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PCSK9 :
Un exemple de validation génétique
d'une nouvelle cible thérapeutique
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o |La famille des convertases
Fonctions biologiques

clivage clivage
Pro:.eme Protéine
- active . .
Proprotéine y inactive
PR Protéine
(precurseur inactif)

o La famille des convertases

Processing et sécrétion

s

ﬁﬁin . 96KD2ProPC1/3
INACTIVE

o —

LEI ER @ Primary E

N-terminal cleavage

ﬁﬁ; T
i Complex

" sm— INACTIVE

Secondary
un TGN N-terminal cleavage
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ACTIVE
TGN sG @ Tertiary o

C-terminal truncation

CAT 66 kDa PC1/3
i — o SR

TGN: trans-Golgi network .
SG: secretory granules Chrétien et al., 2016




Proprotein  Typical substrates Comments

P
Q  RKX RKL*
1 « PC1-specific: : L GLP1, = Often collaborates
[ PC ific: GHRH, ACTH, GLP- Often coll
© GLP2 with PC2 (for
+ example, for insulin,
° TRH and MCH
S production)
c P2 « PC2-specific: p-endorphin, glucagon « Often collaborates
and a-f
° MSH i
O  Furn = Growth factors (TGFB) = Strong in vitro and
* Receptors (insulin receptor) exvivo redundancy
[ = Adhesion molecules (a5 integrin with PC5 and PACE4
Q and RGMA)
c * Metalloproteinases (MMP14)
— « Proton pump V-ATPase accessory
‘O protein Ac45 subunit
- * Viral glycoproteins (HIV gp160)
2 - Bacterial toxins (anthrax pa83)
O rca = IGF2 and PACAP * Cleaves substrates in
o gonads and placenta
5 * Growth factors (GDF11) = Strong in vitro and
= e Gi f (GDF s
o « Receptors (PTPRM) exvivo redundancy
» * Adhesion molecules (neuronal with PC5 and PACE4
i L1CAM, a4 integrin)
T  PACE4 * Growth factors (Nodal and Lefty) = Strong in vitro and
* Metalloproteinases (ADAM-TS4) exvivo redundancy
[ * Viral gycoproteins (HIV protein Vpr) with furin and PCSK5
= pc7 = Receptors (transferrin receptor 1) = Partial redundancy
with furin, PC5 and
€ PACE4
q“_, RX@/1/v)xd
SKI-1 (also. = Transcription factors (SREBPs, ATF6 * Cleaves substrates in
©
knownasS1P)  and CREBs) cis-and medial-Golgi
-

* GlcNAc-1-phosphotransferase,
A

« Viral glycoproteins (Lassa virus
glycoprotein and CCHF Gn)

o NARC1 - la neuviéme convertase

Neural Apoptosis Regulated Convertase 1

25 kb sur le chromosome 1p32

o s o s
5 Caaigie Termina
w20

rans Golgi

s
o Cataiytic Cerminal

6200

(inactive precursor)
talyic cleavage SVFAQg 5k0a)

S S —
Caaigic Clerminal

(Mature secreted) e

(60KkDa)

Seidah et al., 2003

Biological Functions
Adult Brain NARC-I
: A

Neurogenesis
trogenesi Nephrogenesis

P6 P12 Adult

SEIDAH NG et al. PNAS 100:928, . .
Slide from N. Seidah
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o HF (Hypercholestérolemie Familiale)

.... une vieille maladie

Xanthelasmas

Leonard de Vinci
(1452 - 1519)

o HF (Hypercholestérolemie Familiale)

.... une vieille maladie

Frans Hals
(1582 - 1666)




o HF (Hypercholestérolemie Familiale)

xanthelasma

arcus corneae

Cutaneous and tendineous xanthomas

o HF (Hypercholestérolemie Familiale)

Artere Athérosclérose  Athérosclérose.
moyenne. sévére

nomale

Mean onset of cardiovascular disease
40-45 yo in men
50-55 yo in women

o HF: hyper LDLémie

Dietary fat, cholesterol '
Bile salts, cholester

ABCGS
ABCG8
NPC1LT

Phospholipid | Protein Cholesteryl
(L)

an g
Chylomicron
I

Fatty Cholesterol,
Lipolysis, Nld‘ s Lipolysis
LPL CD36 ABCA1 LPG
ABCG1
fo iz, o
ANGPTL3 GALNT2 CELSR2-PCRC:
Peripheral tissues NCAN-CLIP2

CD36 LDLR

o HF (Hypercholestérolemie Familiale) ....hyper LDLémie

LDL particle \\:/" LDL Receptor

cllalhrin-cnate
vesicle'

