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o '" 'I 1rJ,d", IrJ
lipoprotein lipase, apolipoprotein C-II Ull::; apolipoprotein A-V mlJll1~'U ~'Wfl'W ~'Yltl'YllJml::; ~'VI'j 

f)~IC)1fll 'j1Pl'l 'WI~ fl~\1' 'IlJlf)!!{l::;1m tI'UlVitl'Ufl'Ufl'W ~ih ::;i'U1'VI 'jf)~IC)1fll 'jIPlUf)~ 1~tI\lfl~ 'j'l1",,1 'W 

• o , GI 11) 910 .d.c:l QI "I d lIJ tI
1'I1I!'l1Wl exons I !{l::; exon-intron junctions l'Wfl'W l'IJ'ill'Wl'W 101 fl'W'Ylm::;~'U ~'Yl'jf){lIC)1fl ~'j~ >10 

iJ{l~1lJ{l/~I'I'j (886lJf)./~{l.) 1!{l::;lmtl'UlVitl'Ufl'Ufl'W~ii'J::;i'Ul'IJ~'W'IJf)~'ii'l'Wl'W 111 fl'W ~m 

m'Jffmn Yl'Uiif)l'.i!U~tI'WuU{l'l'Yll'lvr'W'qm'JlJhnJu'U'U heterozygous missense mutations 2 

1'l1uY!ll'llwv'W LPL (p.Arg270Gly U{l::; p.Arg432Thr) U{l::;Yl'Um'jlu~tI'WUUll'l'Yll'lvr'W'qf)nlJlmj 

!!'U'U frameshift mutation 1 1'l1I!'l111'll'WviJ LPL (p.Asp308Glyfs*S) fll'j'Yl~{lfl'l1~tlm'j!!ff¢l'lfltlf) 

1'WIC)1{lrl'U""~'I '1 rrl~'Wilf1l'j Itl~tI'W!!tl{l'l'Yll'lri''W'qm 'jlJ'1mJ p.Arg270Gly !!{l::; p.Asp308Glyfs*3 

«lJri''W £fl'Ufll'jy! ~'I LPL {l~{l'l'illmC)1{lrl'fldl'1iiumhfft1! hi flf)'illm~\.J V'IYl'U fll 'j Itl~tI'WlIUll-!l~lfl tI 

iim'j'jlt1'11'WlJlntl'WlI'U'U heterozygous missense mutations '1'WV'W LPL 319l1UY!ll'l (p.Ala98Thr, 
.. " 

p.Leu279Val !!{l::; p.Leu279Arg) 1~tl':illJ Yl'Uilf1l'j IU~tltJ!!U{l'lViYl'U1li1i mHY! ~ltj YI'JIll V'll::; i 'W 

fl '\.J 1,j'~ii'J::;i'U1'Yl'J f)~ IC)1fl I'j 1Pl'1 'W I~tl~\l 'I u~illiYl'U!ll rJ '1 'Wfl'\.J ~ii'J::;i'U1'VI 'jf)~IC)1tl1'J1Pltlf)~ (13% 

rnV'Ufl'U 0%, P<O.OOO 1) Yl'Uf1l'JIU~V'WUU{l-!l'Yll-!lri''Wllm 'JlJ~Yl'U1itlV 1 19l1!mll-!l1'Wv'W APOA5 

(p.GlyI85Cys, rs2075291) i'Wfl'W 1,j'~ii'j::;i'U1'VI'jf)~IC)1tll 'J1Pl\1',aitlrJf)il '1 'Wfl'W~ii 'J::;i'U1'Yl'Jf)~ 

IC}ffll'JIPlUf)~ (25% lViv'Ufl'U 6%, P<O.0005) Irltl'JllJvf'ly!lJ~ Yl'Uilf1l'JIU~tI'W!!Ull'l'Yll'lri''W'qm'jlJ 

~'Y'j'U1li1itlrJl'Wv'\.J LPL Y!~tl APOA5 Y!~flf1l'jIU~rJ'Wlltl{l'l~YI'U1itlrJ1'Wv'\.J APOA5 p.Gly185Cys 

" Yl'Ul~ 37% 1'Wf)~lJfl'\.J',j'IVirJ'Ufl'U 6% l'Wf)~lJfl'Wtlf)~ (P=3.1 x 10'8) i'Wf1l'Jftmnu lliYl'Ufll'J 
I " I I 

!t1~V'WUtlM'VI1'1ri''W 'q m 'jlJ i 'W v'W APOC2 1~Wll'1tl vi''If1l'.i!tl~tI'Wu tlll-!lViYl'U 1ifltl!lll::;/Y!~ flYl'U lli 

Li ew1'Wv'W LPL U{l::;/Y!~tl APOA5 Yl'U 1~1iflrJi'Wfl~lJfl'W ',j'~ii'j::;i'U 1'Ylm~lC)1fl1'jlPli 1-J!tifl~\1 'I 

,d ek'1.c:l ~ 11]31 "13J'.e:r 0911 cil

fll'JIU{lrJ'WUtl{l'lY!tH 'WtI'W APOA5 flfl p.Glyl85Cys YI'U ~~'Uflvi'Wfl'W l'IJfl{,JlJ'WU{l::;lJff1'W'Yll'1Y! 

n:i'U1'V1m~lC)1tl1 'j1Pl'1'WI~fl~\1-!l 

• 
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Severe hypertriglyceridemia usually results from a combination of genetic and 

envirorunental factors. In this study, we resequenced 3 candidate genes, LPL, APOC2 and APOA5, 

which encode lipoprotein lipase, apolipoprotein C-II, and apolipoprotein A-V, respectively, in 

Thai subjects with severe hypertriglyceridemia and compared with norrnolipidemic controls. 

• Sequence variants were identified by sequencing exons and exon-intron junctions in 101 subjects 

with triglyceride levels >10 mmollL (886 mg/dL) and compared with those of 111 

normolipidemic subjects. We found 2 novel heterozygous missense mutations in LPL 

(p.Arg270Gly and p.Arg432Thr) and 1 novel frame shift mutation in LPL (p.Asp308Glyfs*5). In 

vitro functional studies ·showed that the p.Arg270Gl.y and p.Asp308Glyfs*3 variants were 

associated with a significant reduction in LPL secretion. Moreover, three previously-identified 

heterozygous missense mutations in LPL (p.Ala98Thr, p.Leu279Val, and p.Leu279Arg) were 

identified. Collectively, these rare mutations were found only in the hypertriglyceridemic group 

but not in the control group (13% vs. 0%, P<O.OOO1). One common variant of APOA5 . 

(p.Gly185Cys, rs207529 1) was found at a higher frequency in the hypertriglyceridemic group 

compared with the control group (25% VS. 6%, respectively, P<0.0005). Altogether, rare variants 

of LPL or APOA5 and/or the common APOA5 p.Glyl85Cys variant were found in 37% of the 

hypertriglyceridemic group vs. 6% in the controls (P=3.1 x 10-
8
). No rare variant of APOC2 was 

identified. In conclusion, both common and rare DNA variants in LPL and/or APOA5, but not 

APOC2, were more commonly found in the Thai hypertriglyceridemic group. A common 

p.Gly 185Cys APOA5 variant, in particular, was quite prevalent and potentially contributes to high 

triglyceride phenotype in this group of patients. 

4 



v v 

'Yi1'\Hl 

~ ~QJ 

Ttl f11 'J 'Hl VI! 'C'l ~ 

H(lf11'Jl~V 

flihhlVH'C'l 

, 

• 


9 


9 


11 


11 


12 


13 


15 


15 


~.c:::.. 0'3) 

11) f11 'J 11m1~ '11 '\J mqJ 'C'l 	 16 


17 


23 


24 

JI 

.,rtl1fl''U fll!'W~lnV1niJf11'J1~v 'llJ'li'Ul'i tl itJ 24 


th ~ iv']f,j''l 'U 'Yll,:nJ 'J~vfll'1''\Jtl~ H'C'l,n'U l~v 24
• 
25 


26 


30 


5 



11'tnn 

d OJ.r d~ 
Vll'H3'Y1 1 "flllUJ~'W'U~l'U'lJfl.:j'l.h~']j'lm'VlMfllll l7 .. 

18 

Vll'n3~ 3 fl1J1U~(J'Ulltl".:j~'W'U'lifl(J (common variant) 'l'UV'U LPL ll"~ APOA5 19 

m'JH~ 4 Carrier frequencies 'IJ~Nfl1HU~(J'Ulltl".:j~'W'Ui'Uv'U LPL ll"~ APOA5 20 

Vll'H3~ 2 fl1'HU~tJ'UIIU".:j~'W'u'l.iumJ (rare variant) i'Uth.J LPL II"~ APOA5 

r 

6 



y

'win 

21
ltJ~ 1 LPL mass i'U!CJf~~ 
• 21
atJ~ 2 LPL mass i'U media 

7 



Apo 

GPIHBPI 

• HDL 

HTG 

LDL 

LPL 

OR 

PCR 

PCR-RFLP 

VLDL 

SIFT 

SNP 

subPSEC 

SVM 

Apolipoprotein 

Glycosylphosphatidylinositol-anchored high-density lipoprotein-binding 

protein 1 

High-density lipoprotein 

Hypertriglyceridemia 

Low-density lipoprotein 

Lipoprotein lipase 

Odds ratio 

Polymerase chain reaction 

PCR-restriction fragment length polymorphism 

Very low-density lipoprotein 

Sorting intolerant from tolerant 

Single nucleotide polymorphism 

substitution position-specific evolutionary conservation 

support vector machine 

8 



i 

1.J'YI'lh 

fl1111thfl'ty U't1~~1ll'Ut)-3ifty'J11~'hfll~1~tI 
hH"fIlYl~1~fll'.i~1Iih.J;11'1IU~fJ'W IU l'lll.r"'mHll~1':ifllwu':i~"lflmIU~fJ'WllU{1'1 IU~"W lw 

QI ~ V f QI)J

'ff'lfllJllHN Yl1JfIl1~'Ul1Hl1Y11'j'WVfJ{1'1111fllll'1fl{11JYl1JfIl1~VTWft'l~'1 (metabolic syndrome) ':ifl 

tf1'W1!{1~ hfl~U'1~I~tJ1~V'Il~lJlllfl~'W 1'lf'W hfl I'UlJ'W i 'W!~V\91~\91Ufl~ hfl!1Jl'H 11'W f111:IJl1'W 
.. 

1ftl11'1\1''I hflY1{1V\91l~V\91'111 i ~11{1~ hflY1{1V\91!~V\91'ff:IJeJ'I~1J hfimrilU~'1flmtJ!lJ'W'fflm~rllrlty 

'U eJ'I fll':i !~tJ;11'11!{1~fIl1~'YJYlYl{1f1lYl i W)'Wl11J~'W'1 'UeJ'IU ':i~"lflm'Yf11 {1 fl ':i 1mr'lU ':i ~!'Ylft'i VI tJ~1tJ 
(1) ':i~111J1'UlJ'W i 'Wl~eJ\91~\91Ufl~l~'WU~ ~tJ!~tJ'Il9ieJfll'.iln\91 hflY1{1eJ\91I~V\91 .vf,:n~l11J low-density 

lipoprotein (LDL) cholesterol \1''1 ':i~l11Ji'Yl':ifl~!C]fvh1i' (triglyceride) \1''1 Uft~':i~l11J high-density 

lipoprotein (HDL) cholesterol ~1 'W eJflIl1fld ':i~111J1'Yl':ifl~lC]feJ1':i1i'\1' 'I U{1~':i~l1iJ high-density 

lipoprotein (HDL) cholesteroi ~1 5'1Yl1J~eJtJi'WfIl1~tf1'W{1'1~'1 hfltf1'W!!ft~ hfl!1J1Y111'Wflf)~1tJ 

(2) 

fIl1~1'UlJU i 'W!~eJ\91 ~\91Uf1~ Yl1J i~~eJtJi'WU':i~l'Ylft'hW ~lf1fll':iftm:l1 InterASIA ~'1l'l1 i'W 

U ':i~"lflm~m~lJlf1f1 ';h 35 ihll'W1'W 5,305 f1U'Yf1U':i~!'Ylft' Yl1J11f1l1~1'Yl':ifl~lC]fV1':i1i'i'W!~eJ\91\J'I 

lJlf1fl11 200 iJCl~fl~Wl\919f~I'1':i 1~'Wfl11lJ~\91Uf1~~'V'I'JI~timJ~'ff\911\91tJYl1JI~,h~lllru 1 i'W 3• 

(American Heart Association) U{1~ National Cholesterol Education Program-Adult Treatment 

Panel III (4,5) ~rllY1'W\911l'.i~111Jl'Yl':ifl~1C]feJl':i1i'i'Wli'it1\91Ufl~',jln'W 150 iJ{1~fl~Wl\919f~I'1':i fl11~ 
.., I .1 1" I'"'lt f1 \91'1fl{111 ~~\J'I'UU lJeJfl 

flU l.u'~ih~l11J I 'UlJ'W i'W !i)eJ\91 \1 'I IlJ'WUY1 ri'lflT1lJi~'lf1t11J eJnG'IUll ~mYlrlty'Yll'1viu l1m':ilJ 

~ij~1'Wl~fJ1~eJ'Itl1Jfll':ifl11JfJlJ':i~111J l'UlJU (6) i 'WU':i~'b'lm'Yf11U ':i~111J l'UlJ'W i 'Wl~eJ\91\lf)fl11JfJlJ 

~JtI,j~ ~tJ'Yll'1viU~m ':i lJlm~U1) ~V'Yl1'1 ~'11n\91~eJlJ ul9ii'W f1'W I ~~lh~l11J I 'UlJ'W \1 '1111fl 1'lf'W':i~l1'J 

1'Vl':ifl~1C]feJl':ifi'\1'11n'W 10 iJ{1~llJ{1 (880 iJft~fl~Wl\919f~I'1':i) Yl1J11,j~~v'Yll'lvi'W11m':ilJ!lJ'Wi1~~ 
1J 'Yl1J1 'Yl ff1 rlty f) 11 

... I '" IIJ "1 '" "'?I .Ji IIJ 'I 'jI'':i~\911J 'Yl':if){1!C]fU b':i\91 'Wl{1eJ\91 tlmlJ'W complex quantitative trait C]f'lllJ \91tl1V'YIU\91'Yll'1 

vi'U11m':ilJU1J1J Mendelian Ul9illJ'W~{11l1flfl11lJUI'1f)19i1'1'\JU'I DNA i'Wmntl'119l1UY1U'I (6) i'W 

'l1'tl ~1T'W fllH1U\91':i'l1'ff'W'W11m 'W~~ tJfl11 resequencing approach ~'1l'llfll'HIU\91':i'l1'ffvi'W~f)n:IJ 

'U~'1V'W'H mv'1V'W~Yl1Jl1JJfl11lJ!~tJ1~eJ'I n1J'"f)'I:l ru~~ffml1tl1"''1I~i'1Jfl11lJij tllJlJ1f)~'W ~'1 
'ffllll':itli~r1'WY11 missense DNA variants ~Yl1JI\91'j1hj~eJtl1'Wu':i~"lflmfl~lJ~~"'mlru~~~fl'lf11':i 
~ ~ d.c:S 0 '~I QI 0 

f1ni:ll1'WeJ'I~1f)f11'j'YllJ missense DNA variants Y1{11tJ'11'11UY1'W'IllJ'W1'11f11Y1'W\91 quantitative trait .. , , 
11.:.1 flri11 ~'1~f11'ji~nir1'Wf11'jftml1 trait 'UeJ'Il ':iflY1~eJ"'f)i:lru~ViYl1J~UtI !'If'Wfll'jfff1i:111'WfI'WVi~ 
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. 

j:t:iu HDL ~1 'WU"hfl~Hl1f)~ missense mutations 'Ufl~~'U LCAT, APOAl m'l:t: ABCAl (9) 

f11jffmn'Ufl'lflru:t:m~v'l'UfllJ''YW~~j:t:iu HDL bY~ 'WU"hfl~'illf)~ missense mutations 'Ufl~~lJ 
~ 	 ~ 

CETP 1!t1:t: LIPC (I 0) 

f11jffmnU'il ~v'Vn:rw'U 'I1f)jj lJ~'Yi1 i 11j:t:iu1'Ul1'U i 'U!~ fl~ \T ~ mh~!1:JlJ j:t:UUV'IliflQUfllJ 

ut1:t: ",h'Uhmjvll i lJfllJr.i1'Ul1 (7-9, 11-14) i 'U'lh:t:'lflf)j lvW flru:t:r:P~tJ!1:J'U f)~lJmf)~ffmll11'il~v 

'YI1~'W'U~f)jjlJ'Ufl~.tl11:t: i'Ul1lJ 'llJl~fl~\T~lJl0 ilJfl'U1'YW !~fl~'ill0 '1 'U'lh:t:'lflf)Hh~!~fl'lfl~ 'WU11 

11'il~V'Vl1'1'W'U'I1f)jjlJ~fl1UfJlJ!!~f)l'il~n'U IU ilJ01jfff)fJ1fl'U i .u'~lij:t:i'lJ HDL cholesterol \T~mf) 

. ~1V1li resequencing 'WU11fl'UI.u'Uj:t:mru 1 1lJ 3 ~f11j!U~{J'U!!Ut1~'Vl1~'W'U~f)jjlJ'Ufl~~'U CETP 

lW:t: LIPC~tll'il:t:!1:J'Ufflml'j'Ufl~j:t:iu HDL cholesterol 1'U!~fl~\T~'l'Ufl'U1vw (0) f11jffmll'Y11.:J 

Q.J' cv'.c:t ~ <V ~ V,J Q.I ,f 	 91
'W'U~f)jjlJ~~f)m1lJf11jV'UUlJ 1~Vf)1jMf)'l:I1'11lJl'Ylj:t:~U!9HH'l (in vitro functional studies) ~1V 

(15-16) 	~t1mjffmlli~ f)~11 ~H.u'llJnU ~t1 f11jffml1'Vl1~'WlJ ~f)1 jlJi lJfI'U ~h'Ul1~'WUf11~ 

_I "" ~ 


1tl d
'iW'UUlJt1~'Ufl~U'U CETP 'UfltlmO (17) . 

