiological differences 

between human and mouse in terms of the biogenesis and function of HDL. 

As an example, rodents lack CETP20 and miR-33b,21 which are significant 

regulators of HDL function and cholesterol levels in humans.21 The 

differences that are seen between human and mouse in terms of HDL 

suggest an urgent need to find a model that is physiologically more similar to 

humans in order to better understand HDL function. This study acts as a first 

step to address this need by exploring genetic variation associated with HDL 

disorders in non-human primates (NHPs) with high and low HDL cholesterol 

levels, and comparing it to genetic variation present in humans. The aims of 

this study were to: 1) examine the genomic and protein similarities between 

human, mouse, and macaque for a set of genes related to HDL metabolism 
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and function, and 2) investigate the conservation in macaques of specific 

mutations associated with HDL-C disorders in humans. 

Materials and Methods 

Experimental Design 
 

Previously, Dr. Amanda Vinson, Asst. Professor at the Oregon 

National Primate Research Center (ONPRC) and the Knight Cardiovascular 

Institute of Oregon Health & Science University, had observed substantial 

natural variation in HDL-C in non-human primates at the ONPRC. In an 

exploratory sample of 193 macaques, she found that HDL-C levels ranged 

from a low value of 13 mg/dL, to a high value of 106 mg/dL. Over 60% 

(N=116) of macaques displayed an HDL-C value considered in clinic to be 

high (≥ 60 mg/dL) or low (< 40 mg/dL). This variation in HDL-C was observed 

despite a homogeneous environment, including housing, veterinary care, 

activity level, and low-fat standard chow diet.  Importantly, these extreme HDL 

values in macaques co-occurred with LDL-C, VLDL-C, and triglyceride levels 

that are considered clinically normal in humans, thus providing an ideal 

context for studying HDL without the confounding effects of other lipid 

abnormalities. After finding further that HDL-C levels were highly heritable in 

these macaques, Dr. Vinson undertook a sequencing study to determine 

whether DNA sequence variation influencing HDL disorders in humans was 

conserved in macaques. This study focused on sequencing paternal half-sibs 

who were substantially different from each other in their HDL-C levels, in 

order to increase power to detect genetic effects on HDL-C against a similar 
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genetic background shared between each half-sib pair. The ages of the 

animals used for sequencing ranged from ~5-12 years old. 

Expanded Exome Sequencing 
 

All sequence data used in this analysis were part of an expanded 

exome sequencing project undertaken in the lab of Dr. Vinson. Sequencing 

was performed by Dr. Joanne Curran at the Texas Biomedical Research 

Institute of San Antonio, TX, using the Illumina Nextera Exome Enrichment 

System in conjunction with the Illumina HiSeq 2500 sequencer. This assay 

covers exons, regulatory and untranslated regions, and miRNAs.  The 

Nextera assay captures the human exome with a target region size of 62Mb, 

constituting 91% of the RefSeq and 95% of the CCDS databases; targeting 

20,794 genes. The Nextera Exome Enrichment Kit combines both DNA library 

sample preparation and subsequent exome enrichment. Exome-enriched 

samples were amplified and the enriched library was loaded onto an Illumina 

flow cell for cluster generation using the Illumina TruSeq paired-end cluster kit 

v2. The flow cell was transferred to a HiSeq 2500 instrument for parallel 

sequencing by synthesis using the Illumina TruSeq SBS kit for the HiSeq for 

200 cycles. Using paired-end reads, sequence read lengths of ~100 bp were 

achieved at >100× coverage.  

Analysis of sequence data was performed by John Letaw, M.S., of the 

ONPRC/OHSU. Raw reads were analyzed using FastQC (v0.11.2) for the 

existence of sequence overrepresentation, elevated duplication levels, and 
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adapter contamination. An average insert size of 233-bp (+/- 108) was 

observed. 

The Burrows Wheeler Aligner-MEM algorithm BWA-MEM (v0.7.10-

r789)25 was used during the mapping stage, as recommended in GATK Best 

Practices (GATKBP).26 A total of 623.8 million 100-bp paired reads, 

representing a raw average read depth of 106X (+/- 28x), were mapped to the 

latest version of the rhesus macaque genome at the time of analysis, MacaM. 

Average mapping rates of >99% were observed across the sample set. 

Additionally, 93% of the mapped reads were uniquely mapped to one position 

in the genome. Technical steps were taken between the alignment and 

variant calling stage. These included sorting the alignment file, marking reads 

as potential duplicates, labeling samples with metadata called read groups, 

and creating indices. These tasks were all achieved using Picard Tools 

(v1.118). Duplication levels ranged from 3-10% per sample. Duplicates were 

not removed at this stage per GATK BP. Read groups were set according to 

the standard outlined in the SAM specification. 

HaplotypeCaller, the current standard, was used for variant calling.  

