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(1.06 1 ﬁh) '
g T TR To0.768
5 _(0.751.48) |
Triglycerides 1
{log transformed)

Mon-HDLC
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12,1.92 | (1.11,1.94) |
LDLC/HDLC ratio 1.5 0001 | 1.44 | 0.010
. 29.1. 9,1.79) (1.09,1.91)
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®1.BEHER

FRETS—7UGL FRETF—7HY

n=72 n=51 n=21
Age (years) 62 = 11 61 = 11 65 = 10
Male/female 40/32 23/28 17/48%%
BMI (kg/m2) 25.7 £ 4.7 258 = 5.1 253 = 38
Duration of diabetes (years) 8.5 (3.0-18.0) 7.0 (1.0-7.0) 140 (4.5-21.0)
Hypertension (%) 68% 55% 81%
Metabolic syndrome 62% 61% 65%
Systolic blood pressure (mmHg)  136.1 = 17.6 1368 £ 17.7 1342 = 179
Diastolic blood pressure {(mmHg) 779 & 115 795 + 105 739 £+ 121
current smoking (%) 46% 41% 57%
familyhistory of CAD (%) 21% 24% 14%
retinopathy (%) 35% 31% 43%
nephropathy (%) 42% 37% 52%
neuropathy (%) 58% 57% 62%
HbAlc (%) 99 £+ 20 95+ 19 95 + 2.1
Fasting plasma glucose (mg/dI) 163 £ 53 169 £ 58 150 =+ 36
Total cholesterol (mg/dl) 199 £+ 504 197 = 456 215 = 62.3
LDL cholesterol (mg/d!) 121 £ 403 116 &= 32.2 141 £ 50.4%*
HDL cholesterol (mg/dl) 46.7 = 189 499 + 225 427 + 1.2
Non-HDL cholesterol (mg/dl) 152 * 46 144 = 35 172 + 62%
LDL-C/HDL-C ratio 286 =124 259 x 1.02 3.51 £ 1.49%
Triglycerides (mg/dl) 153 £+ 740 152 + 76.2 157 £ 70.3
White cell count (x109/L) 6.8 = 1.7 67+18 72 + 1.6
C-reactive protein (mg/dl) 0.11(0.08-0.19) 0.12 (0.09-0.19) 0.10(0.07-0.21)
eGFR 830 = 323 83.9 = 360 80.7 £ 213
statin (%) 42% 37% 52%
RAS inhibitors (%) 38% 35% 47%
aspirin (%) 17% 14% 24%

mean CIMT (mm)
Max IMT (mm)

1.10 (0.80-1.50, 0.80 (0.80-1.30)
240 (1.42-3.17, 2.10 (1.20-2.90)

1.40 (1.05-2.35)%*
3.00 (2.30-3.60)**

vulnerable carotid plaque 43% 33% 67%%
*p<0.05, ¥¢p<0.01
£2 FRETT—H OMEIER /(5 A—5—LOBE
VPO VP1 VP2 VP3 p value
n=351 n=6 n=6 n=9
Total cholesterel (mg/dl) 190 (177-203) 203 (164-241) 220 (181-260) 232(199-265) 0.11
LDL chdlesteral (mg/d) 112 (102-123) 126 (109-172) 141 (109-172) 157 (131-183) 0.02
nonHDL chelesterol (mg/d) 143 (131-154) 152 (119-186) 172 (138-206) 194(165-222) 001
HDL chelesterol (mg/dl) 43 (43.52) 50(37-63) 48 (35.61) 39 (27-50) 0.43
LH raio 26 (2329 26(1.8-2.4 3.2(24-41) 423549 <001
Trighycerides (mg/d) 150¢129-171) 133(73-193) 158 (97-219) 182(131-233) 06
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HEBEETHEMT 202 L A70— 0
M, SHIREEILAE, FFISEBHIR ML
FED LRI TH D, KRYEMIR
MAEDE IEMEEN LM E LT
WETLEEZHN, - -dl{nFHIT
fie b WOHE 2 RS W LA 2R PR T L 2
7 O — Vit i (familial hypercholes-
terolemia: FH) Th 4.

FHi& BRMICHLDLa2LA70—
W (LDL-C) idi, (b, + koo
VIR BE LAE & 3 B & 3 20 e {n
HEEU AR B TH L. ~TafS
PRPEFH L -#2 ATT500 A2 T AL &,
PMHUEHAET DL EZLNT WD,
FHix#E & L TLDLZ%H# (LDLR) it
([ FREDEINTH Y, bihvbhokit

Tix, FHEBEKBW Sz o

625% A LDLRHATFZERZA LT
72V, %72 LDLREHT LY # L BT
HL7HRY)REEUB (T HB) Otz
2R %K £+ A familial defective

98(286) The Lipid Vol.21 No.3 2010-7

apolipoprotein B-100 (FDB) 4, FH
DREAIGE T 5. WIKTIRFH & S
SNZBADIOSRIEL SHIETH D
A, DA TIRAEE L VA E b T
HEHIETH L 2 L ebiubiudfiiiy LT
wht,

