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An Apolipoprotein Influencing
Triglycerides in Humans and
Mice Revealed by Comparative
Sequencing
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Comparison of genomic DMA sequences from human and mouse revealed a new
apolipoprotein (APO) gene (APOAV) located proximal to the well-characterized
APOAINCIIFAIV gene cluster on human 1 1q23. Mice expressing a human APOAV
transgene showed a decrease in plasma triglyceride concentrations to one-third

of those in control mice; conversely, knockout mice lacking

Apoav had four

times as much plasma triglycerides as controls. In humans, single nucleotide
polymorphisms [SMPs) across the APOAV locus were found to be significanthy
associated with plasma triglyceride levels in two independent studies. These
findings indicate that APOAV is an important determinant of plasma trighyc-
eride levels, a major risk factor for coronary artery disease.

Plasma hpid levels are a major determimant
of cardiovascular disease susceptbality (7).
Members of the apolipoprotem gene famly
have been shown to play a sipmificant role in
determimimg an orgamism's hipid profile, wath
alterations m the level or structure of these

Fig. 1. Human and g

malecules leading to abnormal hipid levels
and atherosclerosis susceptibility (2-6). The
apolipoprotem  gene  cluster (APOALCHITEY
AI¥) on human 11g23 (7) 15 a well-studied
region known to mfluence plasma hpd pa-
rameters 1 humans. Defined mutations

this cluster dramatically affect plasma lhipad
profiles n both humans and mce (2, 8&12),
and common sequence polymorphisms in this
mterval have been mmplhicated as contnibubtimg
to severe hyperinglycendermia (/376
Cenome sequencmg efforts produced  fin-
shed sequence throughout the human APOA LY
CHEAIV regon, thereby providing a resource
to better understand the penomic structure of
this locus (/7). To facihiate the dentification of
evolutionanly conserved sequences with poten-
tial function near this cluster, we determined the
sequence of —200 kilobase pamrs (kbp) of or-
tholopous mouse DNA and compared the
mouse and human sequences (Fge. 1) (78). On
the basis of extended mierspecies sequence
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mouse comparative se-
quence analysis of the
APCAISCNIFAIY  gene
cluster. (A) A schematic
of the genomic organi-
zation of  human
APCAY and the relative
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conservation about 30 kbp proxmal to the
APOAIACTIAIY gene cluster, we wenbified a
penomic mberval that contamed a putative apo-
hipoprotean-hke gene (APOAF) (Fig. 1BL The
presence of publicly avalable mouse ex-
pressed-sequence tags (ESTs) matchmg the
mouse penomic soquence suggested that the
mterval was transcnbed. The annotaton of
mouse ESTs on the mouse genomic sequence
wdentificd four exons contamnmg a | 107—-base
pair (bp) open readng frame. The predicted
368 —ammo acid sequence showed sipmificant
homology to vanous known apohpoprotems,
with the strongest similanty to mouse Apoarv
(24% wdenbity and 49% smalanty). Examina-
on of the orthologous human penomic se-
guence ndicated a penomic structure smalar to
the mouse regon and predicied an open reading
frame encodimg a 366 —ammo acyd protem with
high sequence homology to mouse Apoav
(71% wdentity and 7E% similanty), as well as
human APOAIV (27% denbity, 48% smmilan-
ty ). Protem structure analyses predicied several
amphipathic helical domams and an NH,-er-
rmimal signal peptide m both human and mouse
APDAYV, chamctenstic features of lpd-bmd-
mg apolipoprotems (/¥, 20). To determme the
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expression pattern of APOAF, we hybndized
Morthern blots contaming mRNA from several
different human and mousec Gssues with
APOAY cIDNA probes from human and mouse,
respectively (Fig. 2, A and B). Transcnipts
about 1.3 and 1.9 kilobases (kb) m length were
wentificd predommantly i hver bssue from
both species. The fullHength sequences of
mouse cDMAs mdicated the two transcnipés n
muxce are hkely the result of alternatrve polyad-
enylation (21, 22).

To assess the funchion of APOAY, we
peneraled  mice  overexpressing human
APOAY as well as mice lacking Apoav,
through standard mouse transgenic and gene
knockout technologies (Fig. 2, C to E) (23—
253). Upon comparng these two groups, we
obscrved dramatic, but opposite effects on
plasma tmglycende levels (26). Human
APOAV transpenic mice were created by us-
mg a 26-kbp Xho | frapment predicted to
contam only human APOA4F, and this genom-
i transpenc was cxpressed i hiver, as s the
endopenous pene (Figo 20). These transgemic
mice had levels of plasma tnglycende that
were about one-third of those of control hit-
termates [00.32 = 011 (5.1).) mg/ml versus