" 
i 'Uf11jfff1fl1U flru:t:r:P~Vvllf)1j ffml111'il ~t1'Vl1~'W'U ~ f)j jlJ'Ufl~.tl11:t: i 'Ul1'U 'llJ!~fl~ \T ~mo 

q ~ ~ '" i o''l "i ?I ~ i vd", '" i '" i o''l "i1 \9lV 1'lf.tl11:t: 1'Vljf)t1!9Ifl j~ lJmfl~\T~mmlJ'U~'U1!UU fI'U 'U'Vlm:t:1i'lJ 'VlH1t1!9Ifl j~ 'Umfl~\T~ 

lJ If)~fl11lJ!~t1~\T~ i'U f11j !fl~l'iucifl'U 6mbYu!~ t1U'W~'U ~~fl1'il~~!!ri;i~i~ f)1jffmlldi~ 
vllf11jffmnf11jlU~U'U1!,jt1~'U fl~rl'l~U!UbY'Ufl~~'U~ !~u1.u'fl~nU.tl11:t: i'Yl j f)~!9Ifl i j ~'l'U!~fl~\l~ 

lJlf)fldl~l~lJj:t:UU 1~Wffmnf)1jlU~u'UUU~N'Yll.:J'WlJ'I10jjmJfl~~'U LPL, APOC2 !!~~ APOA5 

~Jtl1li resequencing Irlfl'WUf11jl,j~U'UUU~.:J'Yll~'W'U'I1f)jjlJ'Ufl~~lJ~.:Jf)~11U~1 ~f)1j[jlJV'Ut}WU'W 

flJllJ~~,jO~~'WU~.:JO~111~t1f11jffOtJl'11,rl~~!U~t1'U II ,j~.:J i ,j'ill0f)1jvll expression studies in 
tI " 	 I 

vitro lJflO'illf)Ulif)1jffOfJ1VlJVlJCj Yi'WU '1m ,111IflV1.u'fl.:JnU.tl11:t: i 'Yljf)~I91fl1j~i lJ I~ fl~ \T ~lJl0 

l'lflJ GPJHBPll~lJl'ilJ 
0' ~Gl ,d lI] ~ ~,x"l "'I '" d", , ... ITJ '" Ii 0'.Ji ... 

fl.:JflmllJ~ l'I1lJ'Yl'il~ 1~'ill0f)1jMO'lJl'Uflfl'YljlUfl.:jUlJ'YllJ~~~flj:t:~U l'Yljom9lU Ij1i 9I.:JV.:J 

~I d ~ ,d V ' 'l Ii ~'liljJ 991
IW1f1VlJf11jMOtJlflUl.:JIU'Uj:t:UUmUfl1'UmOU'U 'UfI'U I'YlV j1lJ'Yl.:J 'H'UV~~ 1'U~l'U'UU.:J single 

d ?I Gl 1IJ ~ .!II ""... "I ~ cO d?1
nucleotide polymorphism 'YlllJlJj:t:U'lJ IlJfl'U l'Yltl1i1t1 !lJl'11mV'UV.:Jf11n'ilVflUf11jfl'U'WUtI'U'YlllJ'U 

... 'l "i d?1 _"1' 0'" _I ?I 0' ~d 0 1TJ_IGl ~ 
ffll'H l'j'Ufl.:J.tl11:t:i 'UlJlJ 'Um fl~\T .:J'YlllJ'W lJty'l11bYlf1ty'U U.:JlJj~ !'Ylff IlJ'U fl'lflfl11lJ ~'YlbYllJ1jfl'W 1 ! lJ l'lf 

U"J:t: lt1'lftJ'l 'U'Vl1~i'lflf)1j i~ ~~'Ufl~f11jffOtJld'il:t:Uflf)~'l11'il~t1~~~~I'iUj:t:~'lJ i 'Yljf)~I9IV i j~\l~ 
1m~ bYllJlj rt H'-tJ n;~ml'l 'Uf11nhmi.nlJ 'Yll'1fl ~ij 0 I~ fl'WWJlJ 11~'U f11 jm 1'il 'I11f111lJ ~~UO~'Vl1~ 

10 



• 

-

... _I" 'i ,,,...., 
l~Q1J'l::; tf-3fllH;l::;'lJij'lJ!'lJ~'lJtN ! m -3fll 'll~tI 

'JI " I 

1fl 'j -!l f11'Jl')vii iillP1Qu 'j::;~ -!l fi'1~fl~f1fj 1~-!lf11'j IU~mJl!U1.'l-!l~fl-!l HImf'W ~m 'jlJ~fl-!l~'W Vi 

~~1-!l11h~'W~iiWJ1lJ"hrlqjl'iflf11'jfl1U~lJ'j:;iu''VIm~tC)ffl h~l'Wfl'W~ii'j~iu''VIm~lC)ffl''j~tT-!l 

(t'lf'W LPL, APOC2 U1.'l~ APOA5) 

" 1'W lf1Hf11'jl,)VtJ ~~l'i'lf11'jtlfl~'j,rff'Vll-!l'Vi'W~m'jlJ~fl-!l~fl-!l~'W LPL, APOC2 U1.'l~ 

APOA5 ~~~1-!l hh~'W lipoprotein lipase, apolipoprotein C-II U1.'l~ apolipoprotein A-V 1P11lJrlliu 

l'WfI'W~ii'j~iu l'VIm~tC)ffll 'j~~-!l~1'W1'W 100 'j1V lmvulVivunufl'W~ii'j~iu1'VI'jf1~tC)ffll 'j~Uf1~.. 
100 'j1V 1~V'il~l'i'1f11'jtlfl~'j,r~'Vi'W~m'jlJl'Wri1'W~fl-!l exon tl1.'l~ exon-intron junction ~fl-!l£j'W~ 

f1~11lJl iif11'j V'W V'W Yl1.'l~fl-!lf11'j ttl~v'Wmj1.'l-!l ~fl-!l 'j,r~'Vi'W ~m'j lJ~tn~ ~'W i Y1li 1~ Vf11'j~f1fJ1Y1 t!l~ 
9J 1 ct ~ ct ~ d i I I 9J Q.I ll] dd 
~1V in vitro expression studies ~tlfl1'illJf11'jfff1fjlV'Wfl'W'l'VIYlU 'I1lJ11lf1t11~fl-!lf1Ufl11~ !'Vlm1.'l 

°1C)ffll 'j~i'WI~fl~~ -!llJlf1l'lf°'W GPIHBP 1 t~'W\.;''W.. 

nq'lJa 11'Wl't1Hfll11lfi~'Uij-31m-3fll '11.utl 
"'lIJ '" \1]"'" ........ ~I J/J/~I


'j:;~U ,'VIm1.'ltC)ffl !'j~ rWt1.'lfl~ tlfltu'W complex quantitative trait 'I1'W-!l C)f-!ltu'WYl1.'l'illf1f111lJ 

U\9lf1~l-!l~fl-!l DNA i'W'I1mV'l~lU'I1,j-!l (6) i't-nj'il~u'W YlUl1f11'j~ii missense DNA variarits 

'I1mV'l~ltlY1l';-!lt~'Wi';lf)lY1'W~ quantitative trait ~1-!l'l ~-!liif11'j~f1fj11~Vfl1fftlf11'jtlfl~'j,r~ 
QJ ..d.~ I ~ 0 QI cv ~ .c::t d I 

W'W ~m'jlJ'VIt 'j Vf111 resequencing approach C)f-!l'Vllf11'jtlfl~ 'j'l1ffYl'W ~m 'jlJ~fl-!ltl'W'I11.'ll V'l V'W 'VI'\"! 'IJ 11 
I 

iifl11lJt~V1,rfl-!lnU~f1fjru~~~f1fj1 t~mr'WY11 missense DNA variants i'WtI'j~61nmf1~lJ~ii•. " . 
cv .c::t iI ~ cv I d 19.1<=1 "'i ~ 1.... '" ..
1.'lflfjru~'YllP1fl-!lf11'jfff1fj1~-!lf11.'l11 (7-14) lJf11'j 'lf11i'W 'Wf11'jI'1f1fJ1 trait ~fl-!l 'jfl'l1'jfl1.'lf1fjru~'VIYl'IJ 

lhw 1'lf'Wf11'j~f1fj1i'WfI'W~ii'j~iu HDL ~1 WU111n~'il1f1ii mutations ~fl-!l~'W LCAT, APOAl ml~ 

ABCAI (0) f11'j~f1fjli'WfI'Wl'Ylv~ii'j~iu HDL tT'J 'Yfi.Jl1!n~'ilIf1f11'jii mutations ~fl-!l~'W CETP 

U~~ LIPC (10) mh-!l ~b~\9l1lJ f11'j~f1fj1'V11-!l'Vi'W ~m'jlJ'Ufl-!l'j~iu i'Yl'jf1~tC)ffl h~tl-!l i 'WfI'W I'VltJ~ 

Y-il'WlJl V-!lll1tfltliif11'j~f1fJ1mh-!lt~'W 'j~UUlJlnfl'W 111n~~1f1 missense DNA variants i'W candidate 

gene ~1-!l'l Y1~fllli 
"" 1 ""., ..J .... ... \I] '" \I] ",,d ..M '1.... "" 

~lJlJlP1~l'W'Ufl-!l flHf11'j1~W'W flfl'j~~U !'VlmmC)ffll'j~'VItT-!l~'W l'Wt1.'lfl~ Lf1~'illf1 missense 

mutations ~fl-!l~'W~1-!l'l~I~V1,rfl\lnu'j~iul'VJm~tC)fflh~ ~U ~'W LPL, APOC2 tl1.'l~ APOA5 

ANGPTL3 
High triglyceride 

A NGPTL4 

AN(;PTUi 

LPL 

Low triglyceride APOC2 

APnA5 II 



- I 

.. 

qq " 

fll'Hl'lJ 'Yl1U1 n wm 'UJ/'tfl 'a 'tfU&'Yl f! 'Yl HUl1'lJ M 

i 'Yl'Hl~h9fU i'J~!i1'W i'lJlJ''W''Il'iJ~l1i!'I~h~f1l~ff~ff:IJ i f~1l:IJU1~1~1'l1'l"lI~U1 i'liI'WvHl'l'll'W 

d. !lI " '" 11) d 11) '" 1I)!lI ""..tlllJ'Yl'Jl'lf1ltlIPlU'If1l'J 1'Wf)'J~UffnW~ !'Yl'JfH~!9fU !'J~'Y'IlJ !~lJ'W lipoprotein "Il''W~\Pll'l''l !"Il''W 

chylomicrons 1I'f1~ very low density lipoprotein (VLDL) ~illlfl9i'lJU'I i'Yl'Jf1~I9fU h~1'Wfl'.i~Uff 

!ftU~lrlUU~Ull'fl'J~UUUtlfl11 150 iJI1ilfl~:lJ/I~;~~'J (4-5) 'J~~lJ'lJU'I i 'Yl'Jfl~!t))'U1'J~i 'W fl'.i~Uff 

1ftU~ \1flfl1lJfJlJ~';ltI'll 'il itl'Yll'l~'W ~ m'JlJU'f1~'ll'il irJ'Yll'l~ 'IU1~~UlJ (6) 11l'J9i'W 11 mU"Il'iJ~'Y'IlJ11~ 

lJ'Ylm'Yl i'Wf1l'Jfl1lJfJ:IJ'J~~lJ 1'Yl'Hl~I9fU1'J~1 'W fl'.i~Um~U~ Lipoprotein lipase (LPL) liI'WIu'W 19f,J 

~rll~t1J~uQlJ'W~h'lJU'I endothelial cells iJl1Ul~dUui'Yl'Jfl~!9fU i 'J~liI'Wf)'J~ l'lJlJ''Wflff'J~ (free 

.lI '" " !lI ~I '" lit !lI 0 !lI '" fatty acids) 9f'lI9fI1'f1ffl:lJl'J() !"Il'IU'U'Y'II1'1'11'W 1~ f1l'J'Yll'll'W'lJU'I lipoprotein lipase ~U'IUlfW 

apolipoprotein C-II (apo C-II) ~v\'l"';Ul~!i1'W cofactor i'Wf1l'JduUff'f11Ul'Yl'Hl~I9fu:'J; (18) IrlU 

lli'Wl'W:IJld iJf1l'Jri''W'Y'IlJ apolipoprotein A-V (apo A-V) ~'IliI'W 11l'J9i'Wflf)~111i!'I~uQmJ 
.lI ." " • 1 1 "'. '"0 dchylomicron 9f'l"ll'1t11'Wfll'J'Vll'l1'W'lJU'Ilipoprotein lipase 1'Wf1l'JUUU 'Yl'Jf1I1I9fU 'J~!"Il''Wf1'W (19) 

... '" d .lI 'LI "" 
f)1'Hlmu'Y'I'W~'lJU'IU'W LPL, APOC2 1I'f1~ APOA5 9f'l encode !lJ'J~'U LPL, apo C-II 1I'f1~ apo A-V 

~lm\'l~lJ 'Y'IlJ'hil'Wff1Il1I'J'lJu'Iml~ i'Yl'Hl~I9fU1'J~l'Wl~u~U'l:lJlfl (20-25) fI'W i.u'~iJm1~d l~tI'I 
I'l Uf1l'J lii~~lJ UU'W UflifflJl~tllJ'Y'Irl''W ~'Iv\'11M'lii~m1~'Yl'Y'l'Y'lI1f1l'Y'lllI1~ ~'Iun;i~i~• 

1'Yl'Jfl~I9fU h~i~liI'W,j'ilim~u'I'lJu'If1l'Jlii~ bfll1I1U~lilU~UI1~l'h111 (26-27) fl11lJ1.. 
!lI 1 '" '" '" 11) d 11) "''I '" 0 " 'Ii Ci 11) "i'.1 dfl11lJl'lJl 'illf1rJ1fllJf1l'JflllJfI:IJ'J~1IlJ !'Yl'HlI1I9fU !'J~ 1'W!'f1U~'iI~'Yll Ll1'Yl'JllJ()'If)'f1lfl1l'f1:::: IlJ'J~'W• 

I'l 1'1"l ~fl1lJfJlJ'J::::~lJ1'Yl 'Hl~ I9fU i 'J~I!'f1:::: 'iI~'I11 i 1l~f1l'Jri''W 'Y'IlJ 11l'J9i'WI1'hl1lJ1U~ff1:1J1'J()'I11:IJ1 
• I '" • Id ill dill'" .;. d 'I .,. "i' '" "''' 1It!ll<VlJ 'j1J!lJI1rJ'W'J::::1IlJ L'Yl'HlI1I9fU , 'J~U'Y'l UI1~fl11lJlffrJ'Il 'W f1l'J 1f111 !'Jfll1'f1U~mU~UI1~111 !'iI 1~ 

.. . 
~ dGt ~ ~ fjI 4:S" <V d. I .c:t.tCS' 

TJj'Yl!"Il' 1'Wf1l'JfflJfI'Wfl11lJlflrJ1'lJU'I'Yll'1'Y'1'W'lJf)'J'JlJ'lJU'IrJ'W~1'l"l'YllJ~U complex quantitative traits 


~ .t:!:l .Ji d ~ dllJ 11.1 cv ClI 

(8) 1TiU'Jf1 flU genome-wide association studies 9f'lIU'U1Ti'Yl LlJ~U'Imf'i'rJfflJlJ~il'W 1I'f1::::ffl:lJl'J() 

ri'lJ 'Y'IlJf1l'J 11l~rJ'W1I1l'f1'1'Yll'1~'W ~ f1'J'J lJ~'Y'IlJLi UrJ Ul'liJrl'f1!Yi rJ'Il~mrurJl'lmff)EJru::::~fffl1Jl (28) ff1'W 

,:t~.:k~ ~d ~ Q.I CVQ.l dd d 

flf11Til1'W'Iflfl resequencing approach 9f'llf1rJ1'lJU'IfllJf1l'J ()U~'J 11 ff'Y'l'W ~f)'J 'J lJ'lJ fl'l U'W 'Yl'Y'llJlJfl11lJ 

I~ En.u'U'IOlJ~flEJ ru~~ffflEJl UI'l'il::::'Y'IlJf1l'J!1l~ rJ'Wull'f1'1'Yll'l~'W ~f)'J'JlJ~'Y'I1J iliLiflrJ ul'iiJ rl'f1l'lfl 
I ",., I 

~f1EJru~Yifffl1Jl:lJlfl (7) vI'I 2 nii 1~\1fl'l11:lJll 'lf1 'W f1l'JffflEJ1'll 'il irJ'Yll'1~'W ~f)'J'JlJYiiJ rml'lu'J~~lJ 
11) '" 'I '" Ci '" ~I & d'l 'Ii""""
l'UlJ'W !'WI'f1U~ (8) f1l'Jf'i'flEJ1'lJU\i Cohen et al. 'WlJllJ'Wfll'Jf'i'flEJ1U'Jfl'Yl !'lfTli resequencing 1m:::: . " , 

'Y'I'lJ11'J::::~lJ HDL 1'WI~U~l9i'ltT'WIii~'iI1flf1l'J!,j~rJ'WullI1'1'Yll'ltr'W~f)'J'JlJ'lJfl'lV'W ABCA1, APOAl 

Ufl:: LCAT(9) 

fll'JffflEJ1'Yll'lfl~iJ flti'l'll 'il irJ'Yll'ltr'W ~m'JlJ~ l~rJ1.u'U'I 01J.fll1:::: 1'lJJJ'W 1'WI~fl~ ~~llfl~n~rJ 
"I ~"""" • ~I <V d '!lI 0 . I "" ~I' 'I • "i'i &
!"))"1Ti resequencing UrJl'lllJ'W 'J~lJ1J rJ'IlJfl~'W fl rJUI1::::'Yll 'W lJ'J:::: 'lflfl'.i ~1'lJl1IlJ'W ff1'W !11 ty 111 rJf'i'fl'l:ll 
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~'1ml::; HDL ~l HDL \)''1 ''Vl'Hl~tG)ftl'~~~l m'l::;''Yllfl~tG)ftl'~I91'\)''1 (7-9,11-14) tU'l.h::;'l51ml'YlV 

flru::;rfJ~m~uf1~lJmf1~fffl'l:llU~~v'Y1l'lviu~f1nlJ~tl'lflll::;1~lYu i utiitl~\)''1HmJf1~lUflU' 'YlV 

iflm~:IJ~Willf1m~ffmnflu,.,y~ih::;~'lJ HDL cholesterol \l'l:lJlf1~lV1n resequencing rr(l 

f1l~ftmn'Vl'lJl1flui.,y'l.h::;mru 1 iu 3 iim~t'l.J~vumJ{'l'l'YlVlviu~m~:IJ~tl\lvU CETP U{'l::; LIPC 

~'h~::;t~'\.Jffll'}1l'J~tl'l~::;i'lJ HDL cholesterol iUtiitl~\)''11UflUi'Y1tl (0) f1l~ftmn'Y1l'lviu~m~:IJ 

i'lf1cill lMWJU iflVm~ftm':llm~1'l.J~vuu'l.J{'l'llnj'1~tu~::;~'lJ1G)f{'l~ (in vitro functional studies) 