HaplotypeCaller attempts to pull valid SNPs and indels from all of the 

samples simultaneously. A total of 8,817,888 variants were called from the 19 

samples in half-sib pairs, 7,601,299 of which were SNPs. On a per-sample 

basis, from 0.9 to 2.1 million variants were called. SNPs were filtered 

according to several criteria: Quality Score/Read Depth < 2.0, Fisher’s Exact 

Test for strand bias > 60.0, root mean square mapping quality < 40.0, Mann-



16 

 

Whitney Rank Sum Test for variant distance from end of reads < -8.0, Mann-

Whitney Rank Sum Test for alternate vs. reference allele mapping qualities < 

-12.5, and clustering of 3 SNPs within 20-bp. The polymorphisms were 

functionally annotated using the SnpEff software (v3.6c).27 

Candidate Gene Selection 

 
 A total of 23 genes were selected from the literature that are related to 

HDL metabolism or function. All genes selected code for proteins involved in 

HDL metabolism, transport, biogenesis, or function. Genes were also 

selected if there are known mutations within the gene that have been 

associated with HDL-C related phenotypes, or have shown association with 

HDL-C related phenotypes in Genome Wide Association Studies (GWAS). 

The final set of genes selected were APOA1, APOA2, APOC2, APOC3, 

APOE, ABCA1, ABCG1, CETP, LCAT, SCARB1, LIPC, LIPG, LPL, PLTP, 

SREBF1, SREBF2, NR1H2, NR1H3, DNAH10, GALNT2, GCKR, LILRA3, 

and LDLR.23 

 DNA and Protein Sequence Identity 

Genomic and protein sequences for the selected genes of interest 

were compared between human and mouse as well as human and macaque. 

The genomic and protein sequences for human (Homo sapiens) and mouse 

(Mus musculus) were downloaded from the public web browser, ENSEMBL. 

The macaque sequences were downloaded from the MacaM genomic build. 

Clustal W24 was used to align the genomic and protein sequences between 

mouse and macaque relative to human. The percent identities were 
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downloaded and compiled for the 23 selected genes of interest. 

Human Gene Mutation Database28 

 
 The Human Gene Mutation Database (HGMD) is  a commercial 

database, which compiles mutation discoveries in humans that are linked to a 

variety of phenotypes. This collection of information includes at minimum the 

mutation type, genomic coordinate, the discovery date, the gene name, the 

phenotype associated with that mutation. It offers a vast collection of 

mutations for a variety of research and has many clinical cholesterol and HDL 

cholesterol related phenotypes as well. This resource in combination with 

other techniques, such as next generation sequencing and variant analysis 

can provide support for a variety of investigative studies.  

     The Human Gene Mutation Database (HGMD) was used to identify 

variants in humans. The selected genes of interest were used as search 

parameters. Within the selected genes, variants with known HDL-related 

phenotypes and clinical HDL disorders were selected. The genomic 

coordinates and HGMD identification codes for the mutations were saved in 

the human genome build Hg37 (see Supplemental Table 1 for a complete list 

of phenotypes used to collate mutations from HGMD).  

LiftOver 
 

The LiftOver utility (UCSC genome browser utility; 

https://genome.ucsc.edu/cgi-bin/hgLiftOver) converts genome coordinates 

and genome annotation files between genome assemblies, including 

conversions between different species. 
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The LiftOver program was used to convert genomic coordinates from the 

original reported human genome build (Hg37) into the most updated human 

genome build Hg38. Thus, the human HDL related variants from the HGMD 

database were lifted from Hg37 into Hg38. The macaque sequence variants 

from the half-sib pairs analysis were then lifted from the macaque genome 

build MacaM into Hg38. In order to maximize the output efficiency of LiftOver, 

the macaque variants were lifted as individual chromosomes. 

Conservation in Macaques of Human Genetic Variants Associated with HDL 
Phenotypes 

 
Using a database query, coordinates from the macaque 

polymorphisms were compared to HGMD variations in order to verify whether 

HDL-C associated polymorphisms in macaque occur in the same regions as 

human HDL-related mutations or polymorphisms. All macaque variants with 

predicted function assigned by SNPEff were assigned a sequential number in 

order to track the analysis. Variants from the two genomes were then merged 

into a single table and ranked based on genomic coordinates for each 

chromosome. Distances were calculated between variants in the two species, 

and it was noted where there were functional macaque variants within +/-150 

bp of human variants of interest. 

 Functional macaque variants located less than 150 base pairs from 

human genetic variants associated with HDL phenotypes were deemed “hits.” 

Hits were organized into four categories (≤ 150 bp, ≤ 100 bp, ≤ 10 bp, ≤ 5 bp) 

based on distance between macaque and human variants.  
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Results 

Sequence comparison of both human gene sequences and the human 

protein sequences were compared to mouse and macaque. Currently, the 

mouse is the commonly used and accepted model for HDL cholesterol 

analysis and research. The similarities in the genetic sequence and the 

protein that is transcribed between human and animal models used for 

research is an important first step in determining the most appropriate animal 

model for genetic analysis.  

