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ABSTRACT

Comparison of genomic DNA sequences from human and mouse revealed a new apolipoprotein (apo)

gene (apoAV) located proximal to the well-characterized apoAI/CIII/AIV gene cluster on human 11q23.

Mice expressing a human apoAV transgene showed a three-fold decrease in plasma triglyceride

concentrations; conversely, knockout mice lacking apoAV had a four-fold increase in plasma triglycerides.

In humans, single nucleotide polymorphisms (SNPs) across the apoAV locus were found to be significantly

associated with plasma triglyceride levels in two independent studies.  These findings indicate that apoAV

is an important determinant of plasma triglyceride levels, a major risk factor for coronary artery disease.
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Plasma lipid levels are a major determinant of cardiovascular disease susceptibility (1).  Members of the

apolipoprotein gene family have been shown to play a significant role in determining an organism's lipid

profile, with alterations in the level or structure of these molecules leading to abnormal lipid levels and

atherosclerosis susceptibility (2-6).  The apolipoprotein gene cluster (apoAI/CIII/AIV) on human 11q23 (7)

is a well-studied region known to influence plasma lipid parameters in humans.  Defined mutations in this

cluster dramatically affect plasma lipid profiles in both humans and mice (2, 8-12), and common sequence

polymorphisms in this interval contribute to severe hyper-triglyceridemia (13-16).

Genome sequencing efforts produced finished sequence throughout the human apoAI/CIII/AIV region,

thereby providing a resource to better understand the genomic structure of this locus (17).  To facilitate the

identification of evolutionarily conserved sequences with potential function near this cluster, we determined

the sequence of ~200 kilobasepairs (kbp) of orthologous mouse DNA and compared the mouse and

human sequences (Figure 1) (18).  Based on extended inter-species sequence conservation

approximately 30 kbp proximal to the apoAI/CIII/AIV gene cluster, we identified a genomic interval that

contained a putative apolipoprotein-like gene (apoAV) (Figure 1B).  The presence of publicly available

mouse “expressed sequence tags” (ESTs) matching the mouse genomic sequence suggested that the

interval was transcribed.  The annotation of mouse ESTs on the mouse genomic sequence identified four

exons containing a 1,107 basepair (bp) open reading frame.  The predicted 368-amino acid sequence

showed significant homology to various known apolipoproteins, with the strongest similarity to mouse

apoAIV (24% identity and 49% similarity).  Examination of the orthologous human genomic sequence

indicated a similar genomic structure to the mouse region and predicted an open reading frame encoding a

366-amino acid protein with high sequence homology to mouse apoAV (71% identity and 78% similarity),

as well as human apoAIV (27% identity, 48% similarity).  Protein structure analyses predicted several

amphipathic helical domains and an N-terminal signal peptide in both human and mouse apoAV,
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characteristic features of lipid-binding apolipoproteins (19, 20).  To determine the expression pattern of

apoAV, we hybridized Northern blots containing mRNA from several different human and mouse tissues

with ApoAV cDNA probes from human and mouse, respectively (Figure 2A-B).  Transcripts approximately

1.3- and 1.9-kilobases (kb) in length were identified predominantly in liver tissue from both species.  The

full-length sequences of mouse cDNAs indicated the two transcripts in mice are likely the result of

alternative poly-adenylation (21, 22).

To assess the function of apoAV, we generated mice over-expressing human apoAV as well as mice

lacking apoAV through standard mouse transgenic and gene knockout technologies (Figure 2C-E) (23-25).

Upon comparing these two groups, we observed dramatic, but opposite effects on plasma triglyceride

levels (26).  Human apoAV transgenic mice were created using a 26 kbp XhoI fragment predicted to

contain only human apoAV and this genomic transgene was expressed in liver, similar to the endogenous

gene (Figure 2C).  These transgenic mice had approximately three-fold lower levels of plasma triglyceride

when compared with control littermates (0.32±0.11 (S.D.) mg/ml versus 0.90±0.29; T-test p<0.0001)

(Figure 3A).  Similar data were obtained from a second independent founder line (data not shown).  ApoAV

knockout mice were generated by deleting the three exons predicted to encode apoAV (Figure 2D).

Despite the lack of apoAV transcript (Figure 2E), mice homozygous for the deletion were born at the

expected Mendelian rate and appeared normal.  In contrast to the decreased triglyceride levels noted in

apoAV transgenics, apoAV knockout mice had approximately four-fold higher levels of plasma triglyceride

when compared with wild-type littermates (1.53±0.77 (S.D.) mg/ml versus 0.37±0.12; T-test p<0.001)

(Figure 3B).  Characterization of lipoprotein particles by fast protein liquid chromotography (FPLC) and

gradient gel electrophoresis (GGE) revealed that levels of very low-density lipoprotein (VLDL) particles

were increased in the homozygous knockout mice and decreased in the transgenic mice compared with

controls (see supplemental data).  VLDL levels in a heterozygous knockout mouse were intermediate
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between the homozygous knockout and control mouse. The FPLC peak VLDL elution volumes were

similar in all animals, indicating comparable VLDL particle size (27).