~lV (15-16) Y-I{'lf11~ftmn~'1f1ci11~UtJU11U~~V'Yl1'lviu~m ~lJ~t~Vl.,ytl'ln'lJ~::;~'lJ I ~,yu1 wiitlfl 

HfI'l.Jf1~lu'l.J~::;'l51f1~~1'l1~tl'l51~nUlnfl~1f1m~1'l.J~VUtt'l.J{'l'l'Yll'lviu~f1~~lJ~U~f1~l\lnU f1cillfltJ 

~::;~'lJl~,y'W HDL \l\liUflU1tll;V~f1fll'lJfiJ:IJ iflvvu CETP t1{'l::; LIPC lu~ru::;~~::;~'lJ HDL \T\llu 

fl'WH1~11\lf1m'lJfiJ:IJ1f1vvu LIPG 02,17) 

m~fff1~l~\lU~ ~V'Yll\1viu ~m~lJ~l~Vl.,yt)\l n'lJ ~::;~'lJ''Yllfl~lG)ftl , ~rl1ulii tl~ \)'\I~ rhilm'Vll 

i 'UflU i .,yHl~111~'U~huh,qj !f1rucvlnll1Ufll1~::;~'lJ i 'Yl~f1~lC)ftl' ~l91'tT\I:IJlf1~l 'li'nuriTw111t1jfltJ 

mf1f111880 iJ{'l~f1i'lJ/lfl~~~~ (10 iJ{'l~1lJ{'l/~m) f11~ftmn~tl\l Wang et al. ~l'li'lTI 

resequencing lUfl'Ui.,yHl~11'Vl'lJiim~t'l.J~vuu'l.J{'l\l'Yll\lviu~m~:IJ~tJ\lVULPL U{'l::; APOC2 ,jtlV 

f)11'l.Jf1~ (11) 

VU LPL 'l.J~::;f1tl'lJ~lV 10 exons m~l'l.J~vuu'l.J{'l\l'Y1l\lviu~f1n:IJ~tl\lv'U LPL'Vl'lJifliu'I'Jf1 
" I " 

exon (20) VU APOC2 tlQ'lJU 1~~ 1:IJ 1C)f:IJ~Vi 19 ~w~Viv'U APOA5 tlQ'lJ'U 1m1:IJ 1C)f:IJ~Vi 11 'Vl\l 

APOC2 U{'l~ APOA5 ii 3 exons f11~l'l.J~m...!u'l.J'(l\l'Yll\lviu~m~:IJ~tJ\I APOC2 'Vl'lJl~lh::;'tJ~lml'(l~ 

,ytl'Vl'lJ1UflUH1~11 (20) lu~w~~m~l'l.J~vuu'tJ{'l\l~tl\lVU APOA5 'Vl'lJifl'U'tJ~~'b'1f)n1{'llm~tJ 
'" ... ?I

'b'l~U{'l::;:lJf1'Vl'lJLlJU missense mutations (25) 

1'W 'l.J~::;lml'! 'YlV m~ fff)'I:llU~ ~(I~fl1'lJflm::;i'lJ I 'Yllfl~tC)ftl hl91'1 wiitlfltJ\I ~l'lnfl iif1lJftmn• 
1 tl1~ftf1fJl~~n~mlflmvviuim'Vll~l'U exon 2 ~tl\lVU LPL u~i~'Vl'lJJ\li'Uf1~:lJflU,.,yl1{'l~f)~lJ 
WJ'lJfiJ:IJ (29) ~f11 m~fff1fJlt~Uf1n~~l~fftl'lJ polymorphisms 2I'ilUl1'1l'li'Uvu LPL U~'Vl'lJl1i,j 

I ' ,jI 1 

to t'n.,ytJ\ln'lJ~~~'IJ ''Yllfl~lC)ffl i ~~lwiitlfl (30) f11~ftf)fJ1Vi~lV\llUiJ~\ll~U m~fff)'I:llU~f1Vi~ul1l 

f)1~ l'l.J~vuu'l.J{'l\l'Y1l\lviu~m ~:IJ~tl\lVul9il\1'l~t~V1.,ytJ\ln'lJ~::;~'lJ!'Yl~f)~lC)ffl i ~~iWt{flfl iUfl'W !'YlU 

tlt:il\1t~U~~'lJ'lJ 

'l.J":i~ltf'lfuiM~~'U 

rm~tl'l f11~ 1~Urll~'\.J tJ\I~ml:IJfll1,jiUf11~'Yl ~1'lJt)\I m lflmvviui~ tJ\IVU ~ff~l\11 'tJ j ~U~ 
iitJ'Yl'l.Jl'Ylfl1'lJfiJ:IJ~~i'lJ1'Yl~f)~lC)ffl i ~~ ~\lV\l i~lfiUiif11~ftf1'1:llfldl\1L~U~~'lJ'lJm'lJrl'1u mom...! 

~iilil i iI doJ i ill 0' iI~'l:IJ'Yl'l l1~tllq!{'l UfllU~tl'l single nucleotide polymorphism 'YllllU~~'lJ'lJ Ufl'U !'YlV fl\lflfl11:IJ~ 

1Yj ~ ~1f)m~ftf1fJlrlGJf1V'lJ tlf) ~\lU~~u~ii Y-I'(l~tl ~~~'lJ1'Ylj f1~IC)ffl i ~ ~~NU{'l~fflm~ f.l i 'li''tJ ~ ~!'Jtl9i'iU 
OJ • 
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f)1~t11lJlHlu 'Vll'lfli1iJf1 A~fl\9l ~'Hlrnfll1lJH\9lUf1~'Vl1'l~U ~flnlJ"tJ fl'l~U ~A~vl,j'fl'llu flU' ,j'~lj 
,d I "" It) .. It) d'"... I It) ~ d',d It) ~<V ~ It) <V ,d 

mllJHW'l\9lflfl1~lfl\9lfl11~ !'Vl'jflCUC1Hl !~\9l !Umfl\9l\1''l A'lfUflU !"tJ !'jflWWff'Vl'O~ !\9l11WlmU nnY'Vl 

o,,~ '" ~ .. It) d' ~ It)~ I ,d It)~ 'I d'... I ,d <V It)~
'I'll !'I1'j~~1J !'VlmCUCJ1fl 1~~\1'\l"tJU!~ 'I1U1V\llU'Vl'O~ !~U'j~ !V'lfU flfl 'I1'U1V\l1'U'Vl~W;'l'm'l:llfl'U 1"tJ 

v v 

l'I1ci1ij 1\9lVfll1lJi'1mJmci1ij '~f1Jfl1'j ci 1V'Yl fl\9l' UV'ltl'U tJfll1lJl~'UAi1f1Vll\l~1'U11Jl'l111'U 

~JfJ nlJ'UUCl~!lJ\9l~1Jfli1{ylJ 1HYWl1JlCl~W1Cl'lfl'HU ~l11'11,r1lm \l fl1~ l~V!~ 'U 'jfl\ll1 1'11,r ltl'U tJfJ~ 

l~fJVi'Onru1~~'U1I~'Ufl1'j\9l'jl'O'Vl1\l~'U ~m'jmimf1Jfl'U' ,j'l'lfl' U 

~ "Gt Q.I Q.I d ~ ~Q.I I til ~!V ~I I 

'U fl fl '01 fl'U fl 11lJ ~ !'I1lJ \9l \l flCll lV'llU'U 'rl 'U l'1 'U t 'U fl1 'j 1 '0 V\9l fl Vfl ~ !'U fl'U lfl \9l l'rl fl fl 'U '1111 1i 

Uf1JIU~V'U 'j~fi1J' 'Yl 'jfl~lCJ1fl' 'j,j'~lVV1'l1~fl{y1'j ~lj~1Cl1'l fJ 1U'j~'U I ti1'l1lJlV tml I'll ci1J'U 1\9lvlj 

~\9l'l1lJlm~fJCl\9l 'j~fi1J i 'Yl 'jfl~lCJ1fl' 'j,j' UCl~Cl\9lfl1'j In~ hfl'l1 Clfl\9l!~fl~!!\9l\lU~'luCl::::i1J Ufl'U Vf1I{yU 

I~V1J'rl~'U1'U~t1~ 
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., 
 Q' 'iI 0 
 QJ'
fll'HfI'U'Utl\l~ U~~llnn'U(;l1tlm~ 

" .
hJn1'j~mntj ~hul1i1~1i'1Pi"WV1':Ui'{ fl~ 'lJtl~ ~1.,r1~llJLfl'j.:J fI1'j:;)11V'YJU f'l1fnfltl:lf1 

t d' ~ oC:l Q,.I ~ ., V I CI. 

fflJ 1.fI'l1 flW~U'VfYWff1ff1J'j llW1~\lmWlJ'l11TYW1~W CJ)'~ t~r:-l1UfI1n\l'ilnW1'01f1flW~m'jlJf1Tj. 
~ ~ .c:s V iJ " fjJ I Q <V "1 <jJ .::::a GI ~d Q,.I 

'W'01'j W1'0 HIli 'j'j lJl'j V'U'j flVU ~l U~~ ~1'lJ1'j 1lJ1'OV t~ ~\lU llJ VUVfllJ I 'I1lJ fI1'J1J'j 1'il 'j'l1 ffff1'j 

vru11m 'jlJ'~ 'jllJJ\llnUI'11mh.:Ji 'I1llrvtmllf1f11'j iY'Ufl'u,rmqj~'lJfl\lflU'.,r~1J1f'UfI1'j I'Ol~l~fl~~ 
1'J .:J'WV11J1~ ~w1~.:Jmruu~~L'j .:J'WV1'U1~ffh1'l1 

~tJ1VUflf1~m~1J1f1f111 20 1J ~lj'lh~-wll'Y1'jf1~!CJ)'vhfi'\T.:Jf111'11~m'Yhtlu 880 

" .
ii~~f1f1J/I~~~~'J 00 ii~~1ml/~~'j) flV1\1UflV 2 flf.:J Vii~f'UfI1'jiY'Ufl'U'il1f1!lU 
jI '" 0' 1 0' '" '\" """ IrJ j1", '" '1 jI jI ,
'lJfllqj(lflfl1J'Wl!~fl'J'lJfl\l 'j\Il'W1U1~~W1~\lm wu~~/'I1 'jfl I 'j\I'WV11J1~ff'J 'j1'l1 I~ 'J'Ut'lfty I lH'lJU 1lJ 

LflHf1n:;)11V ~hUf1~lJfll'UfJlJl~Uf1~lJmff1ff1Tfl'j~~'j~i'U i'YIm~!CJ)'fl hfi'UflVf111 150 ii~~f1fw 

!~~~~'J !f1Wcyj'fI1'JrlflflVf1'il1f1f11'J:;)11v;im'ltY\li\lfl'j'J rl"1~fl hfUlJ1-J~'J U~~ flU 1.,r~~u'j~11l 
I~ flflflfl f1~lV~flUf1~ 

j1... '" IrJ ... IrJ 0' , '.1 
~lJ'j~flU !'YIm~!CJ)'fll'Jfl\l\l U~~f1'llJfl1UfJlJ f1'llJ~~u'j~1J1W 90-100 'j1V 

fI1Hl1U 1W'lJU 1fll'1lflV1\1~1 'If'~f1El1 

2 

n/group= [Zan -Y2Po O-Po) + Z~/-Y(P10-PI)+P2(l-P2)J 
(P I-P )2

a = 0.05 Zan = Zoosn = 1,96 (two tailed) 

~ = 0,10 Z~ = = 1.282 0.10 . , 
d I do ....Gf Q,I d, ~ 

PI =flfl1ff'Ylf1'llJfl1UfJlJ'il~lJu'il'W!ff(J.:J1 = 4.4% = 0.044. ('il1f1f11'Jfl'flEl1 

'lJfl\l Evans et al. (31) 

.d, ~ ....'1' '" .d ~ .'
P2 = 1flfl1ff'Ylf1'llJMf1El1'il~lJU'O'OV!ffV.:J = 3/15 = 0.2 ('01f1f11':iMf1El1UUfl\l 

Po = (P I+P2) 12 

N 1group = 90 'j1V I'iflf1~lJ 

~ Q,I d 'j) VI d ~ d ~ ~ lIJ 10 d V .q 

lU fl\l 'Olf1mffVfI1'J !f1U'IJ fllqj(l1l1f1~1I1V!'W V.:Jfl HlflVl !W'J1~Q~UU '0\1 tlJ '0 1!1lU91fl\lfl fl drop 
" , " 

out rate i\l'iTW.i'fl.:!fI1'j~lU 1wrihvViI.,r1~llJlufI1'j~m:I1vi'.:J'I1lJ~U'J~lJ1W 90-1 00 'j1V1f1~lJ., . 
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• • 

Q,,q ~ QJ ~.c:( ~ J 11 
ltifll',j"'HI[JU{'\~ltifll~1!fl~1~'H'\l8\l{,\ 

.c::i d".l v ~~ lIJ iI I I 

lJf1l'HflU'IJ8lJ(ll'fWil'UU(l~'IJ~lJ(I'Yll\lml'U fl'IJ~\lfl'U 1'lJU(I~fl'llJfl1UfJlJ 1'lf'U !'WfI' m~ 

JllfUml1 i'lfillJ1(1f1lV fl11lJi'U 1,l'H\91 'J~iUl'IJlT'U'J1lJ.J\l1'Yl'Jfl~!C}f~ 1'J~ 'J::;iuJlm"''Ult\~~ 
f1l'JviNl'U'IJ'eNiU1m::; 1\91 hfl11lJ~'WU1i'Wfl11lJi'U l"'i1\91tj\l !U1lf11'U hf1lf"~~It\~~),\111'il hfl 

'" """" 0 '" 1 '" d~ ~"I 0 dt ~"~ ..dIf(l81P11(1VIP1LYlJV\I iJ'J::;1\91iJ'J::;'illIIP1V'U ( 'U!'WfI''l1tlJ\I) Vl'YlI'll'lJ'J::;'ill f1l'J~lJ!'l1m lJ'JlJ1\u!!"::;fl11lJ~ 

nu tju'lJ'l1i .uvlqI"m,hdulm'l11fl11lJffmf'Uli'fiu'J::;iu1 'Yl 'Jn~IC}fV1 'J~ 
iif1l'Jlnult\v~fl'Ul,rlm::;nrilJfl1UfllJlfrl'\lV~Vl'l11'J 12 i11lJ\I 'illmf'U U11t\~lP1m1t'U 

!Wfl;4'lJII(I::;LYfilP1~I~'UI~ (DNA) 'illm~~It\~1P1'IJ11~1V~Yh.J~'clfl"~1 'J~~flJ ~lg'U!v'IJ~\I~ih~i'lJ 

l'Yl'Jn~IC}f~''J~tj\l u"::;'IJ~\ln~lJfl1UfJlJ \lm~lJ1i'1'U1'U~!~'UI~~1/J~ polymerase chain reaction 

(PCR) llP1v''If' primers ''Uri1'U'lJtl\l exon 11(1::; exon-intronjunction 'IJ~\lV'U LPL, APOC2 11(1::; 

APOA5 ~LYrl\11iJ'J~'U lipoprotein lipase, apolipoprotein C-II 11(1::; apolipoprotein A-V mm11iu 

~.c::i QQ I ~ d91 3J oQA 'j) l.c::i 

'illfl'U'U lJf1l'J \91 'J1 'il LY~U'IJ'U llP1~W'U!V11\l n\91 tl\l\911lJ'Yl\91 ~\I f1l'J~1V11i gel electrophoresis 1I"1LY \l1P1 

Iu'Uw~!,V;lJ~1'U1'U1I~11iJ\91'J1'ilLYtlu'JiLY'W"''U~m'JlJl~v~ direct sequencing ~1V automated 

DNA analyzer .. 
1'Uf1l'J\91'J1'ilLYVu'JiLY~'U~m'JlJ'lJtl'lv'U LPL, APOC2 11"::; APOA5 lritl'WUf1l'Jn'cl1V 

'W"''Ui~NlP1tlfl~ iif1l'Jv'UtJw511m::;U11tl!mVU1'Yivufiu database ~ii~~ 'J1lJ.J\lr1''Ulf1I~lJ'~lJi'U~ 
.d.c::i Q.,f ~ 11) ~ f ~,.. 1~""".c:.I <!I 
'YllJ'J::;IP1U 1'Yl'Jf1mC}f~ 1'J~tj\l Im::;n'llJfl1UfJlJ'Yl'l'l1lJ~ L~V 'lf11i direct sequencing u"::;/'l1'J~ PCR-

restriction fragment length polymorphism (PCR-RFLP) 

lri~'WU ";hiifll'J liJ~ VW11iu m~ tl::;Dl 'U ~ l11lflviif1l'JffflEJ 1mntl'U 'l1~ ~iif1l 'Jf1" 1v~'Uf 
~mwj, 'il::;l'i1111'fll'Jl'il.:J1'U'IJ~\lm'W1C}flfltl~V'UUiJ 'cl.:J 111 iif1l'JviTW lVf1l'J !iJ~ V'UI!iJ"\I'l1tY1~'lJtl'l 

f1l'J!iJ~IJ'WlliJ"\I~'W~m'JlJ~r1''W'Wu l~v''l1' software program IPil\l"ltl'J::;fl~ufi'W li'W PANTHER 

(http://www.pantherdb.org), PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) II"::; SNP3D 

(http://www.snp3d.org). 

'U ~fl 'il1fld 1 ~vi1f1l 'J V'W tJ'W f1l 'J IiJ~ v'Uutl" \I 'l1 tY1~1 IP1 Vfll 'J ffflEJ 1fll 'J!iJ~ V'WI!iJ (I \I 'IJ ~'l 
~ d~ '" ~ d! , ~""'" '" '" 'l1'Ul'Yllln::;IP1u!C}f"(I (expression studies) C}f'l 'lf11im\91'Ji1'U 'Wf1l'JIILY~'l~~n'\JfNV'WUUU'lf1m11 

, . 
') '" '" '" '" " I"" " 1 (transient expression) I~VlJf1l'JI\91'JtJlJ full length cDNA II"::; mutant cDNA 'YllJf1l'JIlJmJ'WIIlJ"'l 

o Q..I d Q.,I ~'jI ~ .:!,f, 41 " 0 

m~ulu 'ft'\911lJ'Yl'WUf1l'J flmv'W'U ~~1V11i site-directed mutagenesis U(I::;V'W V'W ~1Vf1l'J'Yl1 

,.j ~ 111-11 . ~ 0 ~ 1
sequencing I'W~ clone t'IJl tlJ 'W expressIOn vector 'il1fl'W'W 'i)::;'Yllf1l'J transfect t'\J1 'W!C}f"'cl

0' 

f1l'JffflEJ 1f1l'J !iJ~ V'W I!iJ,,'l '\J V'l'l1 tYl~'l 'W 'J::;iu !C}f(lrl'l'l11~Vf1l'JllP1f1l'J vil'll'W '\J tl\lmm\U'lJtl.:J 
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crnfjru~~'Wll'W 'UeJ.:jlh~'lflm~ffnfjlUff~ -l hJ(ill'lH~ 1 fl'W 1'li'n~1J~ih~i'U1'Vl'jf1~tCJfeJ 
1'jfl'tr.:jij'j~i'U total cholesterol U~~ triglyceride tr-ln11 u~ij'j~i'U HDL-cholesterol ~ln11 ~fftJ 

'UeJ.:j'j~i'U1'Yl 'jf1~!CJ1eJ1'j fl'1 'W n~1J~ij'j~i'U l'Vl 'jf1~!CJ1eJ1'jfl'tl-leJQ'j ~'I111.:j 892-1 0,840 1Jn./~~. 