JESE. LDLR. 7EBIZZ., propro
tein convertase subtilisin/kexin type 9
(PCSK9) iz 12 5% & FH Bai iR 4§
WERDIEHTEN ST A, PCSK9
ity rraFT—£o T, IR
ANy KA S S AL ELCHER
DLDLR 55 f# % Jste U IR i
LDLRIGZC F X222 LT, ho
LDL CMIE\Z WA G2 %, TDi,
FROEJCAE R ST igE ", BRAEAC
FRIZSTIRENR I S, b
M2 vTix, BECKERPCSKY
E32K 2 558 (4 es R muE OB & L
THEEHVEIAAAE$ D 2 L bivbiuiilt
HLEY RORTHES 31T A PCSKY
D374Y 7 X ¥k /R PCSK9 % fx
FH LSO P2 53457 . PCSK9
E32K 2R T3 FH I H U TRIR(G AW

JETH -1,

ARTE, ARERAHYEFH ORI
W DB HbiubiupsiL L
7=, PCSK9 E32K 5t & LDLR #t{= f-
WD T T VT et IR ORI
Wi X OB RIc 2T, M ¥
BENZTHES T 5.

| TG. mgiL |
| HDL-C, mog/dL |
| LDL-C. mg/idl | 306 273

6 3 1
184 629 N.D.
46 111

64 26
103 581

[ PCSK9 E32K

| MLDLR G183S |

MO FIXEHLIUER 770



E &

fiE 9 . 3EDTR (B2 MhF).

FEE I ELC MR EE 2 L (RO,
E3ALEA

F5HE 1 2003417 ) (i 1ig241), TN
il X UM BN IS IR G 2 27279,
HERESB L 831V 2570—L (TC)
629mg/dL, FUZVEF4 F(TG)
11img/dL, HDL 7L 25 0— (HDL C)

MO FEROKEM

26mg/dL, LDL-C 581mg/dL & %] %
FELDL-CMUEASGES S, BRIk
EHEOMEFH L B0 S, 3R
WA FHIRI R L e n .

SEIRT b (R ) - 5 J£99.5em
+0.7 SD), {kili14.3kg (-0.2 SD). IR
B L, MR L. B o8
RGN A L. VMG L. TR,
JETT, iy, o, AR B 7 &t
A% 2 E O Kt ) (H@).

AR AR AST 271U/L, ALT
121U/L, y-GTP 101U/L, LDH2481U/L.
BUN 12mg/dL. Cr 022mg/dL, CK
1471U/L, ALP1018IU/L, WBC 7.800/
uL, RBC 447x10*/uL, Hb 11.8¢/dL.
Ht 352%, Plt 230x10"/uL, TC59%mg/
dL. TG 6lmg/dL, HDL-C 33mg/dL,
LDL-C 519mg/dL, apo AT 90mg/dL.
All 23mg/dL. B 277mg/dL, CI3.3mg/
dL, CHl 70mg/dL, E 69mg/dL, Lp

The Lipid  Vol.21 No.3 2010-7  (287)99



PCSK9 exont (E32K)

[/\ ;./1{;‘;:‘,
.)’K i \,L’lulpx[\.wl

Ty

_[f\//\{ l'./.\/.‘,u{\}x_u ALY

LDLR ex0n4 (C1835) |

Ser‘ 1
TCC
Cys|

CCCCTGCTCGGCCTTGGAGTTCCAC’I’GCCTAAGTGGCGAGTGCATCCACT

REE |

!

Jx‘ﬂ
i Ml

1-/

"r’\‘
A
(
A,z Jl_d

MO FEFIOREFMEY

{a) 34.2mg/dL
FHFNR T 2 — i L IO PR TRy
JEML (0 Amm) ASEREE XN/,

WG FRET

KHCHHERA S0 L7 DNA % 1w
7= LDLR 85 F®H7 2T, BEAHIko

LDLR C183S tc611G > C) £ feA i

angh, YAV r7 = AL

100(288) TheLipid Vol2l No.3 2010-7

LHexy )y Oife. BL U Multiplex
Ligation-dependent Probe Amplifi
cation (MLPA) i#5:42 & 2 KB K J2 -

THUEROKRAETL, LJih%ko
LDLR#HL TER RN SN hh o7,
7., FDBOMWKNER S BoLhk
Molctzi, 25HIZPCSK9 A1 D
Hi#fioz b 2h, Lok
HERIPCSK9 E32K (¢.94G >A) £ NA°
fEZsn: (M0, O).

BRRES

2005E6 H B EF /SRS F dmgN
Mehnst ik, 20074E8 H & h ¥+ 3
Z10mg%iéimL., LDL-Cix271mg/dL
FTTUHLA(RO). Shiltkve, i
MY S % L (HO).