A_ L E Hurman ﬂ s n brars gan s rEus
1 23134886T7SEH8 123 45678 12345678
kk kb kb
. 5 Bh= 3.5
7.5 Y= ra-
-y - - ¥ I A .
' ' 13
13- 13=
o I 1T 4 kb | S
rlid E,;.;.m Lhol EcoRi '”1* *; ';
Zoh (A ) v
k&
i &
| r # 9.5=
Mol EcoRl Hheol EcoRl E::.E-F:I 7.5
1I-'ni-l-t'l-lill' l l |£_|- { TH_| TH | Fiy. -

24
A0.2 kb i 1.3*
EcoR
L g led
e T ———— —

Fig. 2. APOAV expression in humans and wild-type, transgenic, and knockout mice (52). [A) A
mouse Apoav cDOMA probe was hybridized to a multi-tissue RMA blot from wild-type mice. Each
lane contained one of eight mouse tissues (Clontech, Palo Alto, California): 1, heart; 2, brain; 3,
spleen; 4, lung; 5, liver; 6, skeletal musdle; 7, kidney; or 8, testis. (B) A human APOAV cDNA probe
was hybridized to an RNA blot containing eight human tissues (Clontech,): 1, heart; 2, brain; 3,
placenta; 4, lung; 5, liver; &, skeletal muscle; 7, kidney; or 8, pancreas. (C) A human-specific APOAV
cDMA probe was hybridized to total RMA blots from human APCAVY transgenic mice and controls.
Lane assignments are as follows: 1 and 5, transgenic liver; 2 and 6, transgenic intestine; 3 and 7,
wild-type liver; and 4 and B, wild-type intestine. (D) A diagram of the tarpeting 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 stem cells were identified by using an
external 3" probe, which detects a 17-kb Eco Rl fragment wild-type allele and a 10-kb Eco Rl

fragment upon targeting (27). (E) Morthern blot analysis of various genotype mice following the
Apoav targeting event. Each lane contains liver mRMA from a wild-type (lane 1), heternrjg-nuﬁ

lane

2), and homozygous knockout mouse (lane 3). To confirm similar amounts of RMNA were loaded per
lane, duplicate gels were examined by ethidium bromide staining.
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090 = 0.29; 1 test, P < 0.0001] (Fig. 3A).
Stmilar data were obtammed from a second
mdependent founder hine (27). Apoay knock-
out mice were generated by deleting the three
exons predicted to encode Apoav (Fig. 2D
Despite the lack of Apoav transcnipt (Fig
2E), mice homozypous for the deletion were
bom at the expected Mendelan rate and ap-
peared normal. In contrast to the decreased
inglycende levels noted m APOA F transpen-
s, Apoav knockout muce had about four
times as much plasma triglycende as therr
wild-type httermaies [1.33 = 0.77 (8D} mg/
ml versus 037 *= 0.12; 1 test, P < 0.001)
(Fig. 2B). Charactenzation of hipoprotem par-
ticles by fast-protein hgud chromatography
(FPLC) and pradient-gel clectrophoresis
(GGE) revealed that levels of very low den-
sity lipoprotemn (VLDL) particles were m-
creased m the homorypous knockout mice
and decreased m the transgemic mice com-
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Fig. 3. Plazma triglyceride and cholesterol lew-
els for APOAV transgenic and knockout mice on
standard chow diet. [A) Human APOAV trans-
genic mice compared with isogenic FVE strain
control littermates (n = 48 for transgenics; n =
44 for controls; Student’s £ test *P - 0,000
for transgenic versus control). (B) Mice lacking
Apoav compared with mixed 1205%/C57ELG
strain controls littermates (n = 13 for wild-
type, +/4;n = 22 for heterozygotes, +/—n =
10 for homozygous knockouts, ——; Student’s ¢
test, **P == 0.001 for wild-type versus knock-
put). Error bars correspond to the standard
deviation for both graphs. Mo differences were
found in HDL-cholesterol levels in transgenic or
knockout mice compared with controls (27).
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parcd with controls (28). VLDL kevels n a
heteroryeous knockout mouse were interme-
diate between the homozyeous knockout and
control mouse. VLI, peak particle sie as
assessed by GGE and FPLC peak elubion
valume was similar m all amimals (2V). Anal-
ys1s of FPLC clution volumes demonstrated
mouse Apoav mmmunorcachivity m VDL
and HLI) fractions.