HTG Controls Pvalue 

(n=101) (n=I11) 

mq ctJ) 48 + 11 54 + 12 <0.001 

'J/ ... 
'jeJtI~~'UV.:j!'Wff'I1 tlJ-l 37% 40% 0.38 

Q.I .::::1, . 2 
~'I1'W1J1~f1lV (nn./1J. ) 25.0 + 4.1 24.0 + 4.6 0.10 

Total cholesterol (1Jn./~~.) 320 + 199 190 + 41 <0.001 

Triglyceride (1Jn./~~.) 1,944 + 1,532 96 + 30 <0.001 

HDL-cholesterol (1Jn.Nm.) 33 + 13 56 + 19 <0.001 

Uff~-l.u'eJ1J~!1J'W mean + SD 'I11eJ %. HTG = hypertriglyceridemia
~ . 

d d.r:1 , t d 
3 H'U'U fl1'j!U~V'WUUM'Vl!flV1Jf1l'j'jlV"Il'W1JlneJ'W 3 U'U'U 'Vl.:jl11J~!tJ'W heterozygous missense 

~y , .Ji d ~.J~ 
variants t~Unl'.Ala98Thr, p.Leu279Val H~~ p.Leu279Arg CJ1.:jf1l'jttJM'UUtJ~-l'Yl-l 3 '-.I 1J'jlV"Il'W 

11ijfl111J!~v1'1i'fl-ln'Ufl11~1'Yl'jf1~!CJ1fl hfl'i 'W!~fl~tr'l (25, 26) ffll1i''Uf1l'j!tJ~V'WutJ~'1~Y'l'Ulmj 3 

'?I ~ ~ -Cl d'il
H'U'U 'W'U11 2 !!1J'U !lJ'W missense variants flfl p.Arg270Gly H~~ p.Arg432Thr !1Jfld!ml~l1'UfllJ~ 

. "" l~tli.rrtJmm1J~l'l"1 3 ltJ'junuJ Y'l'U11f1l'j!tJ~tJ'WHtJ~'1vr'l 2 i1 ijH~~flf1l'jv11'11'W'Ufl'lltJ'j~'W 

v11hi'nnv11'l1'W!tJ~V'W 1tJ (damaging effect) i'l(ilnH~ 2 ri1'Wf1l'j!U~tI'WUU~-lq'~~lv~'W'Uimj 
!tJ'Wf11'j!tJ~tJ'WUU~'1u'U'U 23-bp duplication 1'W exon 6 flfl c.899_921dup 

.l/ .. I 0 i 'J/... I i 'J/
GGCTCTGCTTGAGTTGTAGAAAG CJ1'1'WVlmru11'Yll '11!f111 frameshift mutation H~~ff'lH~ '11 

C\ Q.I ~ .Ji d ~o
!f1~ premature stop codon 'I1~'1"'ln'W'W 3 amino acids (p.Asp308Glyfs*3) CJ1'1f1l'jltJ'fW'WUtJ~'1'W'Vll 

lipoprotein receptors 
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~l'n:j~ 2. f11'J'U~V'\.JUU't'l~~'Yl1J1JJumJ (rare variant) 1uv'U LPL U't'l::: APOA5 

PANTHER SIFT SNPs3D HTG Control 

DNA Protein (subPSEC score (SVM (n=101) (n=l11) 

(SNP score) score) 

identifier) 

LPL 


Exon 3 c.292G>A p.Ala98Thr -4.02135 0.05 -0.73 3 o 

(rsI4567341) 

Exon 6 c.808C>G p.Arg270Gly -4.98312 0.00 -3.72 o 

(novel) 

c.835C>G p.Leu279Val 

(rs371282890 

) 

-3.85059 0.00 -0.13 5 o 

c.836T>G p.Leu279Arg -5.49939 0.00 -1.16 o 
(rs35414700) 

c.899 921 p.Asp308Gly 2 o 
dup fs*3 

GGCTCT (novel) 

GCTTGA 

GTTGTA 

GAAAG 

Exon 8 c.1295G> 

C 

p.Arg432Thr 

(novel) 

-4.19806 0.00 1.16 o 

APOA5 


Exon 3 c.56C>G p.Serl9Trp -4.01626 0.00 3.16 2 o 
(S19W) 

HTG = hypertriglyceridemia; subPSEC = substitution position-specific evolutionary conservation; 

SIFT = Sorting Intolerant From Tolerant; SVM = support vector machine 
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i lJ~lJ APO~'15 Y'lUf111!'l1~rJlJlI'l1"-!l~'VlUhhhw 1 UUU ;iv p.Serl9Trp U"~ illYiUf111 

!'l1~rJlJu'l1"-!l~'VlU ill11vrJitJ~lJ APOC2 

'VlUf1l1!'l1~rJlJu'l1"-!l~'VlUl1vrJ (conunon variant) 1 UUUllJ~lJ LPL;iv p.Ser477Ter (!~lJ 
1 f", 

r~flfllJilJ~V~V-!l S447X) i-!lUff~-!lilJ~T.iHii 3 ilJfll1fffnnii 'VlUf111!'l1~rJlJu'l1".:ji-!lfl~ldU{W.. 
fll11lJfl~1J~ih~iu i Vl1f1~!C}fV i 1~\!-!l . . 

_I'" • I "'" '1 '" "I
'VlUf111!lJ"tJ'WUlJ"~VI'VlUUVtJ 3 IIUU ttWlJ APOA5 flV c.-3A>G, p.Va1153Met !!{l~ 

" . 
p.Gly 185Cys fldl1J'l1fl~V-!ll'l-!l c. -3A>G u,,~ p.Gly 185Cys l'IUl1vtJfll1i lJfl~1JfllJ i .u.yHh~iu'VI 'J 

fl~!C}fV'1~\!-!l1J1flfll1fl~1JmUfJ:IJ (V1l'.iH~ 3) 

. . . 
'" _1"'.1 , i '"cOV11'.iN'fI 3. f111!lJ"rJlJlIlJ"-!lVl'VlUUUrJ (conunon variant) 'WrJlJ LPL !m~ APOA5 

o , 

Allele frequencies P value 

'.i~~U '.i~~U Protein SNP HTG Controls 

DNA (common Identifier (n=101) (n=111) 

name) 

VIlUl1't-A-:.t 

• 

LPL 

Exon 9 c.1421 p.Ser474Ter rs328 0.030 0.072 0.0773 

C>G (S447X) 

APOA5 

Exon 2 c.-3A>G Kozac rs651821 0.550 0.221 2.72 x 10 

12 
sequence 

Exon4 c.457G>A pVal153Met rs3135507 0.079 0.072 0.8486 

(V153M) 

Exon4 c.553G>T p.Gly 185Cys rs2075291 0.144 0.032 3.58 x 10
·5 

(GI85C) 

HTG = hypertriglyceridemia; SNP = single nucleotide polymorphism 

'" "I" "" '" i ' fl"!C)1V !1~\!-!l !VltJUflU 0% lJfl~:lJfldUfJ:IJ (Odds ratio = 40.0,95% confidence interval 2.4 to 

677.3, P=8.23 x 10-
6 i-!lUff~-!lilJm'.iN~ 4) !rim1Tl-nru carrier odds ratio (OR) rll'11~UfllJl.u~ii 
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.c:::l I Q.I -8 erw APOA5 p.Gly185Cys ~'YI1f)'IJ 8.59,95% confidence interval 3.6 to 2004 (P=3.08 x 10 ) 

~ .Id .1 d q 4V1l'nnl 4. Carrier frequencies 'lJfJ'If)l'HlJ~tllHllJ~'1'Y1'V'l'IJ !lW'W LPL u~~ APOA5 

HTG Controls Pvalue 

(n=101) (n=l11) 

Rare variants 

. -5 
- >1 LPL variants 13 (13%) o 4.23 x 10 

- >1 APOA5 variants 2 (2%) o 0.2258 

- >1 LPL or APOA5 variants 15 (15%) o 8.23 x 10
·6 

Common variants 

- >1 APOA5 p.Glyl85Cys 25 (25%) 7 (6%) 0.0002 

Rare and common variants 

- >1 rare variants or APOA5 37 (37%) 7 (6%) 3.08x 10
-8 

p.Glyl85Cys 

" . . 
i'W f)1'JffmnU 'V'l'IJ f)1'J ~L1~ fJ'WuLl~'1'UfJ'IHrLYvr'W1Jf)'J1lJhf1l1 'WV'W LPL Vi ill~fWlif)1'J 

V I .di ~I '" 
fl'W'V'l'IJmf)fJ'W 3 ~1'IJ'IJ CJf'l~lJU missense variants 2 U'lJ1JflV p.Arg270Gly U~~ p.Arg432Thr u~~ 

~ 'j) d'j) Gl ' Q.I' 111 v 0 

f)1'Jfl'f)'l:l1'}f'Wl'Y1f11fJ in vitro expression studies !'Wf)1'J'YIfI~fJ'IfI..:Jf)~11 LfI'YIl site-directed 

mutagenesis 'UV..:JV'W LPL i '}f1fi'f)1')lLl~ f.J'WuLl~..:J~~V..:Jf)1'J 1fltllif)1'J ~wj\J ~~'UV..:Jf)1'Jv\'l 

mutagenesis fi'1t1f)1'J sequencing \Jlmr'W ~..:J transfect cld mutant cells fi'1f.J wild type U~~ mutant 

I Jz.:.i ~ dlq v 0 d d 

LPL ~~'IJ'IJ\9Il..:J~ CJf..:JlJ'YI..:J new variants 'VI L~\Jlf)f)1'J'VIl mutagenesis um: known variant 'YI1flf.JlJf)1'J 

I V~9J'o '31 Q.I lit 3100

'YI~~v..:Jmf)V'W'}f'Wl'WU~111'Y11i'}ff)1'J'VI1..:J1'W'UfJ..:J LPL ~~~..:J (32) '}f~..:J'lJlf) transfection !~'Wl cell 

lysate lJ11~mlJ1W'UfJ..:J LPL mf.J'l'W1CJf~£U~~ll1 media lJ11~illmw'UfJ..:J LPL ~mr'lVfJf)m'WVf) 

~CJf~£ ~{lf)1')fff)'l:l1'V'l'IJ';hillmw'lJv'I LPL 'l'W1CJf~£~m"~'1VVf) LPL variant ~1'1~ hiifi'U\9lf)~l'1 

'lJlf) wild type fJdl'1ihJmYlfi'ty~'1~L1~ 1 ulViillmw'Uv'I LPL i'W media ~~~'1mh'lli,.rf.Jrllfi'tyi'W 

p.Arg270Gly u~~ p.Asp308Glyfs*3 lrlmVif.J'lJn'U wild type LPL ~'1ULY~'1i'W~L1~ 2 

20 



500 

400 
.!!J 

~ 
.S:::r 300 
III E 
~m
E.s 200 

...J 
a. 
...J 

100 

400 


ltl~ 2 mlJlW LPL 'I.IU'l variants IPil'l"li'U media (* : P<O.OOS) 

21 



'Utlm"'l'ilf)1l1f1fl1'iffm:J1f1l'Hll~tJ'U'Vll~'Vll .,rrr'UlJm'ilJl'Uv'U LPL, APOC2 U{l::: APOA5 

i'lflcil'JU~1 flW:::rfj')mJ'I '~i'ilfl1jffmnl~lJl~lJ 1flUffmnflnlll~tJ'Uull{l'l'Vll'lvi'U1Jm'ilJ'lJtl'lthJ 

GPIHBP1 ~'I encode 11l1~'U GPIHBP 1 (Glycosylphosphatidylinositol-anchored high-density 

.l! .:11 '1 "I '" 'I I d I '" 0 ... 'Ilipoprotein-binding proteinl C))''IllJ'U ~lJ11'1'U ~'I1lJ'VlYf\J11lJlJ'Vl'lJ1'Vl'fflflt1J l'Um:::lJ1'Ufl11 

triglyceride lipolysis 1 'U'I1{ltlfH~tlfl (33) i 'Ufl'U i ,r~ih:::ilJ triglyceride 1'Ul~tl~tT'IlJ1fl~ hi'Y/lJ 

• fl1111l~fJ'Uull{l'l'Vll'1vi'U1Jm1lJi'Uv'U LPL, APOC21m::: APOA5 rl{lfl11ffmnfl'lflcil1 'VllhY'rfj,)tJ 

'Y/lJ fl11 tll~tJ'U U ll{l'l'Vll'lvi'U1J m 1lJ i mj~ il.i!fltJihltJHW lJ1ritl'U~tl c.320C>G. 'Vll1,r1jfl1111l~ tJ'U 

mfltl:::lJ1'U~~1!mU'l 107 1l1fl serine 1~'U cysteine (p.Sl07C) rl{lfln1,)m~lJt~m~lJ11fl1'i 
_Id Q.I I 0 '1 gJ d C\ ~ <V Q.I Q.I ~I 

!lJM'UUll{l'lfl'lfl{l11'Vll ~ '11 mutant S 107C GPIHBP 1 'Vl!flfl'IJ'U l'llJI'IJfl'UllJ'U dimers Am::: multimers 

~ , d ~J ~ rp di ... " I

C))''IUl'lflI'lN1l1fl wild type GPIHBPI 'VltlJ'U monomers fl11fl'fl'l:l1'11'Ul'Vl 'U1:::fllJ!C))'{l{l'Y/lJ11 wild 

type GPIHBP 1 monomer ffllJ11tl,)lJfllJ LPL 1~ i'U'lJw:::~ mutant S 107C GPIHBPI ili'ffllJ11tl 

,)lJfllJ LPL 1~ (34) 

22 



tl.fhhUJNt'I 

fll)ffm:l1fll)!tJ~tJ'UU'l.hv.l'Vl1'rvr'U'VmnJ,'Ueh.! LPL, APOC2 u,,~ APOA5 ~ij~'''''~~m::~'l.J 
iI ,,11,

1'Vl)fl~!G)ftJ1)fi't.T'U !¥ltJijflnffmn''Ufl'Ur:i1'\J11!VhtT'U (6) fll)fftl1H1M~I'Ufll)ffmnmflli 

'Vi1fll) ffml1fll)!tJ~ tJ'U UtJ,,~ 'Vl N'Yf'U 'V fl n:IJ fJ th~!11 'U) ~'l.J 'l.J'\J tl ~ fll) !tJ~tJ'UUtJ" ~, 'Uei'U!'I1 ~hd, 'U 

" . 
tJ )~"lf1m"lf11!fJ!;tJ ~"fll)ffml1ilu"~flnffm':lllir.i1'U:lJ11 'U ¥l'U~1'\11"H,.tTm,.'U'U. ,..hfll) 

. " . 
!tJ~tJ'UUtJ"~'Vl1~'Yf'U'Vm):IJ'Vi'~liV'l'l.J,jmH!Cl~YmhhjtltJ''Uei'U LPL, APOC2 u,,~ APOA5 ijri1'U'vll• 
l 'll .... IIJ d IIJ 0' .I 1IJ'lI 
11)~~U &'Vlm,,!G)ffJ &)~~~'\J'U &~ 

''UtJ)~''lf1m1'VltJ~ffmn V'l'l.J":hfll)!tJ~tJ'UUtJ"~~V'lU,jtltJ 1 UU'l.J''Uei'U APOA5 ~fJ 
II 'lI-'I • I , IIJ 'lid d ... IIJ d 1 0'

p,Gly185Cys V'l'l.J &~f)~lJ)~mw 1 'U 4 '\JfJ~¥l'U &'\J'VllJ)~~'l.J mm"!G)ftl )~~~mfl fll) 

. " 
!tJ~ tJ'U UtJ"~'Vl1~'Yf'U ~m)lJil V'lum V'l1~''U¥l'U!fJ!~tJ U~U'Vl'l.J iliV'l'l.J!"tJ' 'U¥l'U ~1'\J1111~tJtJ) ~"lf1fl"j 

g'U~ (27-29) flUffmnfll) !tJ~tJ'UUtJ"~'Vl1~11.w1~'\JfJ~ p.Gly 185Cys V'l'l.r:hijfll)"~"~h..lfll) 

m~~'W lipoprotein lipase (18) ff111i''l.Jfll)!tJ~tJ'UUtJM~V'l'l.J,jmJl'Uei'U LPL ~Cl'lm)f)'Vi1i..r)~fl'l.J 

i 'Vlm~!G)ftl1)fi'Cl'~~'UJ'U iliV'lU''UtJ)~"lf1m1 'VltJ~ffm:l1 
OJ 

i'Ufll)ffmn~V'l'l.Jfll)!tJ~tJ'UUtJ"~~V'l'l.Jili,jtlV 6 UU'l.Ji'Uei'U LPL ~~fll)!tJ~tJ'UutJ,,~~ 
!¥ltJijfl1n1V~1'U:lJ1nfJmf~ 3 U'l.JU V'l'l.J·:hihJ'Yf'U1in'l.J)~~'l.Ji'Vlm~!G)ftli)fi'Cl'.:j (25,26) ri1'Ufll)

OJ 

!tJ~tJ'UutJ"~~V'l'l.Ji11li 3 U'l.J'l.J !rltl'Vi1flU1!¥l)1~MhwlfItJmm:IJ~W'l V'l'l.J11fll) !tJ~tJ'U!!tJ" ,:n,r-3 

3 U'l.J'l.J l..h\l~ij~" ,,rfll)'ViN1'U'\JfJ~ 1tJ)~'U,,~,,~ U~!rltJ~'Ufj'U 1~tJ~"'\JtJ~fll)'Vi1 in vitro 
I 1 Q,.I'.I::Id'" Q.I. 