% %

FEHAWIEFH 1L, #1005 A1
AOKHIETHALND ThRRBTH S
%, FHOBRE bz 200 4 Bk
RERT 2., bAETCTEINET,
LDLR #{EFER 1 MO F A,
4 L {{ZLDLRB{EF-ER 2 MMM A
AbIZ L ZHUENTOESEKORNH
HENTEZ. 0, biubiuiPCSK9
E32K% R & LDLR CIS3SERD Y 7
AT OEGERTH R ERGHEFH O
BIRGER2ToZ L2 ML

AHEFMDLDL-C #1258 mg/dL T,
Fhrho~FulEakch g CF
HLDL-C 290mg/dL) D24, ZRIEE
45 il K4 (LDL-C 103mg/dL) ®#)5.64%
Th otz RSOV OB B
S ORI IL, LDLRMfET2 Rk
HARONBERBTHY, T2, 3iEE
T3 TEHNEL PR B R ORIY (0.4 mm)
A s, RERGREFH TRt
WYIR T AL AE R K BRI B RHE A4
FREREL, TR alLX7u—nE

Figi: At bR WIEIZE, #3933
ECUMIEICRE LY. Lisd»>T, &%
HAREFNI LG PHREU®HT LI



& A SO R T L AT a—

FHEEOB AN LETH D,

LDLR #2128 ok B8 KRR
%LDLR % 5BLL fevi7ae, BFNLT
DOLDLR &858 % 4 L TLDL-C 24K
FX42 A% F 2 LORYHEE T,
i3 L A7 00— LA O T I3N#ET

hHZEHNEu. BRI, BIKEA
Bt TH D E XML LDLR Loa7V £

O AGHYTIE, LDLR i -4 5%
By ~T g IR TS - THERTAHEIL
IEEASIE I L R A B, AL
Bz, REROATEFH o ik
WHBUZE O LDL R X7 HBEATY

(mgrdL)
700

600 :
500 !
400 ¢
300 ¢

200 | A
100 —/L/\j

0 b=
2004

2005 2006

2007

2009 2010 (%)

2008

MO EFREAR

T e :

i 2 PE%SQ"((Q L)
a By . B
€ T wsnaon M
5 Tk e A®
5 " rmc %

® PCSKORIZTFREENERA

2 WEOER MM
a3 BEOT7XL AMFEE
(F32mm, A30mm)
1 BEOEM I
47 xR & (515mm, Z16mm)
BT 3 a5

52 Tx L AMEEE (F10mm, £11mm)

43 T L AWM (A 11mm, Z9mm)

U1K 2 MR LT LLDLT 7 2
L — 3 ZAHLARO LS & BhTwb.
1, AIEBITIEE S RA 2 F v 4mg
ONIRINF#Z £ 9 LDL-C {2300 mg/dl.
BEFTEFL, —¥F 3 710mgil
LD S FLCANRO50% L, F
D27 Img/dL EFTHUH L2 (HO). 2L
AFa—MOE FE E bz, 28
VR N R i KB o A
f-BoLTE) (@), Zosirbd
RN L DO RAGREN. b
NDITATEFIDIZ A b 3FDOPCSKY
E32K/LDLR #{5-FER Y 7~T 1O
kR WML TEY, 22, IHRT
b HHT O T WEERE SCER PCSKO 2 5k
EBHORL2HRI L (). wiho
WHITLH, AERE FBCERANC
LI TH-7. FDBE
LDLRB{ET-ERD Y 7 N~T ot
T LDLR BT ER AT
LTHRETH Y, FHSLEUST D &0
IMEABHHIENS', EWLDLR

581

629 m 26

520 287 38 425
345 226 52 248
504 234 41 416
420 153 50 339
322 173 53 248
The Lipid Vol.21 No.3 2010-7  (289)101



BRBLU D D 2 EASRAF it USRS
HUDWTWHEEZLNL, Ao
ENCEWHLET T A WFTE
0%, HHVILDLT7 7L —Y A
BLELON RN L, &Y 5 EaGE
EERT D LT BRI REETE
YEFH & B0 S 7ok ons Itz -4
ROEIERIIRETH S,
bivbhogiicsuw T, PCSK9
E32K ZERHBA #HTlE, PCSK9HF1D
PRERTH S K UM IR IE LA o R %
L Cwalitinge & 55 2 LAVRE ST
V5%, PCSKO O S ASES I i fiE 0 I
WEZo>TWDINSORERTIE, T
HREIPHEATHWDLT v FELr A4 TR
y LK"Y, RNAIY, HPCSK9L
A", epidermal growth factor-like
repeat AT F F'" 2 L0 PCSKOR
WA, BAMGERLE LTEDT
L[N H LS. A5 F LD
PCSK9 DML i BEA LS4 5 & v #E
HoH O™, 2y F LRI DA P
ML LTowigtkd ¢, PCSK9RL
RO ERHED 71D,

BbWIC

FEECHREFHOBRGEZR TS
PCSK9 E32K/LDLR C183S % 7 L~
FOENRERERL, BHNIC L Dif
IR DWTHH L7, 49EMHZLDLR
Az FERREESACH U THEANIC
BAFZBOE L, i TCHOMEFEE b
LHEMY W (M D F N % AR S
FHORE T-BWOLERE EHTD 1T