Apparatus

Endoplasmic.
reticulum

Nucleus
*SREBP

Lysosome
AV

o HF :  un paradigme moléculaire

FH2

FH1
(LDLR)

Adapted from Seidah et al. Circulation Research, 2014

o FH: The paradigm rupture

Bt = A nationwide research network
}

0 '."*:"5‘5"5
w w q{fﬁk A = Recruitment of multiplex FH families
m m,.,.}ff*'}«{ iy
= Molecular testing

= Maximum likelihood analyses

% of families

:

:

:

:

:

— F

HOMOG3R test LDLR APOB non-LDLR/non-APOB
P=0.00001 64 % 13% 23%

Saint-Jore et al., Eur J Hum Genet, 2000, 8:621




o HF: localisation d’'un nouveau géne o HF: localisation d’un nouveau géne

« Le géne FH3 est localisé en 1p34.1-p32 » « Le géne FH3 est localisé en 1p34.1-p32 »

Chei2  Chid Ched Ches hee Ches  Che9  Chlo Chell  Chea2

HC2 family (Nantes)

Be 1

i
H S Chile  Chel? Chels  Chu9 Chi20  Chidl Chi22  CheX Che
s = . L
P ' .
vo? i ="T - i
g .\ :
i o
i em FH1
5 LDLR .
Varretetal., Am J Hum Genet, 1999, 64:1378 Varret et al., Am J Hum Genet, 1999, 64:1378

) 2 z H Proprotein  Typical substrates Comments
o L'étude genomique o oo
L) (R/KIX (R/K)L*
(7] PC1 = PC1-specific: GHRH, ACTH, GLP1, = Often collaborates
Carte des génes exprimés en 1p32 en 2003 £ 2 ECE o
TRH and MCH
[ .
production)
NARC-1 2 e v ~Ofton
- ith PC1
° and a-MSH ‘witl
DHCR24 (3] Furin = Growth factors (TGFB) * Strong in vitro and
EPS15 scpz THEA » Receptors (insulin receptor) exvivo redundancy
RNF OSBPL9 PPAP2B DAB1 o ':::;s&o'x;;olecules{ai integrin ‘with PC5 and PACE4
LRP8 8 c = Metalloproteinases (MMP14)
PRKAA2 R d-.) = Proton pump V-ATPase accessory
AC091609 * protein Ac45 subunit
ACO%&G W AL161740 - = Viral glycoproteins (HIV gp160)
ACo%9562 - 2 « Bacterial toxins (anthrax pa83)
AL58979 .
PCa = IGF2 and PACAP « Cleaves substrates in
AL139244 g I /(360295 (=3 e
AL772260 s o gonads and placenta
[ AL445183 ) AL603840 8 & pos = Growth factors (GDF11) = Strong in vitro and
— AL590440 - [N o exvivoredundancy
AL359977 ith PC5 and PACE4
AL365445 || 4 4 7] ! il an
AL049637 | _AL671986 ToALewseod L sassr ] e
AL050343 4031427 PACE4 « Growth factors (Nodal and Lefty) = Strong in vitro and
—_— ., i’ - . © ~ Motalloproteinases ADAN-TSH) e
= Viral. o eins (HIV protein Vi ‘with furin and PCSK:
telomere t centromere Q iatEapeateiss BViprotalnieo) ¢ °
-_— PC7 = Receptors (transferrin receptor 1) = Partial redundancy
D1S197 D1S427 p)yqp3, D1S231 DIS2661  DIS1T  DISeTS  DIS2T4Z prgangp [ with furin, PC5 and
52 D1S200
RXW//VIXL
(1] SKI-1 (also = Transcription factors (SREBPs, ATF6 = Cleaves substrates in
| known as S1P) EBs) cis- and medial-Golgi
- = GlcNAc-1-phosphotransferase,
RGMA
MY YT YNNI YNNIy TN e
\ glycoprotein and CCHF Gn)