functional studies V'lU11 p.Arg270Gly u,,~ p.Asp308Glyfs*3 !'Vl1'U'U:IJ:IJ~"\PIfJfll)11"~ LPL 

0' 
fJ fJ fl m 'U tl fl!G)f"" 

fll)!tJ~V1.mtJ{l~~V'l'l.Jili,jmJ'1...I'tj'U APOA5 1 !!UU~V'lU''Ufll)ffmn~~fJ p.S19W ~~!1I'W 
fll) !tJ~rJ'UutJ,,~~V'l'l.J '~,j~W i 'U¥l'U ~1'\J11~ij)~~'l.J i 'Vl)fl~!9ffJ i)fi'~~ U~ilififJrJV'l'l.J' 'U ¥l'U!fJ!;V 

(30) ff111i'Ufll)!tJ~tJ'UutJ,,~''U'tj'U APOC2 J'W iliV'l'l.Ji'Ufll)ffmn~ ~~\PI)~n'l.Jfl1)ffmnnfJ'Umj1 
" . . 
illiV'l'l.J11fll)!tJ~~'WUtJM''Uei'W~.:jfl~11 V'l.'l.J '~.wfJrJlJ1fl (31) 

l~\tJCl'ltJ flU!tJ~tl'UutJ"~~V'lU'li,jfJtJ''Uei'U LPL u,,~ APOA5 V'l'l.Ji~,jfJrJfl11''Wfl~:IJ 
¥l'U i ,r~ij)~~'l.J 1'Vlm~!9ffJi )fi"'U!~fJ~~~ u~'li'Vmfln!tJ~rJ'UutJ{l~ i'Uei'U APOC2 fll'j 

. . " 
!tJ~tJ'W utJ,,~liV'lU 'li,jfJrJu,,~V'lU i 11lii'U flnffmnil U~ ili!¥ltlV'lU i 'U fll'jffmnntJ'U~ ff111i''l.Jfll) 

V'l'l.Jijfl1'j!tJ~rJ'UutJ"~'Vl1~'Yf'U'Vm'j:IJ~V'l'l.Jili,jfJrJ >1 !!'l.J'l.Ji'Uei'U LPL 11~fJ APOA511~fJV'l'l.Jfll) 
, I ,,"" 

!tJ~tJ'WutJ,,~ViV'l'l.J,jfJV''Uei'U APOA5 ~fJ p.Glyl85Cys >1 copy tH~fll)!tJ~rJ'WUtJ{l~11~':I''1~il V'l'l.J 

IIJ!II' I i'll lII'l1d .... IIJ · d lsJ o'~ '" .I1IJ'lI 
&~UfJtlU"~Cl'~~{l 11¥l1...l &'\J:IJ'j~~U &'Vlm{lt9ftl &)~ &'U!ClfJ~~~'\J'U &~ 
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. llJfllJll'lv~ih::;fllJll'l'Hl~!C]$flll~)tlJ!~flf1\T.:J 1hnnw 1 '1lJ 3 (37%) V'llJiiflll 

!U~VlJUU~.:Jl'll.:JvrlJ1imnJ~V'llJl11tiflv >1 UlJlJ'1lJVlJ LPL 'I11fl APOA5 'I11flV'llJtlU 
q 

!U~fJlJu'll~'1~V'llJtiflV'1lJtilJ APOA5 fifl p.Gly185Cys > 1 copy 

• 

~ ~ 
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Multimerization of Glycosylphosphatidylinositol-anchored 
High Density Lipoprotein-binding Protein 1 (GPIHBP1) and 
Familial Chylomicronemia from a Serine-to-Cysteine 
Substitution in GPIHBPl Ly6 Domain* 
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Background: GPlHBPl binds lipoprotein lipase (LPL) and transports it to the capillary lumen. 

Results: A GPlHBPlmissense mutation (SI07C) leads to the formation of GPIHBPI multimers that cannot bind LPL. 

Conclusion: :\n extra cysteine leads to GPIHBPI multimerization, defective LPL binding, and hypertriglyceridemia. 

Significance: This study identifies a novel mechanism by which GPIHBPJ mutations interfere with LPL binding and cause I
l hypertriglyc~ridemi<l . . ) 

.GPIHBPl, a glycosylphosphatidylinositol-anchored glyco
protein of microvascular endothelial cells, binds lipoprotein 
Ii. ase (LPL) within the interstitial spaces and transports it 
across endothelial cells to the capillary lumen. The ability of 
GPIHBPI to bind LPL depends on the 1.y6 domain, a three
lingered structure containing 10 cysteints and a conserved pat
te.rn of disulfide bond formation. Here, we report a patient with 
s6'vere hypertriglyceridemia who was homozygous for a 
d PIHBP 1 point mutation that converted a serine in the 
GPlHBPl Ly6 domain (Ser-107) to a cysteine. Two hypertriglyc
p.ridemic siblings were homozygous for the same mutation. All 
t~lree homozygotes had very low levels ofLPL in the preheparin 
plasma. We suspected that the extra cysteine in GPIHBPl
SI07C might prevent the trafficking of the protein to the cell 
surface, but this was not the case. However, nearly all of the 
GPIHBPl-SI07C on the cell surface was in the form of disulfide
linked dimers and muitimers, whereas wild-type GPlHBPl was 
predominantly monomeric, An insect cell GPIHBPI expression 
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system confirmed the propensity of GPIHBPI-SI07C to form 
disulfide-linked dimers and to form multimers. Functio .lal 
studies showed that only GPIHBPI monomers bind LPL. In 
keeping with that finding, there was no binding of LPL to GrI
HBPl-SI07C in either cell-based or cell-free binding assays. We 
conclude that an extra cysteine in the GPIHBPI Ly6 motif 
results in multimerizatiol1 of GPIHBPl, defective LPL bindi 19, 
and severe hypertriglyceridemia. 

Glycosylphosphatidylinositol-anchored high density lipo
protein-binding prctein 1 (GPlHBP1)3 is an endothelial cell 
protein that binds lipoprotein lipase (LPL) within the inter~ti
tial spaces and transports it to the capillary lumen (1). In the 
absence of GPTHBPl. LPL remains in the interstitial spaces (1), 
resulting in defective processing of triglyceride-rich lipopro
teins, severe hypertriglyceridemia (chylomicronemia), and 
impaired delivery of lipid nutrients to parenchymal cells (2, '~). 

GPIHBPI belongs to the lymphocyte antigen 6 (Ly6) family 
of -proteins. This family, which is also referred to as the :"U 
(1y6/gPAR) family (4), includes the urokinase-type plasmin
ogen activator receptor (uPAR) and CD59 (an inhibitor of 
autologous comple'nent activation) (5). GPlHBPl and most 
mammalian members of the Ly6 family of proteins are teth
ered to the plasma membrane by a glycosylphosphatidyli 
nositol anchor. The ha.llmark of Ly6 proteins is a 70-80-a
mino acid motif containing 8 cysteines, which are arranged in a 

3 The abbreviations us,.d are: GPIHBP1 , glycosylphosphatidylinositol- ~n
chored high density rpoprotein-binding protein 1; Bis-Tris, bis(2-hydmxy
ethyl)amino·tris(hyduxymethyl)methane; LPL, lipoprotein lipase; '-y6, 
lymphocyte antigen 6; PIPLC, phosphatidylinositol-specific phospholipase 
C; uPAR, urokinase-type plasminogen activator receptor. 
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TABLE 1 
peR primers for amplifying the exons of GPIHBPI 

GPIHBPI cxon Forward primer 5' -> 3' Reverse prinlcr 5' ---?o 3' 

I ACAATGACTTCTCCTTCCCCTCT CTCATCCCCTCCTTCTTCCTAAG 
2 TGAGTAGGGTGAGTAGGGTGTTC TACTCTGGAAGGCAACTGAGTGT 
3 CACAGCTTACAGGACCAAGTCA AGTGGGGAACAAGTGCTGAG 
4 TGCAGAGCCACCTCAGAGAC CCAAGACACTCCAAATCCATTCT 

, ' 
characteristic spacing pattern and are oxidized to yield an iden
tical disulfide bonding, The formation of disulfide bonds is one 
of several structural features that lead these proteins to adopt a 
three-fingered structure (6). The consensus three-fingered 
folding topology of mammalian Ly6 proteins is identical to the 
c<:nonical three-fingered structure in a-neurotoxins of snake 
venoms (7). Many mammalian Ly6 proteins, including GPI
H}W1, have a total of 10 cysteines, leading to the formation of an 
extra disulfide bond that stabilizes the first loop in the three
fingered structural motif. 

The Ly6 domain is crucial for ligand interactions. In the case 
of. uPAR, three Ly6 domains cooperate to form the binding 
inierface for the serine protease urokinase-type plasminogen 
act.ivator (8) as well as a low affinity binding site for the 
extracellular matrix protein vitronectin (9); this cooperative 
arrangement facilitates allosteric control of ligand binding (10). 
In the case of GPIHBP1, the L)'6 domain '.s crucial for binding 
LPL Six GPIHBP 1 missense mutations, all involving conserved 
amino acids in the Ly6 domain, have already been linked to 
chylomicronemia in humans (11-18). In four of these cases, the 
mutant GPIHBP1 was tested and shown to lack the ability to 
bind LPL (12, 13, 15, 16). Subsequent studies uncovered LPL 
mutations that abolish the ability of LPL to bind to wild-l)'Pe 
GPIHBPl (19). 

In the present study, we screened 92 patients with unex
piained chylomicronemia for GPlHBPl mutations. W/e uncov
ered a novel missense mutation that converted Ser-l07 in the 
GPIHBPI Ly6 domain to a cysteine. Our studies revealed the 
mechanism by which this GPlHBP1 mutation leads to 
chylomicronemia. 

EXPERIMENTAL PROCEDURES 

Subject,\'-Ninety-two patients with severe hypertriglyceri
demia, defined as fasting plasma triglyceride levels> 10 mmol! 
liter (>885 mg/ell) on at least two occasions, were identified at 
King Chulalongkorn Memorial Hospital. After excluding cod
ing-sequence and splice-site mutations m LPL, APOC2, and 
APOAS, we screened for GPIHBP1 mutations. A homozygous 
missense mutation in GPiHBP1 (c.320C>G; p.Sl07C) was 
identified in a ~.-6-year-old woman with chylomicronemia. 
Ulrelated normolipidemic subjects (n = 111) were recruited as 
experimental controls. AU subjects provided informed consent, 
and all studies were performed according to the Declaration of 
Helsinki for human studies. ' 

Genomic DNA Analyses-Genomic DNA was isolated from 
' ~hole blood. Each exon of GPIHBP1 and the cxon-intron junc
tions was amplified from genomic DNA for sequencing. The 
pi'imers used are shown in Table 1. A c.320C>G; p.Sl07C 
mutation was detected in a single patient and confirmed by 
additional DNA sequencing reactions. 'The functional signifi
cance of the variant was predicted in silica with the PolyPhen-2 
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and SNPs3D programs. Apolipoprotein E genotypes were 
determined by PCR and DNA sequencing. 

Biochemical Measurements-Total plasma cholesterol, tri
glycerides, and high density lipoprotein cholesterol (HDL-C) 
levels were measured with enzymatic methods (Roche Diag
nostics). LPL mass l~vels in the preheparin plasma and in the 
plasma after an intravenous injection of heparin (50 IV/kg) 
were measured with a sandwich ELISA using monoclonal anti
bodies 5F9 and 5D2 (20). 

GPIHBPl Con.structs-Mammalian expression vectors for 
untagged soluble mouse GPIHBPI and S-protein-tagged 
human GPIHBPl have been descri,bed previously (21-23). An 
expression vector for GPIHBPl-SI07C was generated by 
site-directed mutagenesis with the QuikChange Lightning 
kit (Stratagene). 

To express soluble versions of GPIHBP1 (i.e. GPIHBPI lack
ing the GPI anchor), we used a Drosophila S2 ceU expressiC'n 
system using the carboxyl-terminal Ly6 domain (domain III) of 
human uPAR as a tag (24, 25). DNA sequences encoding uPAR c: 

ndomain Ill, followed by sequences encoding human GPIHBP1 r 
:>amino acids 21-136 and mouse GPIHBP1 amino acids 136 r 
o] 98 (which contain the epitope for monoclonal antibojy 
0;' 
c: 

l1A12) were ligated into pMT/V5-His (Invitrogen) with the o 
no 

In-Fusion HD cloning kit (Clontech). This vector contains a ~,,'metallothionein promoter that allows metal-inducible expres ""to 
sion of the protein. Mutant versions of this GPIHBPI expres ~. 

sion vector were generated with the QuikChange Lightning kit. P
no 

Cell Surface Expression Assay-To express GPIHBPI in Chi r 
?= 

nese hamster ovary ceUs (CHO-Kl cells; American Type Cul

ture Collection), we electroporated 5 X 10" cells with expres

sion vectors (5 /-Lg) encoding S-protein-tagged versions of 

GPIHBPl. After 24 h, we assessed the ability of GPIHBPlto 

reach the cell surface. The GPIHBP 1- transfected cells were first 

incubated with a rabbit polyclonal antibody against the S-pro

tein tag (21). After the cells were washed, the amount of 

GPIHBPI on the cell surface was assessed by performing We<;t

ern blotting of cell extracts with an IRdye800-conjugated don

key anti-rabbit IgG (1:800; Li-Cor). The total amount of GPI

HBP] in cells was assessed by Western blotting with a goat 

polyclonal antibody against the S-protein tag (followed by an 

IRdye680-conjugated donkey anti-goat IgG; 1:5,000). 


Releasing GPlHBP 1fi'om the Surface ofCells with Phosphati

dylinositol-specific Phospholipase C (PlPLC)-To determine 

whether GPIHBPI on the cell surface was monomeric or was in 

disulfide-linked multimers, we released GPIHBP1 from the sur

face of cells with ?IPLC (16 units/m! for 20 min at 37 ·C). 

GPIHBPI levels in the PIPLC-released material and in cell 

extracts were assessed by Western blotting with a goat poly

clonal antibody against the S- protein tag (Abcam). In these 

studies, the PIPLe-released proteins were analyzed by SDS
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pAGE under both nom'educing and reducing conditions (SO 
mM dithiothreitol). . 

Cell-ba.sed LPL-GPIHBP1 Binding Assay-CHO-Kl cells 
"'ere electroporated with GPIHBPI expression vectors (5 foLg) . 
24 h after the electro po ration, the GPIHBPl-expressing cells 
were incubated for 2 h at 4 °C with VS-tagged human LPL (26) 
in the absence or presence of heparin (2SUunits/ml) (21). At the 
end of the incubation, cells were washed six times with ice-cold 
PBS containing 1 mM MgCl2 and 1 mM CaCI2 . Relative levels of 
GPIHBP1 and LPL in cell extracts were assessed by Western 
blotting with a goat polyclonal antibody against the S-protein 
tag (Abcam) and a mouse monoclonal against the VS tag 
(Invitrogen). 

Studies with Drosophila S2 Cells-Soluble versions of 
GPIHBPl were expressed in Drosophila 82 cells (Invitrogen) as 
fpsion proteins (described earlier). The cells were plated on 
~-weU plates (12 X 106 cells/weU) and transfected with 19 foLg of 
qlasmid DNA with the Calcium Phosphate Transfection kit 
'Invitrogen). 24 h after the transfection, prokin expression was 
irduced with Schneider's medium (Sigma) containing 1% heat
iractivated fetal bovine serum (Invitrogen,), 0.1 % Plufonic F-68 
(Sigma), and 500 foLM CuS04 . For all experiments, the cells were 
grown in suspension culture for 3 days. To assess the electro
phoretic migration of GPIHBPl, the conditioned medium and 
cell extracts were subjected to electrophoresis under reducing 
and nonreducing conditions . The GPIHBPI protein was then 
detected with lRdye680-conjugated monoclonal antibody 
llA 12 (which recognizes mouse GPIHBPI sequences) and 
IKdye800-conjugated monoclonal antibody R24 (which recog
nizes uPAR domain Ill) (27). 

. Cell-free LPL-GPlHBPl Binding Assay-Soluble GPJHBPI 
from CHO-K1 cells or Drosophila S2 cells was incubated for 1 h 
at 4 °C with V5-tagged human LPL (26) and agarose beads 
coated with monoclonal antibody llA12 (23). After washing 
the beads, soluble GPIHBPI and GPIHBPl-bound LPL were 
eluted from the antibody-coated beads with 0.1 M glycine, pH 
2.7. The amounts of GPIHBP1 and LPL in the starting material, 
unbound fractions, wash fractions, and elution fractions were 
assessed by Western blotting with IRdye680-conjugated anti
body llA12 and an IRdye800-conjugated V5-antibody. To 
determine whether LPL binds preferentially to GPIHBPI 
monomers, the same assay was used except that the agarose 
b~ads were coated with the LPL-specific monoclonal antibody 
SD2. In those experiments, the LPL and any GPIHBPl-bound 
LPL captured by the antibody-coated beads were released by 
!Joiling in sample loading buffer. The different fractions were 
then separated by SDS-PAGE under reducing and nonreducing 
conditions, and Western blotting was performed with LPL- and 
GPIHBP l-specific antibodies. 

Western Blotting-All samples were denatured in 1 % lithium 
dodecyl sulfate for 10 min at 70 °C. Proteins were separated on 
12% Bis-Tris SDS-polyacrylamide gels (Invitrogen) under 
reducing or nonreducing conditions and transferred to nitro
cellulose membrane for Western blotting. The antibody dilu
tions were: 1:1,000 for a goat polyclonal against the S-protein 
tag (Abcam), 1:200 for a mouse monoclonal against the VS tag 
(Invitrogen), 1:500 for a rabbit polyclonal against (3-actin 
(Abcam), 1:1,000 for IRdye680-conjugated rat monoclonal 
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II 1 2 3 4 5 6 7 8 9 10 

III 2 

FIGURE 1. Family pedigree. The arrow indicates the proband. The p.s l07C 
mutation is indicated by a half-filled circle or square. The slash mark denotes 
deceased; the question mark(?) denotes individuals who could not be tested. 
Inse.ts show DNA sequencing chromatograms for a control subject (right) r.nd 
the proband (left). 

antibody HAl2 (23), 1:1,000 for IRdye800-conjugated mouse 
monoclonal antibody R24 (24), 1:500 for an IRdye800-conju
gated mOllse monoclonal against the VS tag, 1:5,000 for '1n 
IRdye680-conjugatecl donkey anti-goat IgG, 1:5,000 for 
an IRdye800-conjugated donkey anti-goat IgG, 1:2,000 for an 
IRdye680-conjugated donkey anti-rabbit IgG, and 1:2,000 for 
an IRdye800-conjugated donkey anti-mouse IgG (Li-Cor). 