 The selected genes of interest, chosen due to their importance in HDL 

regulation and function, were compared in three ways. The first method of 

comparison included the chromosome location of the gene within the genome. 

The second mode of comparison was the percent identity, relative to human, 

of the genomic DNA sequence for the gene. The third mode of comparison 

was the percent identity of the protein sequence, relative to human. These 

three modes of comparison can be seen in Table 1.  
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Table 1: Identity Comparison Between Human, Mouse, and Macaque 
This table shows mouse and macaque chromosome number, percent identity of the gene 
DNA sequence and the coded protein sequence, relative to the human, for the 23 selected 
HDL related genes of interest.  

 
 

It is important to note the information shown for the genes CETP and 

LILRA3. These genes are not present in the mouse genome. CETP plays the 

particularly important role in HDL cholesterol function of transporting 

cholesterol esters from HDL particles to VLDL and LDL particles before 

transport to the liver for excretion. However, the mouse does not have this 

gene, making it impossible to study CETP and its relationship to cholesterol in 

the mouse model without genetic manipulation. In contrast, the macaque 

does contain the gene for CETP in its genome.  

 Figure 3 serves as a visualization of the information presented in Table 

1. Figure 3 shows the percent identity between both the mouse and macaque 

genomes relative to the human genome. It is clear from this figure that the 
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macaque has a higher sequence identity with the selected HDL genes of 

interest. The mouse has an overall lower percent identity relative to the 

human genome for the selected genes, and therefore varies more in 

sequence from the human. The genomic identity between macaque and 

humans ranged from 69.7-94.4%, with a mean of 90.3%. In contrast, genomic 

identity between mouse and human ranged from 40.5-69.5%, with a mean 

value of 60.0%. It should also be noted that the low value on the range of 

identity between macaque and human was the percent identity for LILRA3, 

which is a gene that mice do not contain in their genome.  

 
Figure 3: Percent Identity Relative to Human Genomic  
This figure shows a graphical comparison of the genomic sequence percent identity of the 
macaque and mouse relative the human. For example, macaque ABCA1 genomic sequence 
is more similar to human than the mouse. The mouse has a percent identity 40.5% relative to 
human, while the macaque has a percent identity of 91.1%relative to the human sequence for 
ABCA1.  
 

 Figure 4 shows a visual comparison of the similarities in the protein 

sequences. Due to the possibility of silent mutations within the DNA sequence, 

it is also important to understand how genomic variants will impact the 

translated protein. The amino acid sequence of the translated protein will 
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determine how the protein is folded in vivo, and therefore how it functions. As 

expected, there are many genes for which the mouse and macaque have a 

similar percent identity in protein sequence, due to these silent or 

synonymous mutations. Generally however, the macaque maintains the 

higher overall percent identity relative to the human protein encoded by the 

HDL-C related genes of interest. The genomic identity between macaque and 

humans ranged from 83.0-100.0%, with a mean of 93.3%. In contrast, 

genomic identity between mouse and human ranged from 62.0-97.0%, with a 

mean value of 81.1%  

 
Figure 4: Percent Identity Relative to Human Protein  
This figure shows a graphical comparison of the protein sequence percent identity of the 
macaque and mouse relative the human. For example, macaque and mouse ABCA1 protein 
sequence has a percent identity just of 95% relative to the human protein. 
 

Based on our interest in conservation of disease variants between 

macaques and humans, we focused on functional macaque variants that 

were located within 150 base pairs of a human HGMD variant. However, 
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there was a range of where the variants occurred within that 150 base pair 

distance. In total, there were 169 total “hits”. Even more interestingly, there 

were 21 “hits” within 5 base pairs of each other. Based on the scale of this 

study, namely the number of animals that were sequenced due to their half-

sib differences in HDL, 21 hits within 5 base pairs suggests there may be 

substantial conservation between macaques and humans for gene function 

related to HDL homeostasis and associated disorders. 

Table 2: Hits per Gene Based on Distance 
This table shows the quantitative number of SNPs in the animal selected for sequencing that 
were within certain base pair distances of human mutations associated with HDL cholesterol 
clinical phenotypes.  
Gene ID Macaque vs. human variation overlap 
  ≤ 150 bp ≤ 100 bp ≤ 10 bp ≤ 5 bp 
ABCA1 90 71 15 11 
ABCG1 3 0 0 1 
APOA1 9 6 3 2 
APOC3 1 1 0 0 
APOE 8 8 1 1 
CETP 22 17 6 2 
LCAT 5 5 3 2 
LIPC 1 1 0 0 
LIPG 17 15 0 0 
LPL 2 2 0 0 
PLTP 1 1 0 0 
SCARB1 5 3 1 1 
SREBF1 3 3 1 1 
SREBF2 2 0 0 0 
Total 169 133 30 21 