Vol.21 No.3 2010-7

102(290) The Lipid

b, BB EEATHSOEIN & UK
W HEE 2 oRIE 3 5 TR a0 & £ 2
L7

B & :

IEL 2 <5 1 B s 90 SO o AR 4
MR CS B B 2 WA 7R ) O
W 20~21 $E1E) DEAR T e,

B w
1) Yu W, Nohara A, Higashikata T et
al . Molecular genetic analysis of
familial hypercholesterolemia: spec-
trum and regional difference of
LDL receptor gene mutations in
Japanese population. Atherosclero-
sis 165 (2) . 335-342, 2002
Raslova K. Gasparovic J, Freiber
ger T . Diagnosis and treatment of
familial hypercholesterolemia in
Central-Eastern European Count-
ries. Atherosclerosis Supplements 6
(1) 178-179, 2005
Nohara A, Yagi K, Inazu A et al:
Absence of familial defective apo
lipoprotein B-100 in Japanese pati-
ents with familial hypercholestero-
laemia. Lancet 345 (8962): 1438, 1995
Abifadel M, Varret M, Rabés JP
et al - Mutations in PCSK9 cause
autosomal dominant hypercholes-
terolemia. Nat Genet 34 (2) . 154-
156, 2003
Cohen ], Pertsemlidis A, Kotowski
IK et al | Low LDL cholesterol in
individuals of African descent re-
sulting from frequent nonserise
mutations in PCSK9. Nat Genet 37
(2): 161-165, 2005
Noguchi T, Katsuda S, Kawashiri
MA et al: The E32K variant of

[

3

-~

4

5

6

7)

8

~

9

Qoo

10

~

1D

12)

13)

PCSK9 exacerbates the phenotype
of familial hypercholesterolaemia
by increasing PCSK9 function and
concentration in the circulation.
Atherosclerosis 210(1) . 166-172,
2010

Leren TP Mutations in the PCSK9
gene in Norwegian subjects with
autosomal dominant hypercholes-
terolemia. Clin Genet 65 (5): 419-
422, 2004

Mabuchi H, Miyamoto S, Ueda K
et al: Causes of death in patients
with familial hypercholesterole-
mia. Atherosclerosis 61 (1) . 1-6, 1986
Miyake Y, Yamamura T, Sakai N et
al : Update of Japanese common
LDLR gene mutations and their
phenotypes . Mild type mutation
L1547V might predominate in the
Japanese population. Atherosclero.
sis 203 (1) : 153-160, 2009

Benlian P, de Gennes JL, Dairou F
et al: Phenotypic expression in dou-
ble heterozygotes for familial hyper-
cholesterolemia and familial defec-
tive apolipoprotein B-100. Hum
Mutat 7(4) © 340-345, 1996
Graham M]J, Lemonidis KM, Whip
ple CP et al . Antisense inhibition
of proprotein convertase subtil-
isin/kexin type 9 reduces serum
LDL in hyperlipidemic mice. ] Lipid
Res 48(4) : 763-767, 2007
Frank-Kamenetsky M, Grefhorst
A, Anderson NN et al . Therapeufic
RNAi targeting PCSK9 acutely low-
ers plasma cholesterol in rodents
and LDL cholesterol in nonhuman
primates. Proc Natl Acad Sci USA
105(33): 11915-11920, 2008

Duff CJ, Scott MJ, Kirby IT et al :
Antibody-mediated disruption of



the interaction between PCSK9 and
the low-density lipoprotein recep-
tor, Biochem ] 419(3): 577-584,
2009

14) Shan L, Pang L, Zhang R et al:
PCSK9 binds to multiple receptors

and can be functionally inhibited
by an EGF-A peptide. Biochem Bio-
phys Res Commun 375 (1) 69-73,
2008

15) Dubuc G, Chamberland A, Wassef
Hetal : Statins upregulate PCSK9,

the gene encoding the proprotein
convertase neural apoptosis-regu-
lated convertase-1 implicated in
familial hypercholesterolemia. Arte-
rioscler Thromb Vasc Biol 24 (8) :
1454-1459, 2004

The Lipid Veol.21 No.3 2010~7  (291)103



journal homepage: www.elsevier.com/locate/atherosclerosis

Atherosclerosis 210 (2010) 166-172

Contents lists available at ScienceDirect

Atherosclerosis

The E32K variant of PCSK9 exacerbates the phenotype of familial
hypercholesterolaemia by increasing PCSK9 function
and concentration in the circulation

Tohru Noguchi®~, Shoji Katsuda®, Masa-aki Kawashiri®, Hayato Tada®, Atsushi Nohara?,
Akihiro Inazu ¢, Masakazu Yamagishi®, Junji Kobayashi?, Hiroshi Mabuchi?
3 Department of Lipidology, Graduate School of Medical Science, Kanazawa University, Takara-machi 13-1, Kanazawa 920-8640, japan

b Division of Cardiovascular Medicine, Graduate School of Medical Science, Kanazawa University, Japan
¢ Laboratory Science, Graduate School of Medical Science, Kanazawa University, Japan

ARTICLE INFO

Article history:

Received 25 June 2009

Received in revised form

13 November 2009

Accepted 14 November 2009
Available online 20 November 2009

Keywords:

Familial hypercholesterolaemia
PCSK9

LDLR

Mutation

1. Introduction

ABSTRACT

Objective: Proprotein convertase subtilisin/kexin type 9 (PCSK9) regulates cholesterol trafficking by medi-
ating degradation of cell-surface LDL receptors (LDLR). Gain-of-function PCSK9 mutations are known to
increase plasma LDL-C levels. We attempted to find gain-of-function PCSK9 mutations in Japanese sub-
jects and determine the frequency and impacts of these mutations, especially on circulating PCSK9 and
LDL-C levels.
Methods: PCR-SSCP followed by direct sequence analysis was performed for all 12 exons and intronic
junctions of the PCSK9 in 55 subjects with clinically diagnosed familial hypercholesterolaemia (clinical-
FH), who were confirmed to have no LDLR mutations. Among the mutations detected, PCSK9 E32K was
likely to be a gain-of-function mutation, and screening was performed by PCR-RFLP in clinical-FH and
general Japanese controls. The levels of PCSK9 in plasma from subjects and in media of HepG2 cells
transfected with PCSK9 constructs were measured by ELISA.
Results: We detected 7 PCSK9 variants, including E32K. The frequency of PCSK9 E32K in clinical-FH (6.42%)
was significantly higher than that in controls (1.71%). Three cases representing homozygous FH pheno-
types were double heterozygous for PCSK9 E32K and LDLR C183S, C292X or K790X. Two cases were true
homozygous for PCSK9 E32K; to our knowledge, these are the first true homozygotes for gain-of-function
PCSK9 mutations reported to date. The PCSK9 E32K mutant had over 30% increased levels of PCSK9 in
plasma from the subjects and in media of transiently transfected HepG2 cells as compared with those
in controls. Furthermore, LDL-C levels in the PCSK9 E32K true homozygotes and heterozygotes were
2.10- and 1.47-fold higher than those in controls with comparable circulating PCSK9 levels, respectively,
suggesting enhanced function of PCSK9 E32K.
Conclusions: We found 2 true homozygotes for PCSK9 E32K and 3 double heterozygotes for PCSK9 E32K
and LDLR mutations associated with autosomal dominant hypercholesterolaemia. This study provided
evidence that PCSK9 E32K significantly affects LDL-C levels via increased mass and function of PCSK9, and
could exacerbate the clinical phenotypes of patients carrying LDLR mutations.

© 2009 Elsevier Ireland Ltd. All rights reserved.

tions that increase the degradation of LDLR are referred
to as gain-of-function mutations and cause autosomal dom-

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is the
ninth member of the subtilisin-like serine convertase super-
family [1,2]. PCSK9 regulates plasma levels of LDL-cholesterol
(LDL-C) by directing cell-surface LDL receptors (LDLR) to the
lysosomes for degradation, resulting in reduced clearance and
accumulation of LDL-C in the circulation [3]. PCSK9 muta-

* Corresponding author. Tel.: +81 76 265 2261; fax: +81 76 234 4271.
E-mail address: nogutito@med.kanazawa-u.ac.jp (T. Noguchi).

0021-9150/$ - see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.atherosclerosis.2009.11.018

inant hypercholesterolaemia (ADH) and premature coronary
artery disease (CAD) [4]. Conversely, loss-of-function muta-
tions in PCSK9, which decrease LDLR degradation, are associ-
ated with hypocholesterolaemia and less frequencies of CAD
[5,6].

In the Japanese population, 60-70% of cases of ADH are caused
by LDLR mutation, and no apolipoprotein B mutations have been
identified to date [7,8]. Thus, gain-of-function PCSK9 mutations
could explain a part of the remaining 30% of ADH cases in the
Japanese population.
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The only known function of PCSK9 as a convertase is in auto-
catalytic processing at the VFAQ152|SIP site [2], and unlike the
other proprotein convertases, PCSK9 does not appear to undergo a
second cleavage event to release an active convertase [9,10]. The
prodomain of PCSK9, which binds non-covalently to the mature
convertase, acts as a chaperone to assist the folding of the mature
convertase and also blocks access to the catalytic site of the mature
convertase [1]. It is suggested from these mechanisms that muta-
tions in the prodomain of PCSK9 can markedly affect the function
of PCSK9; in fact, many gain-of-function mutations and loss-of-
function mutations in the prodomain region have been reported
with almost the same frequency as those in the catalytic domain
and C-terminal region [11-13].

Enzyme-linked immunoassays for measuring plasma PCSK9
have been established recently, and circulating levels of PCSK9
as well as sequence variations in PCSK9 have been shown to
affect plasma levels of LDL-C [4,14]. However, the relationship
between mutations and circulating PCSK9 levels in vivo has not
been fully elucidated [15,16]. Characterisation of the effects of nat-
urally occurring gain-of-function mutations in PCSK9 on circulating
PCSK9 and LDL-C levels may provide important insight into the
mechanism by which PCSK9 degrades LDLR.