o SREBP2 et régulation du métabolisme du cholestérol o L’étude génomique polymorphismes dans NARC-1
Cis—GOISi Exon Vut‘lm.kidm Position Amino acid N mber of | Frequency
\_m- Variation 3¢ variation indhviduls Association entre
Proteasome 1 C ~>‘\ - 64 from A I”(i 5'.1\! R Ilz 0.119 LDL-Chﬂlesterﬂl
COPII vesicle Leucine stretch 287 200insCTG [ 15 16insL (+1) [113 0.168
5 381 Raol. =113 0.022
7N E z C 385 478 13 0016 L
co 6|42 AS3V 1 0.124 et 1474V (Shioji et al., 2004)
2 I=C - 161 Intronic 100 0.0400
3 G A - 201 Intronic 25 0.016
[ GoC 90 Tntronic 100 0518 et R46L (Cohen et al., 2006)
G=C -68 Intronic 100 0.547
GoA -1 Intronic 100 0,063
GoA -9 Intronic 100 0,052
Coa =76 Intronic 100 0.076
ASG 6% Intronic 100 0.382
5 G—=A - 35 Intronic 23 0.020
3 Intronic % 028
- - hats % nonic b 0210
LDLR Ao C 8l Intronic 2 0.170
~— HMG-CoAR 3 ToC —102 Tntronic 0 0175
9 - 56 Intronic 113 0.137
] PSS R N (R
iy A=G 41664 147y =113 0.141
SRE 0 Gy G Totromic B [
ASG o Intronic 2 0.146
11 A=G 94 Intronic 20 0.030
SREBP [H) oG 3753 E':‘”:E 7 T
Sterol regulatory element binding protein .
( 9 ry 9P ) Abifadel et al., 2003
Ikonen, Nat Rev Mol Cell, 2008




o NARC-1 est le géne FH3

Les deux premieres mutations

GOF* dans I'HF @ @

patient HC92-11-7: patient HC60 patient I1-2:
Mutations in PCSK9 cause
autosomal dominant
hypercholesterolemia
Suzanne Benjannet®, Louise Wickham®, :
Daniéle Erlich' l‘ue'lie Derré', Ludovic Villéger', Michel Farnier’, .
}:_?dMsj;:h:(‘j;“g“ﬂ‘j;‘h’ﬁ;";f":‘;'ﬁnm"‘ Goana, T—> Aat position 625 T C at position 890
N 0 ' (Ser127Arg) (Phe216Leu)

Jean Weissenbach®, Annick Prat’, Michel Krempf*
e R

VOTUME 34 | NUMBER 2 [ JUNE 2003 NATURE GENETICS

GOF* = Gain Of Function

° NARC-1 devient PCSK9

GRETD HGNC

Human Genome Organisation

PCSK9
Approved Symbol ¢, PCSK9
Approved Name ¢ proprotein convertase subtilisin/kexin type 9
HGNCID ¢, HGNC:20001
Previous Symbols & Names HCHOLA3, i jinant 3"
Synonyms 1 FH3, NARC-1
Locus Type 1 gene with protein product
Chromosomal Location - 1p34.1-p32

Abifadel et al., 2003

o PCSKO9 est le produit du FH3

Les deux premiéres mutations @

GOF* dans I'HF

patient HC92-11-7: patient HC60 patient I1-2:

s i

NARC1 Processing - - 1oir
< o mutation
E 2 § g g - nomai
EHEEEER .
K -+ reso - Diminution du nombre
. - SI27R de récepteurs LDL
- e hez les sujets FH3
N[ e o ¢ !
- | PCSk9
- ‘mutation
“ ol S7R
s Heo2
Effets paradoxaux sur
le clivage autocatalytique Relative Fluorescence Intensity Benjannet et al., 2004

o Interaction LDL récepteur et apo B et PCSK9

/NS
Y

PCSK9

B,

&

domain
A

catalytic
domain .

Crystal structure of PCSK9 determined by:
Piper et al. Structure 2007
Hampton et al. PNAS 2007

From Seidah et al. Circulation Research, 2014 Kwon et al., PNAS, 2008

o PCSK9 et régulation des taux de LDLR

LDL Receptor

Golgi

Apparatus
\ Endoplasmic.
reticulum

Nucleus 3
*SREBP ¢ S vsosome
o s S AV

o Mutations GOF dans in PCSK9 : résistance a la furine

InVivo Evidence That Furin from Hepatocytes Inactivates
PCSK9™

PCSK9 RachidEssaman, DelaSusanesiga, Ann Chamberland' Mrianne Abfadef’ John W Creemers',
PCSKI-AN,15 Catherine Boileau’,NabilG. Seideh, and Annik Prat

Pre-pro-PCSK9

D186 H226  N317  $386

1 69200
A%
Pro-PCSK9 Fro sz T terminal R
(inactive precursor) 6622a
Autocatalytic cleavage SVFAQus (75 kDa)
PCSK9 Cterminal
(Mature secreted) =g 540 aa

——— {60 kDa)
Degradation by furin and PCR/6A
21

Degraded PCSK9 Ralytic
4T42a
(53 kDa)

Esalmani et al., 2011
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o Inhibition de PCSK9 : |a preuve de concept

The NEW ENGLAND JOURNAL of MEDICINE

2006

“ ORIGINAL ARTICLE ”