 
 Lastly, to assess whether these functional genetic variants in 

macaques were associated with HDL cholesterol levels and efflux capacity, 

we conducted a measured genotype association analysis in the 19 

sequenced half-sibs, which tests for genetic association while accounting for 
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known familial relationships.  Figures 5 and 6 show results of this analysis for 

three SNPs of interest in which the human mutation and macaque variant 

were less than 10 base pairs apart. Figure 5 Panel A shows the association of 

a variant within CETP and HDL-C levels in macaques. The alternate allele of 

CETP, in this case, shows a suggestive association with decreased HDL-C 

levels (P=0.081). Figure 5 Panel B shows the significant association of a 

variant within ABCA1 and HDL-C levels in macaques. The alternate allele of 

ABCA1, in this case, shows a significant association with increased HDL-C 

levels (P=0.019). Lastly, Figure 6 shows a suggestive association between 

the SNP 2268 (an arbitrary identifier) in APOA1 and cholesterol efflux in 

macaques. This variant was associated with an increase in the cholesterol 

efflux of HDL in these animals (P=0.101).  

A:                                                                B: 

  
Figure 5: Association Analysis of 2 SNPs within 10 bps with Impact on HDL-C Levels 
Panel A: This panel shows association between SNP 57 (an arbitrary identifier) in CETP, and 
its impact on HDL-C levels (P=0.081) separated by genotype. 
Panel B: This panel shows association between SNP 8823 (an arbitrary identifier) in ABCA1, 
and its impact on HDL-C levels (P=0.019) separated by genotype. 
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Figure 6: Association Analysis of SNP 2268 (an arbitrary identifier) within 10 bps with Impact 
on Cholesterol Efflux 
This figure shows association between SNP 2268 (an arbitrary identifier) in APOA1, and its 
impact on cholesterol efflux function (P=0.101) separated by genotype. 
 
Discussion 
 
 The purpose of this study was to investigate the validity of the rhesus 

macaque as a model for study of human HDL cholesterol function and 

metabolism. Based on our findings, this NHP model has clear value for this 

purpose. There are three broad findings from this study, which provide that 

support.  

 The first notable finding was the analysis of the genomic and protein 

sequences in macaque and mouse relative to human. As was seen in Figure 

1, the mouse varied much more from the human genomic sequence than was 

seen in the macaque. In addition, the mouse lacks some of the very important 

genes associated with HDL cholesterol function, such as CETP. Figure 2 

shows a continuation of that analysis. Due to the nature of silent or 

synonymous mutations, some of the genetic sequence differences seen in 

Figure 1 will be decreased when comparing the protein sequences. Silent 
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mutations replace a nucleotide in the genomic sequence, but still result in the 

same amino acid associated with that codon, due to codon redundancy. 

Therefore, the protein sequence does not change due to silent mutations, and 

should have no corresponding structural differences. However, even 

considering silent mutations, the macaque proteins continued to be more 

similar to human protein than the mouse. A higher level of similarity between 

HDL cholesterol related proteins and genes suggests more similarity in the 

structure and function of the HDL particle and its components. Therefore, it 

can be hypothesized that the macaque will function more similarly to the 

human than mouse in terms of HDL physiology.  

 The second important finding of this study was the large number of 

functional human and macaque SNPs that were found to be within close 

proximity to each other. The mutations that were pulled from HGMD all have 

human clinical HDL-C phenotypes associated with them. The animals chosen 

for study all had high or low HDL cholesterol levels according to human 

clinical criteria, while still maintaining normal levels of other lipids that 

frequently co-occur in humans. This provided animal subjects that lack many 

of the confounding variables that are seen in human studies. Many of the 

mutations within those selected animals were in very close proximity to the 

known human variations with clinical phenotypes. The number, proximity, and 

predicted function of these mutations suggests that there is substantial 

conservation between macaques and humans in the genetic regulation of 

HDL function and metabolism. Therefore, this adds to the evidence 
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suggesting the rhesus macaque as a suitable model for further studies of 

HDL.  

 The third notable finding of this study was based on the association 

analysis of the three SNPs of interest in macaques that were within 10 base 

pairs of known human mutations that cause HDL disorders. These three 

SNPs show an overall suggestive association between either HDL-C levels or 

cholesterol efflux measured in macaques. This finding suggests an impact of 

the assumed conserved mutations on both the levels and the function of HDL 

in macaques. We note that this evidence is only suggestive of a true 

association, because the true error threshold is much less than P=0.05 when 

the multiple hypotheses being tested in this analysis are considered. However, 

these preliminary findings encourage future research that could increase the 

sample size beyond 19 half-sibs. 

 Our results support the need to continue analysis of HDL in the rhesus 

macaque model. For example, it would be essential to validate the variants 

found within the animals to confirm the computational analysis that was done. 