The observed changes in plasma triglyceride levels in apoAV knockout and transgenic mice were directly

opposite those previously reported in apoCIII knockout and transgenic mice (9, 10).  The apoAV knockouts

in our study displayed an approximately 400% increase in plasma triglycerides compared to the 30%

decrease noted in apoCIII knockouts, while apoAV transgenics showed decreased triglyceride levels

compared to the increase reported in apoCIII transgenics.  Accordingly, we examined the effect of altered

apoAV expression on apoCIII levels.  Differences were found in apoCIII protein but not transcript levels in

both ApoAV transgenic and knockout animals; apoCIII levels were increased ~90% in ApoAV knockouts

and decreased ~40% in apoAV transgenics.  Because alterations in apoAV expression lead to changes in

apoCIII protein levels, the effect on triglycerides we observed may be mediated through apoCIII.  The fact

that apoAV transgenic mice have two-fold lower triglycerides than the previously described apoCIII

knockout mice indicate (10) that changes in apoCIII alone can not explain the entire effect of apoAV.  In

addition to apoCIII, the over-expression of several human apolipoprotein transgenes has been shown to

increase triglyceride levels in mice (8, 9, 28-31), while only the apoAV transgene leads to decreased

triglycerides suggesting a novel mechanism behind this effect.

The observation of significant lipid abnormalities in mice over-expressing and lacking apoAV led us to

explore the relationship between DNA sequence polymorphisms in the gene and plasma lipid levels in

humans.  To serve as genetic markers for association studies, we identified single nucleotide

polymorphisms (SNPs) across and surrounding the human apoAV locus (32) (Figure 1A).  Four markers

with relatively high minor allele frequencies (>8%) were obtained.  Three of the SNPs were separated by

three kbp within apoAV (SNP1-3), while the fourth SNP (SNP4) was located ~11 kbp upstream of the gene
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(Figure 1A).  These markers were scored in approximately 500 random unrelated normo-lipidemic

Caucasian individuals who had been phenotyped for numerous lipid parameters before and after

consumption of high- and low-fat diets (33).  We found significant associations between both plasma

triglyceride levels and VLDL mass and the three neighboring SNPs (SNPs1-3) within apoAV but not with

the distant upstream SNP4 (Figure 1A, 4A).  Specifically, the minor allele of each of these SNPs (SNPs1-3)

was associated with higher triglyceride levels independent of diet.  Independent analysis of each of these

SNPs (SNP1-3) revealed plasma triglyceride levels were 20-30% higher in individuals having one minor

allele compared to individuals homozygous for the major allele (Figure 4A).  Analysis of SNP allele

frequencies in more than 1,000 chromosomes revealed that the three neighboring SNPs (SNPs1-3) in

apoAV were in significant linkage disequilibrium that does not extend to SNP4 (located ~11kb upstream of

apoAV) (Figure 4B).  This finding supports the existence of a common haplotype in the apoAV region

influencing plasma triglyceride levels (Figure 1A, 4B).  Furthermore, studies in this population found no

significant association of triglyceride levels with a Sst1 polymorphism in apoCIII (located ~40 kbp upstream

of apoAV) (Figure 1A) which has been previously associated with severe hyper-triglyceridemia (15, 16, 34)

(see supplemental data).  This finding indicate the apoCIII Sst1 polymorphism is not a marker for the

metabolic effect defined by the apoAV haplotype.

Genetic association studies have frequently proved difficult to reproduce.  Therefore, we performed a

second human association study with one SNP (SNP3) in an independently ascertained cohort using a

different experimental design (35).  SNP3 was chosen for genotyping in this study based on its strong

association in our first study and its apparent complete linkage disequilibrium with the other two associated

SNPs (SNPs1-2) (Figure 4A-B).  In the second study, we examined the allele frequencies for SNP3 in an

unrelated group of Caucasians stratified according to plasma triglyceride levels (Figure 4C).  The two

groups represented 161 individuals with triglyceride levels in the top tenth-percentile and 298 individuals
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from the bottom tenth-percentile.  A significant over-representation of the heterozygous genotype was

found in individuals with high- compared to low-plasma triglyceride levels (21.7% versus 6.7%,

respectively), thereby validating the effect in a second cohort.  When the cohort was stratified based on

gender, an even more pronounced over-representation of the heterozygous genotype was found in males

with high- compared to low-plasma triglyceride levels (29.9% versus 4.2%, respectively).