RESULTS 
Identification of a GPIHBPI Missense Mutation-Ninety

two patients with severe hype.rtriglyceridemia but lacking 
mutations in LPL, APOC2, or APOAS were screened for GPI
HBP I mutations. A C-to-G transversion in exon 4·of GPIHBPI 
(c.320C> G; p.Sl07C) was identified in a 46-year-old female 
with chylomicronemia. Her body mass index was normal. Her 
fasting plasma triglyceride level was 3,164 mg/dl; the fasting 
glucose and thyroid'-stimulating hormone levels were normal. 

The proband was first noted to have chylomicronemia at age 
40 after presenting with epigastric discomfort and a plasma 
triglyceride level o~' 2,OSO mg/dL Subsequently, her fas ting 
plasma triglyceride levels ranged bet\'1een 1,247 and 6,448 
mg/cll, although one value was as low as S05 mg!cU (when she 
adhered to a low fat diet and gemfibrozil treatment). The epi
gastric discomfort recurred episodically, but a diagnosis of pan
creatitis was never established. She did not have eruptive X ::\n

thomas. She reported two uneventful pregnancies. 
The family pedigree is shown in Fig. 1, and the plasma lipid 

levels for all available family members are recorded in Table 2. 
Two of the proband's brothers had a history of chylomicrone
mia but had lower plasma triglyceride levels than the proband. 
Beth were homozygous for the p.5107C mutation (Fig. 1). Six 
family members weye heterozygous for the p.S107C mutation, 
and all but subject II-2 had normal plasma triglyceride levels 
(Table 2) . No GPIHBPI mutations were encountered in III 
Ilormolipemic control subjects. 

The preheparin plasma LPL levels in the three homozygotes 
were much lower than in the other family members (Table 2). 
The postheparin LPL plasma levels in the proband were 
extremely low (127 ng/ml), <5% of those in normolipidemic 
control subjects (3,'L4,O ::!: 321 ng/ml. n = 9). 
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TABLE 2 

Clinical and molecular characteristics of the proband and her family 
'1 G, trigl),ceride; Te, total cholesterol; HDL-c' high density lipoprotein cholesterol. 

Subject Age Sex 
APOE 

genotype 
GPIHBPI 
genotype TG TC HDL-C 

Pre-heparin 
LPL mass 

Fibrnle 
therapy 

1-2 
H-I 
11-2 
11-6 
fl-7 
11-8 
11-9 
11-10 
1II-1 
111-2 

Yr:.ar.s 
86 
61
62 
52 
50 
46 
49 
43 
24 
19 

F 
M 
F 
F 
F 
F 
M 
M 
F 
F 

£3/£3 
B/£3 
B/E3 
BIB 
BIB 
[3/£4 
£3/£3 
£3/[4 
£3/£4 
E3/E3 

wt/p,Sl07C 
p,$107C1p,$107C 
wt/p,S l07C 
wt/p,S107C 
wt/p,Sl07C 
p,SI07C/p,S107C 
wl/wt 
p,$107C/p,SI07C 
wt/p.S107C 
wt/p.SI07C 

mgldl 
108 
842 
338 
\52 
127 
3,161
97 
673 
87 
40 

I/Igldl 
206 
158 
265 
248 
288 
385 
234 
107 
188 
148 

mgldl 
43 
16 
47 
46 
69 
32 
43 
13 
11 
50 

nglmt 
368 
32 
6]5 
535 
283 
23 
184 
23 
295 
336 

No 
Yes 
No 
No 
No 
Yes 
No 
No 
No 
No 

Testing the Effect ofthe 5107C Mutation on the Trafficking of 
GPIHBPI to the Cell 5urface-Ser-107 in the GPIHBPI Ly6 
domain is conserved from the egg-laying platypus to humans, 
and both PolyPhen-2 and SNP3D predicted that the Sl07C sub
stitution would-be deleterious to protein function . Because the 

Si07C mutation introduces a new cysteine and a free thiol 

group into the GPIHBPI Ly6 domain, we suspected that the 

mutant protein might be misfolded and manifest impaired 
t ra fficking to the cell surface. To test this idea, we expressed 

wild-type GP1HBPl and GPIHBP1-SI07C in CHO cells and 
q uantified the amount of GPIHBPl on the cell surface. As an 
experimental control, we tested GPIHBPI-N78Q/N82Q, 
where N-linked glycosylation is absent and trafficking to the 

cell sl\rface is known to be impaired (21) . We also tested 

GPIHBP1-S107A. The Sl07C and Sl07A mutations bad little 

effect on the amount of GPIHBPl that reached the cell surface 

(95.9 == 0 .6 and 87.7 == 2.l % of wild-type GPIHBP1, respec
tively) (Fig. 2) . As we expected, reduced amounts ofGPIHBP1

N78Q/NH2Q reached the cell surface (39.7 == 0.1 % of wild-type 
G PIHBP1) . 

Testing Whether GPIHBP1-SI07C Forms Multimers-We 
speculated that the extra, unpaired cysteine in the Ly6 domain 

o~ GPIHBPl-S107C might lead to the formation of disulfide 

bonds between two GPIHBPI proteins, resulting in dimer for
mation. To test this idea, we transfected CHO cells with wild

type GPIHBPl, GPIHBPl-S107C, or GPIHBP1-SI07A and 

then released GPIHBPI from the surface of the cells with 

PIPLe. The PIPLC-released proteins we':e then analyzed by 

SDS-PAGE and Western blotting under both reducing and 
n::mreducing conditions. In the setting of reducing conditions, 

Western blots revealed similar amounts ofwild-type GPIHBPl, 

GPIHBPl-SI07C, and GPIHBPl-S107A; all proteins migrated 
at -28 kDa {Fig. 3A, middle pane{J . However, in nonreduced 
s~mples, there were obvious differences. Virtually all of the 
GPIHBPl-Si07C W<lS in the form of dimers and multimers, 
and 28-kDa monomers were undetectable. With wild-type 
GPIHBPl, there were substantial amounts of monomers, 
and with GPIHBP 1-S107A, there were intermediate levels of 
monomers (Fig. 3A, top panel) . 

To test whether the formation of GPIHBPl-S107C multi
mers was a unique feature of the CHO expression system, we 
expressed soluble versions of human GPIHBPI proteins in Dro
sophila 52 cells, a cell line that is commonly used to express 

proteins of the Ly6 family {24, 25, 28}. The soluble GPIHBPI 
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FIGURE 2. Assessing the cell surface expression of GPIHBP1-S107C. A, 
Western blot to assess the amount of GPIHBPI on the surface of CHO-Kl cells. 
Cells were electropor'ated with S-protein-tagged wild-type or mutiint 
GPIHBPl constructs. 24 h later, the cells were washed and incubated for 2 h at 
4·C with a rabbit polyclonal antibody against the S-protein tag (10 iL9/ml). 
After washing the cells, Western blotting was performed on ceillysates with 
an antibody against rabbit IgG (green; to assess the amount of the rabbit 
anti-S-protein antibody bound to GPIHBPl on the surface of cells) and a goat 
polyclonal against the S-protein tag (red; to assess total levels of GPIHBPl 
expression in cells). 8, bar graph of GPIHBPl expression on the cell surface 
(mean:!: S.E. (error bars) of four replicate measurements). The amount of 
GPIHBPI on the cell surface was normalized to total GPIHBPl expression In 
cells and plotted as a percentage of the ratio observed with wild-type 
GPIHBPI (set at 100'Yo).itatistical analysis was by one-way analysis of I:ari
ance; ..... , p < 0.05. 

ccntained an amino~terminal uPAR tag {detectable with anti

body R24} and a carboxyl-terminal tag from mouse GPIHBPI 
(detectable with antibody l1A~2) . High levels of wild-type 
GDIHBP1, GPIHBP1-S107C, and GPIHBPl-S107A were 

secreted from the Drosophila cells, as judged by Western blots 
of media samples run under reducing conditions (Fig. 3B, bot
tom two panels). When we examined samples that had been run 

LInder nonreducing ,:onciitions, most of the wild-type GPIHBPI 

was monomeric although some was in the form of dimers and 
multimers (as judge;;! by the antibody llA12 Western blot) {Fig. 
3B, top three panels}. In contrast, nearly all of the GPIHBPl
S107C was in the form of dimers and multimers. GPIHBPl

SID7A exhibited intermediate amounts of monomers (Fig. 3B, 
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FIGURE 3. Assessing the electrophoretic migration of GPIHBP1-Sl 07e under reducing and nonreducing conditions. A, electrophoretic migration of the 
GPIHBPI released by PIPLC from the surface of GPIHBP1-transfected cells. CHO-K1 cells were electroporated with S-proteln·tagged wild-type or mutant 
GPIHBPI constructs. 24 h later, the cells were washed and incubated for 20 min at 37 ' C with PIPLC (16 units/ ml) to release GPI-anchored proteins. Western 
bl0tting was performed on ceillysates under reducirrg conditions (R) and on the PIPLC-released proteins under nonreducing (NR) and reducing conditions. All 
samples were denatured in 1 % lithium dodecyl sulfate for 10 min at 70 'c. Actin (red) was used as a loading control. The location of GPIHBPI monomers (- 28 
kDa) is indicated with an arrowhead. B, electrophoretic migration of soluble human GPIHBP I secreted by Drosophila 52 cells. Soluble GPIHBPI proteins 
cCHaining an amino-terminal uPAR tag (detectable with antibody R24) and a carboxyl-terminal mouse GPIHBPl motif (detectable with antibody 11 A12) were 
expressed in Dr050phila 52 cells. Antibody R24 binds preferentially to properly folded monomers, whereas antibody l1A12 binds to both monomers and 
muitimers. All samples were denatured in 1 % lithium dodecyl sulfate for 10 min at 70 ' CO Proteins were separated under nonreducing conditions (NR; 
conditioned media, top three panels) and reducing conditions (R; conditioned media and ceillysates, bottom two panels). GPIHBPI proteins were detected ""ith 
lildye680-conjugated antibody 11 A12 (red) and an IRdye800-conjugated antibody R24 (green) . The GPIHBPI monomer (- 38 kDal is indicated with an arrow
I:~ad. C, quantification of the ratio of monomeric to total GPIHBPI expressed as the percentage of the ratio observed with wild-type GPIHBPI (set at 1 00%). The 
intensity of the GP!HBP1 monomers and the entire lane (total GPIHBP1) was quantified with a Li-(or infrared scanner. Shown are mean ratios:':: S.E. (error bars) 
of three independent experiments. Statistical analysis was by two-way analysis of variance (mutant versus wild-type); " p < 0.001; ... , p < 0.0001. 

top three panels). The S107C mutation reduced the amount of 
monomers in the media by 85-95%, and the S107 A mutation by 
45- 60%, as judged by quantitative analysis of the Western blots 
with a Li-Cor scanner (Fig. 3C) . In the case of the antibody R24 
Western blot, we detected almost exclusively monomeric pro
tein, simply because antibody R24 has a strong preference for 
the properly fclded uP AR Ly6 domain Ill. R24 does not bind to 
uPAR after it has been subjected to reducing agents . 

To determine whether mLlltimerization occurs inside the cell 
or only after reaching the cell surface, we examined the migra
tion pattern under non reducing condition.> of celllysates pre
pared from CHO-Kl cells that had been transfected with wild
type GPIHBPI or GPIHBP1-S107C and then treated with 
P PLC. Multimers could be detected in the cell lysates both 
with wild-type GPIHBP1 and GPIHBP1-S107C (Fig. 4), sug
gesting that multimeri zation begins before GPIHBPl reaches 
the cell surface. Interestingly, 16% ofint;acellular GPIHBP1
Sl07C was monomeric (Fig. 4), whereas monomers repre
sented only 1 % of the PIPlC-released material (Fig. 3A), imply
ing that multimerization continues at the cell surface. 

Multimers were also detected in cells lysates ofDrosophila S2 
cells that had been transfected ",rjth wild-type GPIHBP1 and 
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GPIHBPl -SI07C (Fig. 4) . For wild-type GPIHBP1, monomers 
represented 12% of intracellular GPIHBP1 (Fig. 4) whereas up 
to 50% of the secreted protein was monomeric (Fig. 3, B and C). 

This suggests that some misfolded proteins are targeted far 
degradation in Drosophila cells. For GPIHBPl-SI07C, mono
mers only represented 4.4% of the intracellular protein (Fig. 4..) 
and 3.5% of the secreted mutant protein (Fig. 3, B and C), sug
gesting that large amounts of misfolded proteins could over
whelm the quality centrol systems of the cell. 

Testing the LPL-binding Properties ofthe Wild-type GPlHBP 1 
Produced by Insect Cells-Because the uPAR domain U1
GPIHBPI fusion protein contains two sequential ly6 domains, 
we first determineci whether the soluble wild-type GPIHBPI 
secreted by Drosophila cells is capable of binding lPL. We 
mixed the medium from the GPIHBP1-expressing Drosophila 
S2 cells with the medium of CHO cells that expressed a 
V5-tagged human LPl and agarose beads coated with the lPl
specific monoclonal antibody 5D2 (20) . After 1 h, the beads 
were washed, and the lPL (including any lPl-GPIHBPl com
plexes) were eluted from the antibody-coated beads by heating 
in SDS-PAGE sample buffer. The starting material. unbot:.nd 
fractions, wash saP1ples. and elution samples were then exam-
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52 
FIGURE 4. Assessing the electrophoretic migration of intracellular 
GPIHBP1-S107C under reducing and nonredudng conditions. CHO-K1 
cells were electroporated with S-protein-tagged wild-type or GPIHBP1-S 1 07C 
constructs. 24 h later, the cells were washed and fncubated for 20 min at 37 ·C 
with PIPLC (16 units/mil to release GPI-anchored proteins. Soluble forms of 
GPIHBP1 proteins containing a carboxyl-terminal mouse GPIHBP1 motif 
(detectable with antibody 11A12) were expressed in Drosophila 52 cells. 
\',festern blotting was performed on ceillysates under nonreducing (NR, top 
panef) and reducing (R, botrom panef) conditions. All samples were denatured 
in 1% lithium dodecyl sulfate for 10 min at 70 °C. GPIHBP1 proteins were 
detected with a goat polyclonal antibody against the S-protein tag (CHO cells; 
green) or an IRdye680-conjugated antibody 11 A12 (52 cells; red). The location 
of GPIHBPI monomers is indicated with an arrowhead (-28 kDa for CHO-K1 
cells; -38 kDa for Drosophila 52 cells). . 

ined by SDS-PAGE under reducing conditions. Western blots 
revealed both the human GPIHBPl protein ?\1d LPL in the elution 
material. indicating that the immobilized LPL captured the soluble 
uPAR-GPIHBPI fusion protein (Fig. SA. top panels) as effi
ciently as the soluble untagged GPIHBPI produced in CHO-Kl 
cells (Fig. SB, top panels). 

We hypothesized that only monomeric GPIHBPI would 
bind LPL. To explore this idea, we ran the same samples under 
nonreducing conditions and performed Western blotting with 
monoclonal antibody llAl2. For the GPIHBPI produced in 
Drosophila cells, substantial amounts of dimers and multimers 
were present in the starting material. unbound fractions, and 
'Nash fractions. Only 26% of GPIHBPI was monomeric in the 
s~arting materia\, whereas 91.% of the GPiHBPl that co-eluted 
with LPL was monomeric (Fig. SA, bar graph), demonstrating 
that LPL binds almost exclusively to monomeric GPIHBPI 
(Fig. SA, bottom panels). Similar results were obtained with 
lintagged wild-type mouse GPIHBPI secreted by CHO-Kl cells 
(Fig. SB). Only 11%of GPIHBPI was monomeric in the starting 
material, whereas 66% of the GPIHBPI that co-eluted with LPL 
was monomeric (Fig. SB). 

Assessing the Ability of GPIHBP1-5107C to Bind LPL-Be
cause multimers appeared to have little capacity to bind LPL 
ar>.d because GPIHBPI-SI07C exists alm:Jst exclusively in the 
form of dimers and l11uJtimers, we suspected that GPIHBPl
SI07C would not bind to LPL. To test this prediction. we llsed 
both cell-based and cell-free LPL-GPIHBPI binding assays. In 
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the cell-based assay, we incubated GPIHBPI-transfected CHO 
cells with V5-tagged human LPL in the presence or absence of 
heparin (which inhibits LPL binding to GPIHBPl) (29). After 
washing the cells, the binding of LPL to the GPIHBPl-express
ing cells was assessed by performing Western blotting on cell 
extracts. Cells expressing wild-type GPIHBPI bound LPL 
avidly, and the amount of binding was reduced by heparin (Fig. 
6A) . The amount of LPL binding to cells expressing GPIHBPl
S107C and GPIHBPI-C68G was negligible (0.2 and 1 % of wild
type control, respectively) (Fig. 6A). The inability of GPIHBPl
C68G to bind to LPL is consistent with an earlier study by 
Olivecrona et al. (16). GPIHBPI-SI07A, which displayed an 
intermediate ability to form monomers (Fig. 3), retained some 
capacity to bind LPL (14% of wild-type GPIHBPl) (Fig. 6A). 

In the cell-free assay. we mixed the soluble GPIHBPI fwm 
Drosophila 52 cells with VS-tagged human LPL and antibody 
11 Al2-coated agarose beads. After washing the beads, 
GPIHBPI and any GPIHBPl-bound LPL were eluted with 0.1 M 

glYCine, pH 2.7. The'amounts of GPIHBPI and LPL present in 
the eluate were assessed with Western blotting. With wild-I:) pe 
GPIHBPl, both GPIHBPI and LPL were present in the eluate, 
indicating that the' immobilized GPIHBPI binds LPL. Wi;h 
GPIHBPl-S107C and GPIHBPI-C6SY. LPL binding was only 
0.3 and 2%, respectively, of that with wiJd-I:)'pe GPIHBPl, indi
cating that these mutant proteins were incapable of binding 
LPL (Fig. GB). 