Comparing macaque HDL pathology with the known pathology of the disorder 

associated with the human mutation would also provide more insight into the 

relationship between these conserved mutations. Lastly, the animals chosen 

were selected in half sibling pairs with one sibling showing high and the other 

showing low HDL cholesterol. While appropriate statistical analyses that 

account for these relationships should always be applied to any findings in 
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these animals, expanding the association analyses to many more macaques 

should clarify the suggestive results described here.  
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Supplemental Materials 
 
Table S1: HGMD phenotypes 
These phenotypes are the phenotypes that were used to pull mutations from HGMD. All 
mutations within the selected genes of interest that were associated with any of these 
phenotypes were selected for comparative analysis with macaque variants.  

HGMD Phenotype 
Altered CETP activity 
Altered HDL cholesterol levels 
Alzheimer disease, increased risk, association with 
Apolipoprotein A1 deficiency 
Apolipoprotein E deficiency 
Association with increased risk of coronary artery disease 
Atherosclerosis with coronary artery disease 
Cholesterol ester transfer protein deficiency 
Coronary artery disease, association with 
Coronary heart disease, premature, association with 
Decreased LIPG promoter activity 
Diabetes, type 2 
Elevated HDL-cholesterol, association with 
HDL cholesterol levels, in women, association with 
HDL deficiency 
Higher HDL cholesterol level 
Higher plasma HDL cholesterol, in African Americans, 
association with 
Hyperalphalipoproteinaemia 
Hypercholesterolemia 
Hyperlipidemia 
Hypertriglyceridemia 
Hyperlipidemia, primary combined 
Increased HDL-C levels 
Increased risk of ischemic heart disease 
Ischemic heart disease, increased risk, association with 
Lecithin: cholesterol acyltransferase deficiency 
Lipoprotein glomerulopathy 
Lower HDL cholesterol level 
Percentage fat mass, association with 
Reduced CETP activity 
Reduced CETP promoter activity 
Reduced HDL level in atherosclerosis, association 
Reduced LIPG lipase activity 
Reduced plasma HDL cholesterol 
Tangier disease 
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Table S2: Human mutations and macaque variations within 150 base pairs 
This table is a collection of the connections between the human mutations, associated with 
the phenotypes listed in Table S1, and the macaque variants, in the selected genes of 
interest, that were within 150 base pairs of one another. The column referring to “SNP” is 
simply an arbitrary identifier used to track the variants found in the sequenced macaques. 
The column referring to “Maps to” is a marker for the human mutation. This label is an HGMD 
identifier that is used to organize and identify the mutations within the database. The 
“distance” is in reference to the number of base pairs between the macaque variant and 
human mutation within Hg38.  

Macaque	 Human	

SNP	 Gene	 Genomic		 Maps	To:	 Distance	 HGMD	Phenotype:	

		 		 Coordinate	 		 (bp):	 		