Despite the previous availability of sequence in the human apoAI/CIII/AIV genomic interval, we only

recently were directed to a novel gene (apoAV) by human/mouse sequence comparison, illustrating the

power of comparative sequence analysis to prioritize potential functional regions of the genome.  ApoAV

represents a fourth member of the clinically important apolipoprotein gene cluster on human 11q23.  Our

human and mouse data, both when taken independently and combined, indicate an important role for

apoAV in plasma triglyceride homeostasis.  While previous data have associated the apoCIII locus with

extremely high plasma triglyceride levels in humans, our study indicates that the apoAV genomic interval

represents an independent influence on this important lipid parameter in the general population.  These

results suggest the possible use of apoAV polymorphisms as prognostic indicators for hyper-

triglyceridemia susceptibility and the focus on apoAV modulation as a potential strategy to reduce this

known cardiovascular disease risk factor.
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FIGURE LEGENDS

FIGURE 1: Human and mouse comparative sequence analysis of the apoAI/CIII/AIV gene cluster.  (A) A

schematic of the genomic organization of human apoAV and the relative SNP positions (arrows).  ApoAV

exons are shown with solid boxes and the distance between each SNP is indicated above the line. The

predicted transcription start site is depicted by a bent arrow and the relative position of the promoter, and

start and stop codons are shown. (B) In each panel 30 kbp of contiguous human sequence is illustrated

horizontally. Above each panel arrows correspond to known genes and their orientation with each exon

depicted by a box (gene names are indicated above each arrow).  The VISTA graphical plot displays the

level of homology between human and the orthologous mouse sequence.  Human sequence is

represented on the x-axis and the percent similarity with the mouse sequence is plotted on the y-axis

(ranging from 50-100% identity).

FIGURE 2: ApoAV expression in humans and wild-type, transgenic and knockout mice (50). (A) A mouse

apoAV cDNA probe was hybridized to a multi-tissue RNA blot from wild-type mice.  Each lane contained

one of eight mouse tissues (Clontech, Palo Alto, California), including: 1, heart; 2, brain; 3, spleen; 4, lung;

5, liver; 6, skeletal muscle; 7, kidney; and 8, testis.  (B) A human apoAV cDNA probe was hybridized to a

RNA blot containing eight human tissues (Clontech, Palo Alto, California), including: 1, heart; 2, brain; 3,

placenta; 4, lung; 5, liver; 6, skeletal muscle; 7, kidney; and 8, pancreas. (C) A human-specific apoAV

cDNA probe was hybridized to total RNA blots from human apoAV transgenic mice and controls.  Lane

assignments are as follow: 1,5 transgenic liver; 2,6 transgenic intestine; 3,7 wild-type liver; 4,8 wild-type

intestine. (D) A diagram of the targeting construct used to generate apoAV-deficient mice.  Homology arms

were designed to delete the coding exons of the gene (depicted by black boxes).  Properly targeted

embryonic stems cells were identified using an external 3' probe which detects a 17 kb EcoRI fragment
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wild-type allele and a 10 kb EcoRI fragment upon targeting (data not shown). (E) Northern blot analysis of

various genotype mice following the apoAV targeting event.  Each lane contains liver mRNA from a wild-

type (lane 1), heterozygous (lane 2) and homozygous knockout mouse (lane 3).  To confirm similar

amounts of RNA were loaded per lane, duplicate gels was examined by ethidium bromide staining.

FIGURE 3: Plasma triglyceride and cholesterol levels for apoAV transgenic and knockout mice on standard

chow diet. (A) Human apoAV transgenic mice compared to isogenic FVB strain control littermates (n=48

for transgenics; n=44 for controls; student t-test *p<0.0001 for transgenic versus control). (B) Mice lacking

apoAV compared to mixed 129Sv/C57Bl6 strain controls littermates (n=13 for wild-type, +/+; n=22 for

heterozygotes, +/-; n=10 for homozygous knockouts, -/-; student t-test **p<0.001 for wild-type versus

knockout).  Error bars correspond to the standard deviation for both graphs.  No differences were found in

HDL-cholesterol levels in transgenic or knockout mice compared to controls (data not shown).

FIGURE 4: Human apoAV polymorphisms and lipid association data. (A) Plasma lipid concentrations for a

given genotype for 4 neighboring SNPs (SNPs1-4).  501 individuals were genotyped and the number of

successfully scored individuals is indicated.  1,1=homozygous for the major allele; 1,2=heterozygous for

the major and minor alleles.  Three individuals were homozygous for the SNP3 minor allele and had a

mean plasma triglyceride level of 210±155 mg/dl.  Due to the small number of individuals, these data were

excluded from the analysis.  All sites were found to be in Hardy-Weinberg equilibrium (data not shown).

The minor allele frequency for each SNP (SNPs1-4) was 9.1, 8.4, 9.2 and 36.3%, respectively. Not shown

is the lack of association between each of the four SNPs and IDL-, LDL-, HDL-mass, ApoAI, and ApoB

levels (p>0.05, data not shown). (B) Pair-wise measure of linkage disequilibrium (|D'|) was calculated for all

combinations of SNPs as previously described (51).  A|D'| value of 1 indicates complete linkage

disequilibrium between two markers. (C) A summary of SNP3 genotyping data from an independent set of
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individuals stratified based on triglyceride levels.  P values were determined by Chi-square analysis.

BMI=body mass index, TG=plasma triglyceride level (mg/dl±SD).  Similar analysis stratifying the original

population did result in statistically significant differences in the genotype distribution using a similar

analysis (p=0.044).


	32. For the entire genomic sequence of apoAV, overlapping sequence-tagged sites (STSs) of 400-498 bp in size were designed and tested using PCR-amplification on human genomic DNA as previously described (44).  Only primer pairs that resulted in a single