DISCUSSION 

GPIHBPI is responsible for picking up LPL within the inter
stitial spaces and shuttling it across endothelial cells to the cap
illary lumen (1) . Earlier studies showed that missense muta
tions in the GPIHBPI Ly6 domain interfere with LPL binding 
and transport and cause severe hypertriglyceridemia (12.13,15. 
16, 21, 23). However, how these mutations alter GPIHBP1 
structure and impai~ LPL binding has been unclear. OUf lack of 
understanding of GPIHBPI missense mutations stands in con
trast to the situation with the LDL receptor, where multiple 
missense l11utationspave been classified into distinct categories 
based on molecular mechanisms {e.g. defective trafficking of the 
receptor to the cell surface. defective ligand binding, inability to 
localize to clathrin-coated pits) (30). In the present study, we 
identified a new GPIHBPI missense mutation, S107C, in a f~m
ily with hypertriglyceridemia and uncovered the mechanism of 
disease. This mutation, which introduces an extra cysteine into 
the Ly6 domain, resulted in multimerization of GPIHBPl. The 
propensity of GPIHBP1-SI07C to form dimers and multimers 
was documented with the GPI-anchored form of the protein in 
mammalian cells and with a secreted version of the protein in 
Drosophila 52 cells. We went on to show, using cell-based and 
cell-free binding assays, that the GPIHBPl-S107C lacked the 
ability to bind LPL. The failure of the GPIHBPI-SI07C to bll1d 
LPL made perfect sense because we showed, using an immuno
precipitation assay, that only GPIHBPI monomers are capable 
of binding LPL. The. most parsimonious explanation is that~he 
formation of intermolecular disulfide bounds destabiEzes 
GPIHBPl, results in the misfolding of the Ly6 domain and 
aggregation, disrupting the GPIHBPI-LPL binding site andior 
sterically blocking the access oHPL to its binding site. Addi
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FIGURE S. Testing whether GPIHBPl dimers and muhimers are capable of binding LPL. The conditioned medium of GPIHBP1-transfected (HO-K1 or 52 
<ells was incubated with VS-tagged human LPL and antibody S02-coated agarose beads for 1 h at 4°C. After washing the beads, the LPL along with any 
LPL-bound GPIHBP1 was released from the beads by heating in sample loading buffer. Western blotting under reducing conditions (top panels) or nonreducing 
conditions (botrom panels) was performed on the starting material. the unbound fractions, the wash f,actlons, and elulion fractions with an IRdye800
conjugated anti-VS antibody (rop panels, green), and an IRdye680-conjugated antibody 11 A12 (rop and borrom panels, red). A, 502 bead assay performed with 
conditioned medium from GPIHBP1-transfected Orosophila 52 cells. The intensity of the GPIHBPl monomers and the entire lane (total GPIHBP1) was quantified 
in each fraction with a U-(or infrared scanner. The bar graph represents the ratio of monomeric to total GPIHBPl in each fraction. B, 502 bead assay performed 
with conditioned medium from GPIHBP1-transfected (HO-Kl cells. The bar graph represents the ratio of monomeric to total GPIHBPl detected in each fraction 
with a U-(or infrared scanner. Of note, monomeric GPIHBPl eluted from the S02-coated beads even in the absence of ;ldded VS-tagged human LPl. Th16 is 
I;kely due to the production of hamster LPL by (HO-Kl cells (37). Inset, Western blot showing the presence of endogenous hamster LPL (haLPL) il" the 
conditioned medium from (HO-Kl cells (CHO) and CHO cells that had been stably transfected with V5-tagged human LPL (CHO-huLPL) (26). The haLPL was 
detected with a goat anti mouse LPL antibody followed by an IRdye680-conjugated donkey anti-goat IgG (red, panel A). V5-tagged human LPL (huLPL-VS) was 
detected with antibody 502 followed by an IRdye800-conjugated donkey anti-mouse IgG (green, panel A) or with an IRdye800-conjugated anti-VS antibody (green, 
panel B).Antibody 502 cross-reacted with haLPL (panel A). 

tional studies wiij be needed to determine whether the same 
mechanism applies to some or all of the previously identified GPI
HBPl mutations associated with chylomicronemia (11-18) . 

The Sl07C substitution had little effect on the trafficking of 
GPIHBPI to the surface of CHO cells or on the secretion of 
soluble forms of GPIHBPJ in Drosophila 52 cells. This result is 
consistent with earlier studies showing that the substitution of 
conserved cysteines in the GPIHBPI Ly6 domain with alanines 
had little effect on the trafficking of GPIHBPI to the cell surface 
(23). The absence of significant effects of cysteine mutations on 
GPIHBPl trafficking in mammalian cells (or on the secretion of 
soluble GPIHBPI from insect cells) was somewhat surprising 
and may represent a property specific to GPTHBPI. In our own 
studies, we found that a cysteine mutation in SLURPl (a 
secreted Ly6 protein) virtually eliminates the secretion of 
SLURPl from CHO-Kl cells.4 Also, a c/steine mutation in 
CO59 (a GPI-anchored Ly6 protein) markedly reduces the 
amount of C059 on the surface of blood mononuclear cells 
(31) . Moreover, cysteine mutants in the ligand-binding domain 
of the LOL receotor do not traffic to the cell surface (30). On the 
other hand, cysteine mutations in the extracellular domain of 
Notch3 can cause vascular dementia without affecting the traf

• A. P. Beigneux, unpublished observations. 

ficking of Notch3 to the cell surface (32). Why GPIHBPI cys
teine mutations have little or no impact on protein trafficking is 
unclear but it is tempting to speculate that protein dimerization 
and multimerization might allow GPIHBPI to escape the sur
veillance mechanisms that would ordinarily target misfolded 
proteins for degracl2.tion . 

It was surprising that some disulfide-linked dimers and 
multimers also formed with wild-type GPIHBPl. This was the 
case in both the CHO cell and insect cell expression systems. 
The in vivo relevance of this observation is unclear. It is possible 
that multimerization of wild-type GPIHBPI is a peculiarity of 
CHO cells or Drosophila 52 cells or that it is a consequence of 
protein overexpression. However, there is evidence that mu'tti
mers of Ly6 proteins could occur normally. Fletcher et at. (33) 
released C059 (a GPI-anchored Ly6 protein) from the surface 
ofb!ood cells with P PLC, separated the proteins by SOS-PAGE 
under nonreducing conditions, and then performed Westem 
blotting with a C059-specific monoclonal antibody that was 
capable of binding to improperly folded versions of C059. In 
their Western blot, CO 59 monomers were the predominant 
species in the PIPLC-relensed material, but there were also sig
nificant amounts of dimers and higher order multimers (33). 

Our study was also informative frolll the clinical perspective. 
First, our stuclies indicate that GPIHBP1 mutations are uncom-
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F~GURE 6. Assessing the ability of GPIHBP1-S1 Ole to bind LPL A, testing 
the binding of LPL to GPIHBPI on the surface oJ mammalian cells. CHO-Kl 
cells were electroporated with empty vector or S-protein-tagged versions of 
wild-type or mutant GPIHBPI constructs. 24 h later, the cells were incubated 
for 2 h at 4 "( with V5 -tagged human LPL in the absence or presence of 
heparin (250 units/mI). After washing the cells, LPL binding to cells was 
assessed by performi!"\g Western blotting of ceillysates with an anti-VS anti
body (green). In a separate Western blot, GPIHBPI expression was assessed 
w;th an S-protein-specific antibody (green). Actin (red) was used as a loading 
control. 8, a cell-free assay to test the ability ofLPL to bind to soluble GPIHBPI. 
Drosophila 52 cells were transfected in triplicate wells with secreted versions 
ofwild-type or mutant GPIHBPI proteins containing an amino-terminal uPAR 
tag and carboxy l-terminal mouse GPIHBPI sequences (detected by antibody 
l1A 12). At the end of the 3-day induction, GPIHBP1-transfected cells were 
pooled and pelleted, and the conditioned medium was concentrated 6-fold 
wit~ Amicon Ultra 10 MWCO filters. The conditioned medium from wild-type 
ane mutant GPIHBPHransfected cells was then incubated with VS-tagged 
human LPL and 11 A12-coated beads for 1 hat 4 "c. After washing the beads. 
GPIHBPI and any GPIHBP1 -bound LPL were released f~om the beads with 0.1 
M glycine, pH 2.7. Western blo tting was performed):l the starting material. 
unbound fractions, wash fractions, and elution fractions with an IRdye800
conjugated anti -VS antibody (green) and an IRdye680-conjugated 11A 12 
antibody (red). 

mon in Thailand. even in a cohort of hypertriglyceridemic 
patients where mutations in LPL, AP0C2, and APOAS had 
b'~n excluded. The low frequency of GPIHBPJ mutations in 
the Thai population is consistent with findings from similar 
patient populations in North America and Europe (iI-IS, 34). 
Second, our study revealed that GPIHBPJ mutations are asso
ciated with very low levels of LPL in the preheparin plasma. 
T'lere had been suggestions that this might be the case (15, 16), 
belt the data in the current study solidify t his finding and also 
provide a good reason to believe that the levels of LPL in the 
preheparip. plasma reflect levels of LPL along capillary lumen. 
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Third, the proband had very lowleveJs of LPL mass in the pos
theparin plasma, suggesting that most of the LPL released into 
the plasma in humans is from intravascular stores of LPL. In 
GpihbpJ knock-out mice. the postheparin LPL levels incre'lse 
to levels approaching those in wild-type mice, but the dose of 
heparin administered to mice (on a mg/kg basis) is much higher 
than the dose given to human subjects (35). 

An intriguing finding in the present studies was that two 
homozygotes identified through the family investigation had 
only moderately increased plasI"Da triglyceride levels. In con
trast, the proband had severe hypertriglyceridemia. Like the 
proband in our family, nearly all of the previously described 
probands with GPIHBP1 mutations had severe hypertriglyceri 
demia and associated phenotypes (e.g. pancreatitis, eruptive 
xanthomas) (11-15). Together, these reports have created the 
impression that GPIHBPI deficiency typicaUy results in severe 
hypertriglyceridemia along with all of the expected comorbidi
ties. The fact that two of the homozygotes in this study had only 
moderately elevated plasma triglyceride levels raises the possi
bility that the view that GPIHBP1 mutations invariably cause 
severe hypertriglyceridemia could be the result of ascertain
ment bia~ and that broader screening efforts might eventually 
identify GPIHBPI deficiency as a cause of mild to moderate 
hypertriglyceridemia. Ascertainment bias has been well docu
mented in the case of LDL receptor mutations and familial 
hypercholesterolemia. The plasma cholesterol levels in familial 
hypercholesterolemia heterozygotes identified by the presence 
of ischemic heart disease and tendon xanthomas are higher 
than those in familial hypercholesterolemia heterozygotes 
identified through family or population studies (36). 
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BACKGROUND: Severe hypertriglyceridemia usually results from a combination of genetic and envi
ronmental factors. Few data exist on the genetics of severe hypertriglyceridemia in Asian population&. 

OBJECTIVE: To examine the genetic variants of 3 candidate genes known to influence triglyceride 
metabolism, LPL, APOC2, and APOA5, which encode lipoprotein lipase, apolipoprotein C-II, and apoli
poprotein A-Y, respectively, in a large group of Thai subjects with severe hypertriglyceridemia. 

METHODS: We identified sequence variants of LPL, APOC2 , and APOA5 by sequencing exons and 
exon-introll junctions in 101 subjects with triglyceride levels 2! 10 mmollL (886 mg/dL) and compared 
with those of III normotriglyceridemic subjects. 

RESULTS: Six different rare variants in LPL were found in 13 patient.s, 2 of which were novel (I het
erozygous missense variant: p.Arg270GLy and I frameshift variant: p.Asp308Glyfs*3). Four previously 
identified heterozygous missense variants in LPL were p.ALa98Thr, p.Leu279Val, p.Leu279Arg, and 
p.Arg432Thr. Collectively, these rare variants were found only in the hypertriglyceridernic group but 
not in the control group (13% vs 0%, P < .0001). One common variant in APOA5 (p.GlyI85Cys, 
(s2075291) was found at a higher frequency in the hypertriglyceridemic group compared with the control 
group (25% vs 6%, respectively, P < .0005). Altogether. rare variants in LPL or APOA5 and/or the com
mon APOA5 p.Gly 185Cys variant were found in 37% of the hypertriglyceridemic group vs 6% in the 
controls (P = 3.1 X 10-8). No rare variant in APOC2 was identified. 

CONCLUSIONS: Rare variants in LPL and a common v"lriant in APOA5 were more commonly found 
in Thai subjects with severe hypertriglyceridemia, A common p,Gly 185Cys APOA5 variant, in partic
ular, was quite prevalent and potentially contributed to hypertriglyceridemia in this group of patients. 
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Introduction 

Hypertriglyceridemia is an independent risk factor for 

coronary artery disease, and severe hypertriglyceridemia i~ 
associated with an increased risk of acute pancreatitis. I .
Circulating triglyceride levels are controlled by both 
genetic and environmental factors.'< In severe hypertrigly
ceridemia, genetic factors undoubtedly play an important 
role, and a number of genes that modulate triglyceride 
levels have been implicated. Most of these genes affect tri
glyceride metabolism by impairing triglyceride hydrolysis 
in the circulation:' Lipoprotein lipase (LPL) is a key 
enzyme that hydrolyses triglyceride in lipoproteins, and 
its activity requires 2 other apoiipoproteins, apolipoprotein 
(a po) C-II, a cofactor of LPL, and apo A-V, a modulator of 
LPL function . Deficiency in LPL, apo C-II, or apo A-V. 
leads to defective LPL-mediated triglyceride hydrolysis.4 .~ 
As a result, triglyceride-rich lipoproteins accumulate in the 
bloodstream, causing severe hypertriglyceridemia. 
Sequence variants in LPL, APOC2, and APOA5, which 
encode LPL, apo C-II, and apo A-V, respectively, have 
been shown to underlie severe hypertriglyceridemia in 

• • <i .!)certam patIents. 
To determine the genetic contri butions of various 

genes in complex quantitative traits, 2 genetic appro
aches have commonly been used . The genome-wide 
association studies (GWAS) are nonhypothesis-driven 
methods that can detect common variants with modest 
effect sizes. i The resequencing approach, on the other 
hand, involves deep sequencing of the region known to 
be linked to the extreme phenotype and identifies rare 
v.::xiants of larger effect sizes. ' These 2 complementary 
approaches have been successfully applied to study the 
g~netic determinants of lipid and lipoprotein meta
bolism.'l A pioneer work of Cohen et all 'l using a resequenc
ing approach sh0wed that subjects with low high-density 
lipprotein-choiesterol had higher frequencies of rare 
nonsynonymous variants in ABCAJ, APOAJ, and LCAT. 
Later resequencing studies in subjects with severe hy
pertriglyceridemia identified both rare and common 
variants in GWAS-identified genes (such as LPL and 
APOA5) and non-GWAS-identified genes (such as APOC2 
and LMFl).!I - 14 These studies showed a significant excess 
of rare large-effect variants in candidate genes, which 
could contribute to the pathophysiology of severe hyper
triglyceridemia. . 

. Most of the genetic studies in subjects With extreme 
hy-pertriglyceridemia have been performed I ~l~ost exclu
sively in subjects of Caucasian ancestry, and data 
on the genetic basis of the high-triglyceride phenotype 
in Asians are quite limited . In this study, we systemat
ically examined the genetic contribution of LPL, 
APOC2, and APOA5 to the development of severe 
hypertriglyceridemia in Thai subjects using a resequenc
ing approach . 

Materials and methods 

Subjects 

A computerized database of clinical chemistry results of 
the Department of Clinical Pathology of King Chulalong
korn Memorial Hospital was searched for abnormally high 
triglyceride leveb (=2: 10 mmollL or 886 mg/dL) to identify 
subjects with se'lere hypertriglyceridemia. Ambulatory 
subjects aged at least 20 years who had triglyceride levels 
higher than the above cutoff point on at least 2 occasions 
were invited for recruitment. A complete medical history 
was obtained, and medical records were reviewed for 
pertinent information. Ambulatory normotriglyceridemic 
subjects (triglyceride levels < 1.7 mmollL or <150 mg/dL) 
who had no history of dyslipidemia and were not taking any 
medications known to affect triglyceride levels were also 
recruited. Informed consent was obtained individually, and 
the study protocol was approved by the ethics committee of 
the Faculty of Medicine, Chulalongkom University. The 
human ·protocols were carried out in accordance with the 
Code of Ethics of the World Medical Association (Decla
ration of Helsinki). 

Experiments 

After a 12-hour overnight fast, blood was collected. Sera 
were separated, and DNA was extracted using standard 
techniques. Each exon and exon-intron junction of LPL (10 
exons), APOC2 (4 exons), and APOA5 (4 exons) was indi
vidually amplified by polymerase chain reaction. Details on 
the primers used are available in the Supplemell tal-Y 
rvla tcriaJ. Polymerase chain reaction products were purified 
using ExoSAP-IT (Amersham Biosciences, Buckingham
shire, United Kingdom) and directly sequenced (Macrogen, 
Seoul South Korea) . Identified DNA variants were 
confir~ed in another indeperident experiment. Screening 
of identified variants in the control group was performed 
using either direct sequencing or polymerase chain reac
tion-restriction fragment length polymorphism. 

Bioinformatic analysis 

The nomenclature for the identified sequence variants 
was in accordance with the recommendations of the Human 
Genome Variation Society' (hllr:l!v.·ww.hgvs.org/mllll1 

n tn c.nhec.~-jlru t. h tlll l) . Position I of the cDNA starts at A 
of the ATG-tranSlation initiation codon. As a result, there 
are differences in the variant nomenclature, eg, Leu252Vai 
is now termed p.Leu279Val. All variants were checked in 
the NCBI dbSNP Build 145 (released July 31, 2015). Com
mon variants wer~ defined as a minor allele frequency > 
I% in controls, whereas rare variants were those with a 
minor allele frequency < I % in controls. The functional 



3 Khovidhunkit et al LPL and APOA5 variants in severe hypertriglyceridemia 

consequences of the identified sequence variants were 
determined using several bioinformatics programs, 
including PANTHER (htt pih':ww.pun therdb org), SIFf 
(hllp :l/si l'l.jni.org), and SNPs3D (hllp:llw\\·w.sup,3d. ocg). 
In PANTHER, a substitution position-specific evolutionary 
conservation score < -3, which corresponds to the proba
bility of .5 that a variant is deleterious (P de!eterious), has been 
found to be a cutoff for a functional significance. A lower 
value of Pdeleterious indicates more severe impairment. ; ti 
For SIFf, an amino acid substitution is predicted to be 
damaging if a score is .05 or lower. In the SNPs3D pro
gram, a negative support vector machine score indicates 
that the variant is deleterious . 

Statistical analysis 

Standard statistical analysis was perfonned using SPSS 
software program (version 16, Chicago, IL) . Statistical 
significance between the groups was examined using the 
unpaired Student's t-test or Fisher's exact test. Odds ratio 
(OR) and 95% confidence interval (CI) were calculated 
according to Bland and Altman. 17 A discounting technique 
was used to avoid an infinite OR. P value < .05 was consid
ered statistically significant. Sidak correction was used to 
calculate the lower significance threshold to account for 
multiple testing involved. 