6	 CETP	 41065160	 CR057852	 67	 Reduced	promoter	activity	

7	 CETP	 41065817	 CR122797	 7	 Hyperalphalipoproteinaemia	

8	 CETP	 41066376	 CD022539	 45	 Hyperalphalipoproteinaemia	

22	 CETP	 41074186	 CM062502	 28	 Hyperalphalipoproteinaemia	

28	 CETP	 41074827	 CM023613	 98	 Hyperalphalipoproteinaemia	

37	 CETP	 41075673	 CM062501	 129	 Hyperalphalipoproteinaemia	

38	 CETP	 41075868	 CS138380	 12	 Higher	HDL	cholesterol	level	

40	 CETP	 41076176	 CS073453	 31	 Higher	HDL	cholesterol	level	

49	 CETP	 41078561	 CM140766	 142	 Lower	HDL	cholesterol	level	

56	 CETP	 41080280	 CM140761	 25	 Lower	HDL	cholesterol	level	

56	 CETP	 41080280	 CD095244	 8	 Cholesterol	ester	transfer	protein	deficiency	

57	 CETP	 41080315	 CM140764	 9	 Higher	HDL	cholesterol	level	

57	 CETP	 41080315	 CM119812	 17	 Hyperalphalipoproteinaemia	

58	 CETP	 41080353	 CM119812	 17	 Hyperalphalipoproteinaemia	

58	 CETP	 41080353	 CM983856	 3	 Cholesterol	ester	transfer	protein	deficiency	

59	 CETP	 41080518	 CM023614	 125	 Hyperalphalipoproteinaemia	

62	 CETP	 41081693	 CS961503	 117	 Cholesterol	ester	transfer	protein	deficiency	

70	 CETP	 41084556	 CM090131	 7	 Reduced	activity	

92	 CETP	 41090117	 CM074726	 118	 Lower	HDL	cholesterol	level	

97	 CETP	 41091303	 CI941847	 34	 Cholesterol	ester	transfer	protein	deficiency	

104	 CETP	 41092389	 CM140762	 2	 Lower	HDL	cholesterol	level	

106	 CETP	 41092686	 CR962776	 97	 Altered	CETP	activity	

124	 LCAT	 52194329	 CM125152	 40	 Lecithin:cholesterol	acyltransferase	deficiency	

126	 LCAT	 52197511	 CX973696	 2	 Lecithin:cholesterol	acyltransferase	deficiency	

127	 LCAT	 52197826	 CM074914	 8	 Lecithin:cholesterol	acyltransferase	deficiency	

127	 LCAT	 52197826	 CD984654	 1	 Lecithin:cholesterol	acyltransferase	deficiency	

131	 LCAT	 52198621	 CM074913	 77	 Lecithin:cholesterol	acyltransferase	deficiency	

2247	 APOC3	 108885690	 CS138510	 25	 High	HDL	cholesterol	

2266	 APOA1	 108890660	 CD991587	 126	 Apolipoprotein	A1	deficiency	

2267	 APOA1	 108890831	 CD991586	 13	 Hypoalphalipoproteinaemia	
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2268	 APOA1	 108890999	 CM890301	 2	 Hypoalphalipoproteinaemia	

2268	 APOA1	 108890999	 CM118311	 2	

Ischaemic	heart	disease,	increased	risk,	

association	with	

2273	 APOA1	 108891831	 CD991585	 131	 Hypoalphalipoproteinaemia	

2274	 APOA1	 108892398	 CS991294	 118	 Hypoalphalipoproteinaemia	

2274	 APOA1	 108892398	 CR961720	 76	 Elevated	HDL-cholesterol,	association	with	

2275	 APOA1	 108892511	 CR961720	 37	 Elevated	HDL-cholesterol,	association	with	

2275	 APOA1	 108892511	 HR971651	 8	 Atherosclerosis	with	coronary	artery	disease	

1052	 APOE	 39781857	 CR982406	 65	 Alzheimer	disease,	increased	risk,	association	with	

1053	
APOE	 39782160	

CR982405	 34	

Alzheimer	disease,	susceptibility	to,	association	

with	

1054	 APOE	 39782437	 CR033687	 84	 Percentage	fat	mass,	association	with	

1060	 APOE	 39784965	 CM043807	 85	 Hyperlipidaemia	

1062	 APOE	 39785651	 CI056481	 5	 Apolipoprotein	E	deficiency	

1062	 APOE	 39785651	 CM900020	 43	 Apolipoprotein	E	deficiency	

1063	 APOE	 39785876	 CM111115	 43	 Lipoprotein	glomerulopathy	

1063	 APOE	 39785876	 CM014159	 22	 Hypertriglyceridaemia	

4151	 SCARB1	 124637680	 CM110470	 1	 Increased	HDL	cholesterol	

4181	 SCARB1	 124643963	 CM114784	 121	 Increased	HDL	cholesterol	

4182	 SCARB1	 124644138	 CM114784	 54	 Increased	HDL	cholesterol	

4190	 SCARB1	 124644726	 CM078366	 45	 HDL	cholesterol	levels,	in	women,	association	with	

4191	 SCARB1	 124644966	 CM112800	 127	 Increased	HDL	cholesterol	

4583	 SREBF2	 83854249	 CS138521	 145	 High	HDL	cholesterol	

4617	 SREBF2	 83866825	 CM020774	 110	 Hypercholesterolaemia	

4921	 SREBF1	 17837104	 CM061218	 41	 Diabetes,	type	2	

4926	 SREBF1	 17837848	 CM116887	 4	 Hypolipidaemia,	primary	combined	

4927	 SREBF1	 17837895	 CM116887	 43	 Hypolipidaemia,	primary	combined	

8458	 LPL	 19665244	 CM950785	 74	 Reduced	HDL	level	in	atherosclerosis,	association	

8522	 LPL	 19676179	 CR138544	 76	 Increased	HDL	cholesterol,	association	with	

8739	 ABCA1	 76415641	 CM045529	 71	 Reduced	plasma	HDL	cholesterol	

8740	 ABCA1	 76415752	 CM136185	 26	 Reduced	plasma	HDL	cholesterol	

8743	 ABCA1	 76416598	 CM066524	 111	 HDL	deficiency	

8744	 ABCA1	 76416894	 CM003224	 3	 HDL	deficiency	

8744	 ABCA1	 76416894	 CM003223	 16	 HDL	deficiency	

8751	 ABCA1	 76418212	 CM012872	 130	 Tangier	disease	

8752	 ABCA1	 76418396	 CM045649	 30	 HDL	deficiency	

8754	 ABCA1	 76419447	 CM080005	 5	 HDL	deficiency	

8755	 ABCA1	 76419547	 CM080005	 95	 HDL	deficiency	

8763	 ABCA1	 76422577	 CM107297	 147	 Reduced	plasma	HDL	cholesterol	

8778	 ABCA1	 76424100	 CM044550	 148	 HDL	deficiency	

8780	 ABCA1	 76424339	 CD003287	 69	 HDL	deficiency	
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8786	 ABCA1	 76424532	 CM032794	 132	 HDL	deficiency	