Sequence Variations in PCSK9, Low LDL,
and Protection against Coronary Heart Disease

Jonathan C. Cohen, Ph.D., Eric Boerwinkle, Ph.D., Thomas H. Mosley, Jr., Ph.D.
and Helen H. Hobbs, M.D.

o Mutations perte de fonction (LOF*) dans PCSK9

Atherosclerosis Risk In Communities Study

A
No Nonsense.
Mutation
(N=3278) - 501 Percentle
P
_ | ll-
£ T o Do a0 Ho e
¥
e —
“ oty -—-28%
»
»
1 I
] Bem_m
B o

00 0 w0 2o 00
Plasma LDL Cholesterol in Black Subjects (mg/df)

Ofthe ined, 2. in PCSK9;
‘assoclated with a 28 percent reduction in mean LDL cholesterol and an 88 percent reduction in the risk of CHD.

LOF* = Loss Of Function

LOF* mutations in PCSK9

+ Subjects with loss-of-
function mutations in
PCSKO or total lack of

PCSK9 CCHS N=10,032
. CGPS N=26,013
Have naturally low levels ,‘::2 :,:Io RasL 13% EC CIHDS N=9654
of LDL-C and reduced (Denmark)
Coronary Heart Disease
(5 efficacy) ) RA6L 15% 47%
~ Are generally healthy with
ok e . s sy 0
rr;s(abfol:c abnormalities NEM, 2006 | Y142X 28% 88% | neazen white
(> safety) or patients N=9524)
C679X
ARIC Risk in the C ity; CCHS=C City Heart Study; CGPS=Copenhagen General Population

Study; CIHDS=Copenhagen Ischemic Heart Disease Study; LDL-C=low-density lipoprotein cholesterol.
Cohen JC et al. N Engl J Med. 2006;354:1264-1272; Benn M et al. J Am Coll Cardiol. 2010; 55:2833-2842;
Catapano AL and Papadopoulos N. Atherosclerosis. 2013;228:18-28

o Le double jeu de PCSK9

Hypercholestérolémie

Hypocholestérolémie exces LDL-C
LDL-C bas
catabolisme des LDL f I ]
wYouvyY Y v 1V sang
| L T T T
hepatocyte

pool de ‘|’ Y Y
LDL-R v Y
Y YY Y ‘I’Y YY

PCSK9 PCSK9
mutatio:on:n sens WT PCSK9 mutation faux sens

Cohen et al., Nat Genet, 2005 Abifadel et al., Nat Genet, 2003

o The current molecular picture of PCSK9

daiih

> Fumtanrn
ypercholeserolemic

* Associated with LDLR mutations

HYPERCHOLESTEROLEMIA

Variants found only
in Blacks are underlined

Wa28X

Polymor-
phism

:l Found only in
ypocholesterolrnic

HYPOCHOLESTEROLEMIA

Abifadel et al. 2015




o Mutations perte de fonction (LOF*) dans PCSK9

Atherosclerosis Risk In Communities Study

Frequency (%)

PCSKS4 or PESKSE |

0 - -28%
% |

% o o o zo w0
Plasma LD Cholesterol in Black Subjects (me/dl)

Of the ined, 2.6 percent in PCSK9;
‘associated with a 28 percent reduction in mean LDL cholesterol and an 88 percent reduction in the risk of CHD.

LOF* = Loss Of Function

o Inhibition de PCSK9 : efficacité

Atherosclerosis Risk In Communities Study

A B
NoNonsense
Mutstion
(N=3278) - 50th Percentile -88%
% . e
(-35% in statins trials)
s
£
w0 7
§ s
_ -]
3 S o Mo 2o 20 %o ]
® -g, 20008
% PCSKSH of PCSKSEM H
- (N=33) -—-28% M
0
o
Ko Yes
3
o e
10
S o o o zo o
Plasma LDL Cholesterol in Black Subjects (mg/dl)

Of the 3363 black subjects examined, 2.6 percent had nonsense mutations in PCSK9; these mutations were
associated with a 28 percent reduction in mean LDL cholesterol and an 88 percent reduction in the risk of CHD.