In this study, we identified a gain-of-function PCSK9 muta-
tion in the prodomain region and clarified their lipid profiles and
circulating PCSK9 levels in comparison to LDLR mutation heterozy-
gotes. We also present data on gain-of-function PCSK9 mutation
true homozygotes and double heterozygotes with LDLR muta-
tions, providing meaningful perspectives regarding the function of
PCSKO9.

2. Materials and methods
2.1. Subjects

In this study, we analysed 514 unrelated patients with clinically
diagnosed familial hypercholesterolaemia (clinical-FH) attending
the lipid clinic of Kanazawa University Hospital or the affiliated
clinics in the Hokuriku district and 351 general Japanese men
attending the medical clinic for their annual health examinations in
the same district as controls. The diagnosis of FH was made accord-
ing to the following criteria: (1) primary hypercholesterolaemia
(total cholesterol above 230 mg/dL) with tendon xanthomas or
(2) primary hypercholesterolaemia with and without tendon xan-
thomas in first-degree relatives of hypercholesterolaemic patients
[17].

Screening was performed in the 514 subjects with clinical-FH,
and 262 (51.0%) were confirmed to have mutations in LDLR. The
two most common LDLR mutations were c.2431A>T mutation in
exon 17 (K790X, 16.8%) and ¢.2312-3C>A mutation in the splice
acceptor region of intron 15 (IVS15-3C/A, 4.5%). Of the remaining
252 subjects whose mutations were unidentified, 55 subjects were
randomly assigned to a PCSK9 mutation screening study to detect
gain-of-function PCSK9 mutations. Among the sequence variations
detected, the relatively common ¢.94G>A variant (E32K) in the
prodomain region of PCSK9 was likely to be a gain-of-function
mutation, and a larger scale screening was performed by restric-
tion fragment length polymorphism (RFLP) in 514 clinical-FH and
351 general Japanese controls to determine the frequency of the
PCSK9 E32K variant. Relatives of PCSK9 E32K carriers were further
screened for PCSK9 E32K and LDLR mutations.

2.2. Lipids and PCSK9 measurements

Serum total cholesterol (TC), triglyceride (TG) and HDL-
cholesterol (HDL-C) concentrations were determined at accredited

clinical laboratories using routine clinical methods. LDL-cholesterol
(LDL-C) concentrations were calculated using the Friedewald
equation as there were no subjects with serum triglycerides
>400mg/dL in the present study population. To distinguish the
effects of gene mutations on circulating PCSK9 and LDL-C levels,
plasma PCSK9 concentrations were determined using an enzyme-
linked immunosorbent assay (ELISA) kit targeting human PCSK9
(CycLex, Nagano, Japan) in 2 PCSK9 E32K true homozygotes,
15 PCSK9 E32K heterozygotes, 30 LDLR mutation heterozygotes
(20 K790X and 10 IVS15-3C/A) and 20 control subjects. Lipid
profile analysis and PCSK9 ELISA were performed using fast-
ing blood samples collected when subjects were not taking any
lipid-lowering drugs. Written informed consent was obtained
from each of the subjects prior to participation in the study.
The study protocol was approved by the Ethics Committee
of the Graduate School of Medical Science, Kanazawa Univer-
sity.

2.3. DNA analysis

Genomic DNA was prepared from white blood cells using a
Genomic DNA Purification Kit (Gentra Systems, Minneapolis, MN,
USA). Primers covering all of the exons and exon-intron bound-
ary sequence of LDLR and PCSK9 were designed using Primer3
online software (http://frodo.wi.mit.edu/). LDLR mutations were
identified using the Invader assay method (Third Wave Technolo-
gies, Inc., Madison, WI, USA) for 32 point mutations previously
identified in Japan, the multiplex ligation-dependent probe ampli-
fication (MLPA) method for large rearrangements using a PO62B
LDLR MLPA kit (MRC Holland, Amsterdam, Netherlands) and DNA
sequencing method using a BigDye Terminator v3.1 Cycle Sequenc-
ing Kit (Applied Biosystems, Foster City, CA, USA) for the other
mutations. MLPA and direct sequencing were performed on an
ABI PRISM 310 Genetic Analyzer (Applied Biosystems). Muta-
tions in PCSK9 were detected by polymerase chain reaction (PCR)
single-strand conformational polymorphism (SSCP) followed by
directsequence analysis. SSCP analysis was performed as described
previously [18]. PCSK9 E32K mutation in exon 1 of the PCSK9
gene was determined using a PCR-RFLP method with primers 5'-
TGAACTTCAGCTCCTGCACA-3’ and 5'-AACGCAAGGCTAGCACCA-3'.
PCR products were digested at 37°C overnight with 1U of the
restriction enzyme Bsll (New England Biolabs, Ipswich, MA, USA).
RFLP assay was designed such that the normal PCSK9 sequence
would be cut twice to generate fragments of 34, 49 and 171 bp and
the E32K sequence would be cleaved once to generate fragments
of 34 and 220 bp, to check that the restriction enzyme was digest-
ing properly. PCR conditions for SSCP, RFLP and DNA sequencing
were as follows. Each 25-mL reaction mixture contained 60 ng of
DNA, 10 pmol of each primer, 0.25mM of each dNTP and 1U Taq
polymerase (Biotech International, Perth, Australia) in PCR buffer
containing 1.5 mM MgCl,. Cycling conditions were 95 °C for 5min
followed by 5 cycles of step-down PCR consisting of 95 °C for 5,
annealing temperature +5 °C for 30s (decrease 1°C each cycle) and
72 -C for 1 min, then 30 cycles of 95 C for 55, annealing tempera-
ture for 30s and 72 C for 1 min, with a final extension for 5min at
72°C.