8788	 ABCA1	 76425945	 CM002930	 53	 Tangier	disease	

8793	 ABCA1	 76427457	 CM136184	 77	 Reduced	plasma	HDL	cholesterol	

8794	 ABCA1	 76427565	 CM136184	 31	 Reduced	plasma	HDL	cholesterol	

8794	 ABCA1	 76427565	 CM138379	 23	 Increased	plasma	HDL	cholesterol	

8795	 ABCA1	 76427716	 CM107291	 124	 Reduced	plasma	HDL	cholesterol	

8796	 ABCA1	 76427732	 CM066720	 19	 HDL	deficiency	

8804	 ABCA1	 76429715	 CM045651	 42	 HDL	deficiency	

8805	 ABCA1	 76429800	 CM092456	 24	 HDL	deficiency	

8806	 ABCA1	 76429893	 CM041978	 28	 Reduced	plasma	HDL	cholesterol	

8806	 ABCA1	 76429893	 CM095054	 2	 Tangier	disease	

8807	 ABCA1	 76429945	 CM095054	 50	 Tangier	disease	

8810	 ABCA1	 76431276	 CM117826	 1	 Reduced	plasma	HDL	cholesterol	

8810	 ABCA1	 76431276	 CM020396	 11	 HDL	deficiency	

8811	 ABCA1	 76431427	 CM129643	 108	 Tangier	disease	

8813	 ABCA1	 76431804	 CS092457	 61	 HDL	deficiency	

8814	 ABCA1	 76432014	 CM042912	 135	 Altered	HDL	cholesterol	levels	

8822	 ABCA1	 76433337	 CS108498	 95	 Tangier	disease	

8823	 ABCA1	 76433528	 CI002194	 27	 Tangier	disease	

8823	 ABCA1	 76433528	 CM101217	 8	 Tangier	disease	

8824	 ABCA1	 76433606	 CS138045	 67	 Tangier	disease	

8845	 ABCA1	 76435973	 CS109188	 29	 Reduced	plasma	HDL	cholesterol	

8846	 ABCA1	 76436189	 CS129642	 58	 Tangier	disease	

8853	 ABCA1	 76437595	 CM045655	 77	 HDL	deficiency	

8859	 ABCA1	 76440829	 CS122959	 8	 Reduced	plasma	HDL	cholesterol	

8860	 ABCA1	 76440915	 CM075932	 64	 HDL	deficiency	

8872	 ABCA1	 76442133	 CM045654	 90	 HDL	deficiency	

8880	 ABCA1	 76444000	 CM041976	 1	 Reduced	plasma	HDL	cholesterol	

8881	 ABCA1	 76444030	 CM041976	 29	 Reduced	plasma	HDL	cholesterol	

8893	 ABCA1	 76445655	 CM095220	 46	 Tangier	disease	

8896	 ABCA1	 76445765	 CM107293	 90	 Reduced	plasma	HDL	cholesterol	

8897	 ABCA1	 76445918	 CM107293	 62	 Reduced	plasma	HDL	cholesterol	

8902	 ABCA1	 76447488	 CS046139	 54	 Tangier	disease	

8903	 ABCA1	 76447781	 CM041975	 42	 Reduced	plasma	HDL	cholesterol	

8909	 ABCA1	 76448571	 CS991268	 136	 Tangier	disease	

8910	 ABCA1	 76448848	 CM015278	 121	

Coronary	heart	disease,	premature,	association	

with	

8922	 ABCA1	 76450229	 CI995267	 2	 Tangier	disease	

8922	 ABCA1	 76450229	 CM003222	 10	 HDL	deficiency	

8923	 ABCA1	 76450344	 CS138378	 75	 Reduced	plasma	HDL	cholesterol	
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8930	 ABCA1	 76450899	 CM065953	 112	 Tangier	disease	