Results 

Subject characteristics 

One hundred one subjects with severe hypertriglycer
idemia and III nonnotriglyceridemic controls were re
cruited. Clinical characteristics of the study subjects are 
summarized in Tahk I. The hypertriglyceridemic group 
had significantly higher ievels of total cholesterol and 
triglyceride and significantly lower level of high-density li
poprotein-cholesterol. The range of the mean triglyceride 
level in the hypertriglyceridemic group was 892 to 

Table 1 Clinical characteristics of the study. participants 

HTG Control 
Variable (n = 101) (n = 111) P value 

Age (y) 48 ::': 11 54 ::': 12 <.001 

Percent female 37% 40% .38 

History of acute 13% 0% <.001 

pancreatitis 
Body mass index (kg/m2) 25 .0 ::': 4.1 24 .0 ::t 4.6 .10 

Total cholesterol (mg/dL) 320 ::t 199 190 ::t 41 < .001 

Triglyceride (mg/dL) 1944 ::t 1532 96 ::t 30 <.001 

HDL-cholesterol (mg/dL) 33 ::t 13 56 :!: 19 < .001 

HDL, high-density lipoprotein; HTG, hypertriglyceridemia. 
Data are presented as mean ± standard deviation or %. 

10,840 mg/dL. Thirteen subjects in the hypertriglyceri
demic group had history of acute pancreatitis whereas 
none in the norrnotriglyceridemic group did. The most 
common potential contributing factors (so-called secondary 
causes) were diabetes mellitus (49%), followed by alcohol 
use (36%, average intake of 30 grams/d of alcohol or 
approximately 2 standard drinks/d), human immunodefi
ciency virus infection (22%), chronic kidney disease 
(10%), protease inhibitor use (8%), oral contraceptive pills 
(4%), and glucocorticoid use (l %). 

Rare sequence ~ariants 

Rare sequence variants in the candidate genes are 
summarized in T,pk ~. We found six rare variants in the 
coding region of LPL in 13% of subjects. Among the six 
rare variants, two were novel. The other four previously 
identified rare variants were all heterozygous missense var
iants (p.Ala98Thr, p.Leu279Val, p.Leu279Arg. and 
p.Arg432Thr) . All these known variants, except 
p.Arg432Thr, have been associated with severe hypertrigiy
ceridemia. IB--':' One novel rare variant was a heterozygou;, 
missense variant, p.Arg270Gly. Using 3 different in silico 
prediction programs, this novel variant and the 
p.Arg432Thr known variant were consistently predicted to 
have a damaging effect on the protein Crable 2) . The other 
novel rare variant was a 23-bp duplication in exon 6, 
c.899_921 dup GGCTCTGCTTGAGTTGTAGAAAG, 
which was predicted to cause a frameshift mutation leading 
to a premature stop codon 3 amino acids downstream 
(p.Asp308Glyfs*3). This rare variant was predicted to 
result in a truncated LPL protein lacking the C-termim~s, 

which is important for interaction with lipoproteins and li
poprotein receptors. Two subjects harbored this rare 
variant: a homozygous man with hypertriglyceridemia 
since childhood and a heterozygous woman with pancrea
titis during pregnancy. None of these rare variants were 
found in III control subjects with normal triglyceric!e 
levels. 

Only 1 rare variant in the APOA5 gene, p.Ser19Trp, was 
found in 2 subjects . This particular variant is, however, 
quite common among Caucasian subjects with severe hy
pertriglyceridemia. I I No rare sequence variants were found 
in APOC2. 

(ommon sequence variants 

One common variant in LPL, p.Ser477Ter (commonly 
known as S447X), was found as summarized in Table 3. 
In our study, this variant was less prevalent in the hypertri
glyceridemic group compared with controls. 

Three commen variants in APOA5, c.-3A>G, p.VaI153
Met, and p.Gly185Cys, were also identified. Both the 
c.-3A>G and the p.Gly185Cys variants were significantly 
more prevalent in subjects with severe hypertriglyceridemia 
compared with controls U ahlc 1). 

http:hllp:l/sil'l.jni.org
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Table 2 Rare sequence variants in the LPL and APOA5 genes 

Variant name Predicted effect at the protein level No. of carriers 

Location DNA level 
Protei n level 
(SNP identifier) 

PANTHER 
(subPSEC score) 

SIFT 
score 

SNPs3D 
(SVM score) 

HTG 
(n = 101) 

Control 
(n = 111) 

Gene: LPL 
Exon 3 
Exon 6 

c.292G > A 
c.808C> G 
c.835C> G 
c.836T> G 
c.899_921dup GGCTCTG 

CTTGAGTTGTAGAAAG 

p.Ala98Thr (rs14567341) 
p.Arg270Gly (novel) 
p.Leu279Val (rs371282890) 
p.Leu279Arg (rs35414700) 
p.Asp308Glyfs*3 (novel) 

-4.02135 
-4.98312 
-3.85059 
-5.49939 

0.05 
0.00 
0.00 
0.00 

-0.73 
-3.72 
-0.13 
-1.16 

3 
1 
5 
1 
2 

0 
0 
0 
0 
0 

Exon 8 c.1295G > C 
Gene: APOA5 
, Exon 3 c.56C > G 

p.Arg432Thr (rs760824086) 

p.Ser19Trp (rs3135506) 

-4.19806 

-4.01626 

0.00 

0.00 

1.16 

3.16 

1 

2 

0 

0 

HTG, hypertriglyceridemia; SIFT, sorting intolerant from tolerant; SNP, single nucleotide polymorphism; subPSEC, substitution position-specific 
evolutionary conservation; SVM, support vector machine. 

Differences in the frequency of sequence 
variants between the 2 groups 

Rare variants in LPL or APOA5 genes were strongly 
associated with severe hypertriglyceridemia. They were 
present cumulatively in 15% of the hypertriglyceridemic 
group compared with 0% in 'controls (carrier OR = 40.0, 
95% CI 2.4-677 .3, P = 8.23 X 10-6, Tabk I) . For the 
common variant, the APOA5 p.Gly 185Cys variant, in 
particular, was present in approximately one quarter (25 
of 10 I) of subjects with severe hypertriglyceridemia 
compared with 7 of 111 controls (carrier OR = 4.88, 
95.% CI 2.0-11.9, P = 2.0 X 10-4

) . In contrast, the LPL 
p.Ser474Ter was marginally associated with a protection 
from severe hypertriglyceridemia (5% of hypertriglyceri
demic subjects were carriers vs 14% of controls, 
OR = 0.31,95% CI 0.11-0.88, P = .02) . 

Combining rare and common variants significantly 
associated with hypertriglyceridemia, 37% of hypertrigly
ceridemic subjects were carriers compared with 6% of 
controls (carrier OR 8.59, 95% CI 3.6-20.4, 
P = 3.08 X 10-8

). 

Table 3 Common sequence variants in the LPL and APOA5 genes 

Sequence vari~nts among subjects with history 
of acute pancreatitis 

Among 13 subjects with history of acute pancreatitis, 4 
had a heterozygous p.Gly185Cys common variant in 
APOA5 without other rare variants, 3 had only rare variants 
in LPL each (p.Ala98Thr, p.Leu279Val, and p.As
p308Glyfs*3), and the other 6 had no identifiable varianis 
that could contribute to severe' hypertriglyceridemia. 

Because of a small number of subjects with acute 
pancreatitis, we fC'..lnd it difficult to associate any particular 
variant with the occurrence of acute pancreatitis. 

Discussion 

Subjects with severe hypertriglyceridemia are at 
increased risk of acute pancreatitis . The genetic component 
in determining triglyceride concentrations in these subjects, 
especially of Asian ancestry, remains unexplored. By 
resequencing 3 candidate genes involved in triglyceride 
metabolism, LPL, APOC2, and APOA5, we observed a 

Variant name Allele frequencies 

Location DNA level Protein level (common name) SNP identifier HTG (n = 101) Controls (n = 111) P value 

Gene: LPL 
Exon 9 c.1421C>G p.Ser474Ter (S447X) rs328 0.030 0.072 .0773 

Gene: APOA5 
Exon 2 c.-3A>G Kozac sequence rs651821 0.550 0.221 2.72 X 10 12 

Exon 4 c.457G>A p.Val153Met (V153 M) rs3135507 0.079 0.072 .8486 
Exon 4 c.553G> T p.Gly185Cys (Gi85 C) rs2075291 0.144 0.032 3.58 X 10-5 

HTG, hypertriglyceridemia; SNP, single nucleotide polymorphism. 

http:0.11-0.88
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Table 4 Carrier frequencies of sequence variants in LPL and 
APOA5 

HTG Controls 
Type of variants (n = 101) (n = 111) P value 

Rare variants 
2: 1 LPL variants 13 (13%) 0 4.23 X 10- 5 

2:1 APOA5 variants 2 (2%) 0 0.2258 
2:1 LPL or APOA5 15 (15%) 0 8.23 X 10-6 

variants 
Common variants 

2:1 APOA5 25 (25%) 7 (6%) . 0.0002 
p.Gly185Cys 

Rare and commGn variants 
2: 1 rare LPL or 37 (37"10) 7 (6%) 3.08 X 10-8 

APOA5 
variants or APOA5 
p.Gly185Cys 

HTG. hypertriglyceridemia. 

strong association of several genetic variants with severe 
hypertriglyceridemia. Rare variants were most abundant 
in LPL, accounting for 13% of subjects. These rare LPL 
variants and the other rare APOA5 variant, p.Ser19Trp, 
were found only in subjects with severe hypertriglyceride
mia and not in the control group. In addition , I common 
APOA5 variant, p.GlyI85Cys, was significantly more prev
alent in the hypertriglyceridemic group. Together, 37% of 
hypertriglyceridemic subjects had 2: 1 rare LPL or APOA5 
variants or a common APOA5 p.Gly 185Cys variant. 

Several studies have used the resequencing approach to 
determine the genetic contribution of candidate genes in a 
variety of extreme lipid phenotypes. Among various genes 
involved in severe hypertriglyceridemia, the highest fre
quency of rare variants was found in LPL, which ranged 
from 6% of subjects in Canada \~ to 34% in Netherlands. ' C 

A larger study in subjects of European ancestry also 
confirmed that LPL harbored the highest number of rare 
variants per kilo base of coding sequence. I: In a study of 
107 multiethnic subjects in Germany with severe hypertri
giyceridemia (triglyceride > 10 mmollL), 13 (12%) sub
jects were carriers of rare variants in LPL.?C, Our results 
showing that rare variants in LPL were more common 
tha!'! those in APOA5 and APOC2 are therefore similar to 
those reported in Caucasians. 

In the present study, 6 rare variants in LPL were identi
fied, 2 of which were novel. Except for p.Arg432Thr, all the 
other 3 previously identified rare variants in LPL 
(p.Ala98Thr, p.Leu279Val, and p.Leu279Arg) have been 
associated with hypertriglyceridemia.' 8-12 In vitro expres
sion experiments have confirmed that these known rare var
iants were pathogenic. For example, the p.Ala98Thr variant 
was associated with a marked reduction in LPL activity and 
secretion. I ~ ," I Both the p.Leu279Arg (previously reported 
as Leu252Arg) and the p.Leu279Va! (also known as 
Leu252Val) variants were associated with undetectable 

LPL catalytic activity in vitro. I
.
X

-
2

(' So far, these 3 known 
variants have been detected only in Asian subjects. 

The known rare variant in ex on 8, p.Arg432Thr, has 
been reported in the NCBI database but has not previously 
been associated with hypertriglyceridemia. Several predic
tion programs have suggested that this variant is deleterious 
to the function of-LPL as the arginine-432 residue is strictly 
conserved across a number of animal species from 
chimpanzee to zebrafish (data not shown). A nearby 
missense variant leading to a substitution of a highly 
conserved glutamic acid-437 with valine has also bee:l 
described in a patient with chylomicronemia.: ~ Although it 
is known that most rare variants causing LPL deficiency are 
clustered in exons 5 and 6:'5 which correspond to the N-ter
minus of the protein, in vitro experiments have further 
shown that the described variant in exon 8, which corre
sponds to the C-tenninal domain of LPL, can affect the for
mation of an active dimer, resulting in the loss of enzymatic 
activity. - , 

Two novel rare variants were identified in this study. The 
first variant was the p.Arg270Gly missense variant due to a 
base change from cytosine to guanine at codon 808. The 
arginine-270 residue is highly conserved across different 
species and another missense variant. p.Arg270Cys, due to 
a base change from cytosine to thymine at the same codon 

"808, has been found in patients of European ancestry with 
familial chylomicronemia. 2

/, The other novel variant was a 
23-bp duplication ' in ex on 6, resulting in a truncated pro
tein. Lack of the C-terminus c'ould affect dimer formation 
of LPL and its interaction with lipoproteins and lipoprotein 
receptors . However, definite proof that these novel rare 
variants are pathogenic requires further functional 
experiments. 

Certain variants in APOA5 were also strongly associated 
with severe hypertriglyceridemia in our study. Only 1 rare 
variant, p.Serl9Trp, was found in 2 subjects with severe hy
pertriglyceridemia and none in the control group. This 
finding is in contrast to what has been reported in Cauca
sians where the p.Ser19Trp variant is a common variant 
in Caucasian popUlations, especially in those with hypertri
glyceridemia. : 1. 12 ;: 7 One common variant, p.Gly185Cys, is 
strongly associated with severe hypertriglyceridemia in our 
study. This particular variant, accounting for approximately 
one-fourth of subjects, is quite prevalent and has been 
found almost e'xclusively in the Asian populations. l ~ .~ <J 
Functional studies have shown that the p.Gly 185Cys 
variant is functionally defective with a reduction in LPL 
activation." ) In our study, no variants in APOC2 were 
found, which is consistent with previous studies that 
APOC2 variants are exceedingly rare. 12 

It is now becoming apparent that genetic variations 
differ among different races and ethnic backgrounds. Our 
results in Thai subjects, representing Asians, illustrate 
certain similarities and differences compared to those 
from previous studies in Caucasians. Similar to report:; in 
Caucasian subjects with severe hypertriglyceridemia, we 
found that in Thai, rare variants in LPL were more common 
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than those in APOA5 or APOC2. In addition , variants in 
APOC2 appeared to be extremely rare. Nevertheless, we 
observed a number of differences as well . First, although 

certain LPL variants, such as p.Asp36Asn and 
p.Asn318Ser, were quite common in Caucasian subjects 
with hypertriglyceridemia, I I . '1." they were not found in 
our study of Thai subjects. Secondly, different common 
APOA5 variants were ethnic-specific. While the p.Ser19Trp 
variant was frequently found in Caucasians, the 
p.Glyl85Cys variant was more common in Asians. Apart 
fro!l1 sequence variants in LPL, APOC2, and APOA5, 
very rare variants were also found in LMFI and GPIHBP1 

14in some Caucasian subjects. 12. Whether variants in LMFI 
and GPIHBPI are comparably rare in Asians remains un
known"1 and is cUiTently under investigation in our 
laboratory. 

In conclusion, rare variants in LPL and APOA5, but not 
APOC2, were significantly more common in the hypertri
glyceridemic group. One common APOA5 variant, 
p.GlyI85Cys, was quite prevalent. Together, approximately 
one-third (37%) of hypertriglyceridemic subjects had 2: 1 
copy of rare variants in LPL or APOA5 or 2: I copy of 
the common APOA5 p.Gly I85Cys . variant. The 
p.Gly 185Cys APOA5 variant might represent a risk marker 
fo~ development of severe hypertriglyceridemia in Asian 
subjects. Our results add to the growing body of evidence 
tha't both rare and common variants in various candidate 
genes play an important role in the pathophysiology of 
hypertriglyceridemia. The genetic basis of the other two
thi rds of these patients is, however, still unknown and 
remains a subject of further investigations. 
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Appendix 

Sequence primer information 

APOC2 gene. 

ApoC2_E2F; 5' ACC AGA GTG GGG CGT GAC CA 3' 

ApoC2_E3R; 5' GCA GTC GGT GGT ATG OOC CAG 3' 

ApoC2_E4F; 5' GCC GCC CAG AAC CTG TAC GA 3' 

ApoC2_E4R; 5'ACT GGG AAG GGG GAG CTC AGT 3' 

.LPL gene. 

LPL_EIF; 5' GGe GAC TIG CTC AGC GCC AA 3' 

LPL_EIR; 5' GAG TCC CTG GGC GCA TCC AC 3' 

LPL_E2F; 5' AGC ATC AGe GGT GGT TGC CT 3' 

LPL_E2R; 5' TGT GGG GTG CGG ACC CAT CA 3' 

LPL_E3F; 5' ACT CAA CTC AAT GCC TIC CTG 


GCT 3' 
LPL.-E3R; 5' ACA GCC GGT T1T CTG GCT CCA 3' 
LPL_E4F; 5' GGC AGA ACT GTA AGC ACC TI 3' 
LPL_E4R; 5' GAA TGA CAG TCT T1T CAC CTC 3' 
LPL_E5F; 5' AGC CAT CCT GAG TGG AAA CTG CT 3' 
LPL_ESR; 5' GGC TGT CTG CCT GGC TCT AAG G 3' 
LPL_E6F; 5' TGA AGG TGG GTG GGC CGC TA 3' 
LPL_E6R; 5' TAC AGG GGA GGG CAG CGA GC 3' 
LPL_E7F; 5' TCC AAG CCA CAC CAG TGG TIC C 3' 
LPL_E7R; 5' GTG CCA TGA TGA CCG CCC CC 3' 
LPL_E8F; 5' GGG GGC AGG GAG AGC TGATCT 3' 
LPL_E8R; 5' AGG CCC CTG AAA TAC AGC CCC T 3' 
LPL_E9F; 5' TGC TCT AGG CTG TCT GCA TGC C 3' 
LPL_E9R; 5' CCT GGG TIG AAG GTC CGG GC 3' 
APOA5 gene. 
APOA5_E2F; 5' GAG CCC CAA CAG eTC TGT GC 3' 
APOAS_E2R; 5' GGC CCT CTG GCC AGC CTC CA 3' 
APOA5_E3F; 5' GOO AGG AGA GCC CAG GCC CT 3' 
A.POA5_E3R; 5' GAG GTT GAG GCA GCA GAG GC 3' 
APOA5_E4.1 F; s' CGG CCT GGA TAT CTG TCC CC 3' 
APOAS_E4.1R; 5' CCC AGT GCe TGC AAA GGC 

TC 3' 
APOA5_E4.2 F; 5' GGT GCT CTC CCG GAA GCT 

CA 3' 
APOA5_E4.2 R; 5' GCC TCT CCC TCC CTA CTC CC 3' 

http:APOAS_E4.1R
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