2.4. In vitro expression of PCSK9

The WT-PCSK9 plasmid (pCMV-PCSK9-FLAG) containing the
sequence of the FLAG epitope tag fused to the 3’ end of the PCSK9
coding sequence, was a generous gift from Dr. Jay D. Horton, Uni-
versity of Texas Southwestern Medical Center, Dallas, TX, USA. To
make the E32K-PCSK9 construct, PCR fragments containing the
PCSK9 E32K mutant sequence were generated from the genomic
DNA of a PCSK9 E32K homozygote with the primers used for RFLP.
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Table 1
Distribution of PCSK9 E32K mutation in a general Japanese population by LDL-cholesterol quintile.
LDL-C quintile ANOVA
« Pvalue
1(n=69) 2(n=70) 3(n=72) 4(n=70) 5(n=70) Total (n=351)
LDL-C 47.8-88.1 LDL-C88.2-104.3 LDL-C104.4-1225 LDL-C1226-1389 LDL-C139.0-222.4
Number of PCSK9 E32K carrier 0 0 0 4 N 2 6
% 0 : 0 0 571 2.86 1.71
Age (years) 433+122 473+9.1 43.1+£94 46.8+9.8 49.0£74 459+99 <0.001
TC (mg/dL) 146.3+18.0 170.5+139 184.6+14.0 203.1+123 225.2+194 186.0+31.2 <0.001
TG (mg/dL) 111.2+739 118.2+59.0 112.3+62.9 110.2+46.4 125.6+533 1155+59.7 0517
HDL-C (mg/dL) 51.9+116 50.3+14.0 49.9+11.7 514+114 460+112 49.9+12.1 <0.05
LDL-C (mg/dL) 722+109 96.5+5.4 112.2+£54 129.7 +44 154.1+ 140 113.0+£29.2 <0.001

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TC, total cholesterol; TG, triglyceride.

Amplified fragments and pCMV-PCSK9-FLAG were digested at 37 °C
overnight with the restriction enzymes Nhel and Sacll (New Eng-
land Biolabs), purified with a QIAquick Gel Extraction Kit (QIAGEN,
Hilden, Germany) and ligated using T4 DNA ligase (Nippon Gene,
Toyama, Japan). The whole coding sequence of the E32K-PCSK9
plasmid except for the G to A substitution at the position of E32K
was confirmed to be identical to the WT-PCSK9 plasmid by DNA
sequencing method. An empty plasmid, pcDNA3.1/myc his-c (Invit-
rogen, Carlsbad, CA, USA) was used as a control in the transfection
experiments.

HepG2 cells obtained from the Health Science Research
Resources Bank (HSRRB) were cultured in Dulbecco’s modified
Eagle’s medium with low glucose and L-alanyl-glutamine (Gibco,
Carlsbad, CA, USA) containing 1x penicillin-streptomycin solu-
tion (Wako Pure Chemical Industries, Osaka, Japan) and 10% foetal
bovine serum (Gibco) in a humidified atmosphere (37-C, 5%
CO,). HepG2 cells were then transiently transfected with the dif-
ferent PCSK9 constructs or empty plasmid using Lipofectamine
2000 Reagent (Invitrogen) in accordance with the manufacturer’s
instructions for the 24-well plates. PCSK9 levels in the media were
determined using an ELISA kit after 24 h of incubation. The experi-
ment was repeated 3 times with 4 wells in each group. Data were
collected as the ratio to the WT-PCSK9 plasmid, and mean values
were calculated. ‘

2.5. Statistics

All data in the text and figures are expressed as means +S.D.
The frequency distribution of genotype was compared using stan-
dard x2 test. For multiple comparisons, the Tukey-Kramer HSD
test was performed for variables with P<0.05 on F-test in one-way
ANOVA. Linear correlations were analysed using Pearson’s corre-
lation coefficient analysis. JMP 5.1.2 software (SAS Institute, Cary,
NC, USA) was used for statistical analyses. P<0.05 was considered
statistically significant.