Cohen JC et al. N Engl J Med. 2006;354:1264-1272

o Inhibition de PCSK9 : tolérance/sécurité

Homo et Hétérozygotes composites avec deux
mutations LOF dans PCSK9

(] (]
- 32ans w *

- femme noire américaine - femme africaine du
- Pas de PCSK9 circulant, Zimbawe
- LDL-C:0,14g/L - LDL-C:0,15g/L
- normotensive
- fertile (2 enfants)
- fonctions hépatique
et rénale normales

Zhao et al., 2006
Cariou et al., 2009

o From genomics to bedside

N ....in less than 12 years...
s
g
o o °
F § 9%
; é ;ﬁ o o P1 to P3 clinical trials
& 5 &8s
§ & & g9
VARRET §F &
etal,
1999 FDA and EMA approval

ABIFADEL COHEN 2010 2015
t al. etal.
2003 2006
ZHAO
etal.
2006

o .....etlasuite!
342 ADH familles (1972 subjects)
% of families T
.o B0 e 60 genes
80 l
ntr— { — .
sl I I— bethd bHbée o
50 - 1000 microsatelltes : deCODE 4 cM density of STRs
40 ‘Whole Exome Sequencing (Broad Institute, S. Kathiresan)
30
20 HC6 family
10 (M. Krempf, Nantes)
o | e

LDLR APOB  non-LDLRInon-APOB
67% 14% 19%

Varret et al.,Clin.Genet., 2008
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Normal Volunteers (n=254) Mutation PCSK9 LDLC
(htz) (ng/ml) (mmol/L)
60 4
R46L (i 3.34
£ 50 1 R46L 59 2.57
o) 5
o
2 :
S 30 1
3
€ 201
b=
Z 10 -
0

Geneviéve Dubuc, Michel Tremblay, [...], and Jean Davignon, J Lipid Res

o Dynamic regulation or PCSK9

PCSK9 is produced primarily by
the liver, kidney and intestines’

N ©

« Dietary and cellular cholesterol*
* Long-term fasting

« Bile acids®*

Upregulates PCSK9

« Cholesterol depletion??
« Cholestyramine?

« Sterol regulatory element-
binding protein 2734

« Statins®4

Downregulates PCSK9

08;1781:184-191

o5. 2009;50:5172-8177; 2. Lopez D. Bi 2. 2008;
1. In: Toth PP. The

30: supplementary information; 4. Abifadel M.
fol. 2. Oxford, UK: Atias Medical Publishing Ltd. 2010:3-23

o PCSK9 : Régulation transcriptionnelle

Low grade inflammation

(TNF-ot)

SOCs3
Sterol depletion

SREBP-2
SREBP-1

Nucleus

PCSK9 transcription f-’

LD

SREBP-1c

Resistin

Ferrietal., 2016

o Métabolisme chez les patients PCSK9-S127R

Cinétiques in vivo

Graisses

Alimentaires ~ Acides biliaires, o

) cholestérol T
prha _—  — — ’
nis:usv ..
X1.5 L I3 X2
— X3 |
=/ N VIDL v X1
ccursear 2
e, @V
W @YY W /)

Chylo. A e » L o B-100

Bews

/Chol

Tg o

Tissus Périphériques PP a—
LPL

Ouguerram et al. ATVB 24 : 1448-1453, 2004

/2'" v/3
(sujet FH)

Le paradoxe des mutants HFAD naturels PCSK9

Surproduction d’apo B

5 @B»wo
X 1

LDL
<3

—
&‘;’) IDL T
Tissues
R
(x1,5)
(sujet FH) P

Ouguerram et al., 2004

Diminution de r-LDL

[ LDLR
mutation
P66AL
normal
. | Pcske
mutation
S127R
ponmial famille HC2
« | pcske
mutation
normal S127R
. famille HC92

Relative Fluorescence Intensity

Benjannet et al., 2004




Impact of PCSK9 on hepatic processing of apo B

Arteriosclerosis, =
Thrombosis, and oot .
Vascular Biology

Joukaar ov Tum AMERicAN HEART AssociATiON

Proprotein € Cesin Type  teraces Wik B and
Prevents s Lutracelllar Degradation, rréspectve of the Lo Deait Lipoproteln
ccepihr
s Sun. Asin Sumarghands, Ningyan Zhsng Zemin Yso, Momiso Xiong and Ba-Bie Teng

Arteriosclr Thromb Vasc Biol 2012:32:1585-1595: originally published online May 10, 2012:

increases plasma cholesterol, TAG. and apoB levels. PCSK9
interacts with apoB to prevent/inhibit/decrease the mobili-
zation of apoB toward autophagosomes for degradation via
the autophagosome/lysosome pathway. This, in turn, results
in increased production and secretion of apoB and apoB-
containing lipoproteins. Most importantly, our study dem-
onstrates a direct protein—protein interaction of PCSK9 and
apoB in cells under physiological conditions. Taken together,
these data establish that PCSK9 regulates apoB metabolism
independent of the LDLR. The present study provides a new
mode by which PCSK9 could regulate apoB degradation, and
suggests the importance of lowering PCSK9 levels to reduce
the p i retion of apoB- ining li i