8931	 ABCA1	 76451388	 CM099570	 1	 Reduced	plasma	HDL	cholesterol	

8932	 ABCA1	 76451401	 CM099570	 12	 Reduced	plasma	HDL	cholesterol	

8932	 ABCA1	 76451401	 CS100451	 58	 Tangier	disease	

8946	 ABCA1	 76452735	 CM117825	 74	 Reduced	plasma	HDL	cholesterol	

8947	 ABCA1	 76452911	 CM045653	 92	 HDL	deficiency	

8955	 ABCA1	 76454066	 CM082461	 133	 Tangier	disease	

8956	 ABCA1	 76454378	 CM099573	 20	 Increased	plasma	HDL	cholesterol	

8962	 ABCA1	 76456054	 CM990005	 101	 Tangier	disease	

8963	 ABCA1	 76456313	 CX1312188	 61	 Tangier	disease	

8967	 ABCA1	 76457663	 CD118432	 94	 Reduced	plasma	HDL	cholesterol	

8977	 ABCA1	 76458559	 CM056508	 83	 Increased	risk	of	ischemic	heart	disease	

8983	 ABCA1	 76460496	 CD991542	 127	 HDL	deficiency	

8984	 ABCA1	 76460826	 CM109183	 27	 Reduced	plasma	HDL	cholesterol	

8990	 ABCA1	 76462585	 CM990004	 43	 Tangier	disease	

8991	 ABCA1	 76462736	 CM107292	 6	 Reduced	plasma	HDL	cholesterol	

8991	 ABCA1	 76462736	 CM023871	 4	 HDL	deficiency	

9004	 ABCA1	 76464177	 CM041972	 100	 Increased	plasma	HDL	cholesterol	

9005	 ABCA1	 76464439	 CM045650	 49	 HDL	deficiency	

9005	 ABCA1	 76464439	 CS107301	 15	 Reduced	plasma	HDL	cholesterol	

9022	 ABCA1	 76468669	 CM107299	 85	 Reduced	plasma	HDL	cholesterol	

9023	 ABCA1	 76468928	 CS129641	 69	 HDL	deficiency	

9026	 ABCA1	 76469138	 CM046048	 130	 Reduced	plasma	HDL	cholesterol	

9027	 ABCA1	 76469368	 CM046048	 100	 Reduced	plasma	HDL	cholesterol	

9039	 ABCA1	 76471956	 CI084875	 12	 Tangier	disease	

9040	 ABCA1	 76472074	 CI084875	 106	 Tangier	disease	

9040	 ABCA1	 76472074	 CM044553	 101	 HDL	deficiency	

9060	 ABCA1	 76477083	 CM020395	 85	 HDL	deficiency	

9099	 ABCA1	 76490750	 CM041971	 139	 Reduced	plasma	HDL	cholesterol	

9150	 ABCA1	 76513731	 CI129648	 4	 HDL	deficiency	

9150	 ABCA1	 76513731	 CM129647	 4	 HDL	deficiency	

9151	 ABCA1	 76513833	 CM129647	 98	 HDL	deficiency	

9161	 ABCA1	 76515046	 CS109187	 34	 Reduced	plasma	HDL	cholesterol	

9162	 ABCA1	 76515277	 CI092458	 114	 HDL	deficiency	

9324	 ABCA1	 76561280	 CR045559	 97	 Reduced	plasma	HDL	cholesterol	

9325	 ABCA1	 76561287	 CR045560	 1	 Reduced	plasma	HDL	cholesterol	

9326	 ABCA1	 76561311	 CR045560	 23	 Reduced	plasma	HDL	cholesterol	

9328	 ABCA1	 76561365	 CR015405	 80	

Association	with	increased	risk	of	coronary	artery	

disease	

9329	 ABCA1	 76561508	 CR015405	 83	

Association	with	increased	risk	of	coronary	artery	

disease	
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9673	 LIPC	 35046885	 CM034437	 93	 Coronary	artery	disease,	association	with	

10829	 LIPG	 38498379	 CR032436	 53	 HDL	cholesterol	levels,	association	with	

10830	 LIPG	 38498477	 CR032436	 49	 HDL	cholesterol	levels,	association	with	

10837	 LIPG	 38499014	 CR1110872	 27	 Decreased	promoter	activity	

10838	 LIPG	 38499105	 CR1110872	 65	 Decreased	promoter	activity	

10838	 LIPG	 38499105	 CM094828	 34	

Higher	plasma	HDL	cholesterol,	in	African	

Americans,	association	with	

10852	 LIPG	 38501960	 CM138397	 117	 Low	HDL	cholesterol	

10853	 LIPG	 38502091	 CM138397	 14	 Low	HDL	cholesterol	

10854	 LIPG	 38502193	 CM132398	 13	 Reduced	lipase	activity	

10858	 LIPG	 38504290	 CM077882	 16	 Higher	plasma	HDL	cholesterol,	association	with	

10859	 LIPG	 38504376	 CM138300	 14	 Higher	plasma	HDL	cholesterol	

10878	 LIPG	 38511581	 CM092682	 68	 Higher	plasma	HDL	cholesterol	

10900	 LIPG	 38517418	 CM127989	 55	 Higher	plasma	HDL	cholesterol	

10901	 LIPG	 38517607	 CM092651	 109	 Higher	plasma	HDL	cholesterol,	association	with	

10921	 LIPG	 38520652	 CM092684	 75	 Higher	plasma	HDL	cholesterol	

10944	 LIPG	 38524421	 CM092677	 32	 Higher	plasma	HDL	cholesterol	

10949	 LIPG	 38524994	 CR032437	 56	 HDL	cholesterol	levels,	association	with	

6056	 ABCG1	 4373258	 CM120301	 141	

Ischaemic	heart	disease,	increased	risk,	

association	with	

6057	 ABCG1	 4373400	 CM120301	 1	

Ischaemic	heart	disease,	increased	risk,	

association	with	

6114	 ABCG1	 4381684	 CM138401	 119	 High	HDL	cholesterol	

4414	 PLTP	 18584161	 CR066669	 14	 Increased	HDL-C	levels	
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