The observed changes m plasma tnglye-
ende levels m Apoav knockout and trans-
genic mice were directly opposite those pre-
viously reported m Apociii knockout and
transgemic mice (¥, [, The Apoav knock-
outs m our study displayed about a 4008
mcrease o plasma nglveendes compared
with the 3% decrease noted i Apociii
knockouts, whereas APOAF  transgemcs
showed decreased tnglycende levels com-
pared with the mcrease reported e APOCTH
transgemics. Accordmgly, we exammed the
effect of altered A PO F expression on Apocin
levels. Dhfferences were found m apocin pro-
ten but not transcript levels i both APOAF
transpenic and knockout animals; Apocin lev-
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els were mereased —-H% m Apoay knockouts
and decreased —4(P% m APOAV transgemcs.
Because alierations m APOA VY expression lead
to changes in Apocin protein levels, the
effect on tnglycendes we observed may be
mediated through Apocin. The fact that
APOAV transgemic mice have onc-half the
tnglycendes that the previously described
Apociii knockout mice have mdicates (10)
that changes mm Apocim alone cannotb ex-
plam the enbire effect of APOAF. In addi-
tion to APOCI, the overexpression of sev-
eral human apolipoprotein transgenes has
been shown to mcrease tniglycende levels
m mice (8, ¥, 30-33), whereas only the
APOAV transpene leads to decreased tn-
glycendes, suggestmg another mechamsm
behind this effect.

The observation of sigmficant Iipd abnor-
malities m mice overexpressmg and lacking
Apoav led us o explore the relabonship be-
tween DNA sequence polymorphisms m the
pene and plasma hpd kevels m humans. To
serve as penchic markers for association studics,
we Wentified smgle nuckeotde polymorphisms

(SNPs) across and surrounding the human
APOAY locus (34) (Fe. 1A). Four markers
with relatively hich mmor allede frequencies
{=-8%) were obtamed. Three of the SNPs were
separated by 3 kbp within APOAF (SNPI w0
SMP1Y the fourth SNP (SMNP4) was located
—- || kbp upstream of the pene (Fig. 1A). These
markers were scored m about 300 random un-
related normohpidermic Caucasian individuals
whi had been phenotyped for numerous hpd
paramecters before and afier consumpbion of
high- and low-fat diets (25). We found sigmifi-
cant associabons between both plasma nglye-
eride levels and VLD mass and the three
neighbormg SNPs (SNPs | to 3) within APOA4V
but not with the distant upstream SNP4 (Figs.
IA and 4A). Specifically, the mmor alkele of
each of these SNPs (SNPs | to 3) was assocr-
ated with higher tnglycende levels independent
of diet. Independent analysis of each of these
SMPs (SMPs | to 1) revealed plasma tnglycer-
whe levels were 20 to 30%% higher m imdividuals
having one mmnor allele compared wath indiad-
uals homozypous for the major allele (Fig. 4A).
Analysis of SNP allele frequencies in more than
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Associations of APCOAV genotypes with plasma lipid parameters img/idl. + SEM)
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E SHNP1 SNP2 SMNP3 SNP4 E
SNP 0870 1000 | 0219 Growp m AMI Age TG SNP3 11 | SNP3 1.2 | SNPA 27 | puniee
SMP2 | 0670 1,000 0,328 Todnl TG-30% 161 20,0846 49.2:16.3 | J40G2a54 | 1257781 | IS@17 ) 1006 | =0.0001
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ig. 4. Human 400AV potmorhisms and tpia [RseTeee T wen e o el taa oL
association data. (A) Plasma lipid concentrations for =M% — = = ﬁ"'f' =N '
a E_-H'EI'I gennt_‘rp-e fll:ur-tl-nEIghl:u:ll'lngSNPi [SHPE 1to | Famale TE=10% 106 28, 1=4 2 424=121 SO0+ILE =T | 124193 0
4). Individuals (n = 501) were genotyped, and the
number of successfully scored individuals is indicated. Motation: 1,1 is homozygous for the major allels; 1,2 is hete for the major and minor

alleles. Three individuals were homozygous for the SMNP3 minor allele and had a mean plasma triglyceride level of 210 * 155 mg/dl. Because of the

small number of individuals, these data were exduded from the

analysis. All sites were found to be in Hardy-Weinberg equilibrium (53). The minor

allele frequency for each SNP [SMNPs 1 to 4) was 0.1, 8.4, 9.2 and 36.3%, respectively. Mot shown is the lack of assodation between each of the four
SNPs and IDL-, LDL-, HDL-mass, ApoAl, and ApoB levels [P = 0.05, (54]]. (B) Pair-wise measure of linkage disequilibrium (ID'1) was caloulated for all
combinations of SNPs as previously described (55). A ID°] value of 1 indicates complete linkage disequilibrium between two markers. (C) A summary
of SMP3 genotyping data from an independent set of individuals stratified based on triglyceride levels. P values were determined by chi-square analysis.
BMI, body mass index; TG, plasma triglyceride level (mg/dl + 5D). Similar analysis stratifying the original population did result in statistically significant
differences in the penotype distribution when we used a similar analysis (P = 0.044).

www.sciencemag.org SCIENCE VOL 294 5 OCTOBER 2001

11