3. Results
3.1. Identification of the LDLR and PCSK9 mutations

Screening of LDLR mutations in 514 clinical-FH subjects resulted
in detection of 52 point mutations and 11 large rearrangements
in 210 and 52 patients, respectively. Twenty-two of 55 randomly
selected subjects who were free from LDLR mutations had the
following PCSK9 sequence variants: ¢.61.63dupCTG (L21dup, 8
heterozygotes), c.94G>A (E32K, 1 true homozygote and 2 het-
erozygotes), c.158C>T (A53V, 1 heterozygote), c.787G>A (G263S,
2 heterozygotes), c.1420A>G (1474 V, 4 heterozygotes), c.2004C>A
(S668R, 1 heterozygote) and c.2009A>G (E670G, 3 heterozygotes).
Silent mutations that do not result in a change in the amino acid
sequence of the protein product or occur within intronic regions
were omitted. The PCSK9 E32K true homozygote showed markedly

higher plasma LDL-C level than the 2 heterozygotes (339 mg/dL vs.
222 and 248 mg/dL).

3.2. Screening of E32K mutation in exon 1 of the PCSK9 gene

Genotyping of the PCSK9 E32K mutation in the general pop-
ulation indicated that PCSK9 E32K occurred in 1.71% of subjects
(n=6)and was detected in the highest and the second highest quin-
tiles divided according to LDL-C level (Table 1). The frequency of
PCSK9 E32K variants in clinical-FH was significantly higher (6.24%,
P<0.01) than that in the general population. Further analysis in the
relatives of PCSK9 E32K carriers showed that LDL-C concentrations
in PCSK9 E32K carriers were higher than those in the general popu-
lation and lower than those in LDLR mutation heterozygotes (Fig. 1).
The PCSK9 E32K variant was associated with a 75% increase in LDL-C
(197 mg/dL vs. 113 mg/dL, P<0.01) and a 31% increase in triglyc-
eride (TG, 151 mg/dL vs. 115 mg/dL, P<0.01), and did not influence
HDL-C level (Table S1).

3.3. PCSK9 E32K true homozygote and double heterozygote with
LDLR mutation

There were 5 rare cases among the PCSK9 E32K carriers in
clinical-FH and their relatives as follows: subject I, a true homozy-
gote for the PCSK9 E32K with the highest LDL-C level in her family
pedigree at 339 mg/dL (Fig. 2A); subject II, another PCSK9 E32K true
homozygote with a modest increase in LDL-C level at 246 mg/dL;
subject 111, a double heterozygote for ¢.611G>C (C183S) mutation
of LDLR and PCSK9 E32K (age: 1 year, LDL-C: 581 mg/dL and severe
cutaneous xanthomatosis, Fig. 2C); subject IV, a double heterozy-
gote for ¢.939C>A (C292X) mutation of LDLR and PCSK9 E32K (age:
30 years, LDL-C: 425mg/dL and severe tendon xanthomatosis);
subject V, a double heterozygote for LDLR K790X and PCSK9 E32K
(age: 2 years, LDL-C: 248 mg/dL and severe cutaneous xanthomato-
sis, Fig. 2D). No mutations in LDLR were detected in PCSK9 E32K
carriers except for the 3 double heterozygotes described above.

3.4. Analysis of circulating PCSK9 levels in PCSK9 E32K carriers

. and LDLR mutation heterozygotes

Plasma PCSK9 levels in the PCSK9 E32K heterozygotes were
significantly higher than those in controls (349+90ng/mL vs.
266 + 112 ng/mL, P<0.05), and those in PCSK9 E32K true homozy-
gotes (363 ng/mL) were similar to those in heterozygotes. Strong
positive correlations were observed between PCSK9 and LDL-C lev-
els in both the PCSK9 E32K heterozygotes (r=0.69, P<0.01) and
in control subjects (r=0.64, P<0.01, Fig. 3A). Further, the slope of
the regression curve between plasma PCSK9 and LDL-C in PCSK9
E32K heterozygotes (y=0.383x+54.1) was far steeper than that
in controls (y=0.186x+61.6). Consequently, relative LDL-C levels
were 1.47-fold higher in PCSK9 E32K heterozygotes and 2.10-fold
higher in true homozygotes than in controls with comparable cir-
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Fig. 1. Plasma LDL-C distribution in control subjects, PCSK9 E32K carriers and LDLR mutation heterozygotes. Bars show the percentage of subjects in each group.
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Fig. 2. Pedigrees of gain-of-function PCSK9 mutation families caused by the PCSK9 E32K. (A) Pedigree of subject with true homozygous PCSK9 E32K mutation. (B) Pedigree
affected by a single mutation of PCSK9 E32K or LDLR C74F in each subject. (C) Family with a double heterozygote of PCSK9 E32K and LDLR C183S mutations. (D) Pedigree of a
double heterozygote with PCSK9 E32K and LDLR K790X mutations. Relatives of another PCSK9 E32K true homozygote and a double heterozygote with PCSK9 E32K and LDLR
292X mutations did not participate in this study. Half-shaded symbols indicate carriers of a single mutation of PCSK9 or LDLR and filled symbol indicates true homozygote.
Plasma TC, TG, HDL-C and LDL-C values (mg/dL) are shown below each symbol. Asterisks indicate the subjects treated with lipid-lowering drugs at the time of the study.
Hatched lines represent deceased family members. Diamond symbols labelled “n” indicate number and sex of individuals unknown.



