
DOI: 10.1161/CIRCGENETICS.115.001129

1

Characterization of Autosomal Dominant Hypercholesterolemia Caused by 

PCSK9 Gain of Function Mutations and its Specific Treatment with 

Alirocumab, a PCSK9 Monoclonal Antibody

Running title: Hopkins et al.; PCSK9 Gain of Function Mutations and Treatment

Paul N. Hopkins, MD, MSPH1*; Joep Defesche, PhD2*; Sigrid W. Fouchier, PhD2,3; Eric 

Bruckert, MD4; Gérald Luc, MD5; Bertrand Cariou, MD, PhD6; Barbara Sjouke, MD2; Trond P. 

Leren, MD, PhD7; Mariko Harada-Shiba, MD, PhD8; Hiroshi Mabuchi, MD, PhD9; Jean-Pierre 

Rabès, MD, PhD10; Alain Carrié, MD, PhD11; Charles van Heyningen, FRCPath12; Valérie 

Carreau, MD4; Michel Farnier, MD, PhD13; Yee P. Teoh, MBBS, MRCP, FRCPath14; Mafalda 

Bourbon, PhD15; Masa-aki Kawashiri, MD, PhD16; Atsushi Nohara, MD, PhD, FAHA9;

Handrean Soran, MSc, MD, FRCP17; A. David Marais, MBChB18; Hayato Tada, MD, PhD16;

Marianne Abifadel, PharmD, PhD19; Catherine Boileau, PhD20; Bernard Chanu, MD21; Shoji 

Katsuda, MD, PhD22; Ichiro Kishimoto, MD, PhD8; Gilles Lambert, PhD23; Hisashi Makino, 

MD, PhD8; Yoshihiro Miyamoto, MD, PhD8; Matthieu Pichelin, MD6; Kunimasa Yagi, MD, 

PhD24; Masakazu Yamagishi, MD, FACC, FJCC25; Yassine Zair, MD6; Scott Mellis, MD, 

PhD26; George D. Yancopoulos, MD, PhD26; Neil Stahl, PhD26; Johanna Mendoza, BSc26;

Yunling Du, PhD27; Sara Hamon, PhD26; Michel Krempf, MD6; Gary D. Swergold, MD, PhD26

1Division of Cardiovascular Genetics, University of Utah, Salt Lake City, UT; 2Department of 
Vascular Medicine, 3Department of Medical Biochemistry, Academic Medical Center,

Amsterdam, the Netherlands; 4Hôpital de la Pitié-Salpêtrière, Paris; 5Université de Lille 2, Lille, 

Bruckert, MD ; Gérald Luc, MD ; Bertrand Cariou, MD, PhD ; Barbara Sjouke, MDMDMD ;;; TrTronond d P.

Leren, MD, PhD7; Mariko Harada-Shiba, MD, PhD8; Hiroshi Mabuchi, MD, PhDDD999;;; Jeeeananan-PiPiPierererrerere

RaRaRabbèbès, MMMDDD, PPPhhhD10; Alain Carrié, MD, PhD11; ChChCharles van Heynynyningeennn, FRCPath12; Valérie

Caaarreau, MD44; MMMichheeel FFarnininieeer, MDMDMD, PhPhPhD13;;; YYYee P... Teeeoohoh,,, MBMBM BSSS,  MRCPCPCP, FRFRFRCPattthh1411 ; MaMaM falldldaaa 

BoBoBourururbobobonnn, PPPhDhDhD15;;; MaMaMasas -aaakikik KKKawawawashihihiririri, , , MDMDMD, PPhPhDDD16166;;; AtAtAtsususushshshi NoNoNohahahararara, , , MDMDMD, PhPhPhD,D,D, FFFAHAHAHAAA9;;;

Handrean Soran, MSMSMScc,c, MMMDD,D FFFRCRCRCPPP171717;;; A.A.A.  DaDaDavivividd d MaMaMarararaiiis, MBMBMBChChChBBB181818;;; HaHaHayayayatototo TTTada, MD, PhD16;

MaMaririanannene AAbibifafadedell PPhaharmrmDD PPhDhD19;; CaCaththererininee BoBoilileaeauu PPhDhD20;; BeBernrnarardd ChChananuu MDMD21;; ShShojojii



DOI: 10.1161/CIRCGENETICS.115.001129

2

France; 6Department of Endocrinology, Metabolic Diseases & Nutrition, l’Institut du Thorax, 
Nantes University Hospital, Nantes, France; 7Oslo University Hospital, Oslo, Norway; 8National 

Cerebral & Cardiovascular Center Research Institute, Osaka; 9Department of Lipidology, 
Kanazawa University Graduate School of Medical Sciences, Kanazawa, Japan; 10Laboratoire de 

Biochimie et de Génétique Moléculaire, Hôpitaux Universitaires Paris Ile-de-France Ouest 
(APHP/UVSQ), Site Ambroise Paré, Boulogne-Billancourt; 11Hôpital de la Pitié-Salpêtrière, 
Groupe Hospitalier Universitaire Pitié-Salpêtrière/Charles-Foix & Université Pierre et Marie 

Curie, Paris, France; 12Aintree University Hospital, Liverpool, United Kingdom; 13Point 
Médical, Dijon, France; 14Wrexham Maelor Hospital, Wrexham, United Kingdom; 15Instituto 

Nacional de Saúde Dr. Ricardo Jorge & Centre for Biodiversity, Functional & Integrative 
Genomics, Faculty of Sciences, University of Lisbon, Lisbon, Portugal; 16Department of 
Cardiovascular Medicine, Kanazawa University Graduate School of Medical Sciences, 

Kanazawa, Japan; 17Cardiovascular Research Group, School of Biomedicine, University of 
Manchester & Cardiovascular Trials Unit, University Dept of Medicine, Central Manchester 

University Hospitals NHS Foundation Trust, Manchester, United Kingdom; 18Chemical 
Pathology & MRC Cape Heart Group, University of Cape Town Health Science Faculty, Cape 

Town, South Africa; 19Laboratory for Vascular Translational Science, INSERM U1148, Hôpital 
Bichat-Claude Bernard, Paris, France & Université Saint-Joseph, Beirut, Lebanon; 20Départment
de Génétique & INSERM U1148, Hôpital Xavier Bichat, Paris; 21Department of Endocrinology, 

Diabetes & Nutrition, Jean Verdier Hospital, Bondy, France; 22Department of Cardiology, 
Toyama Red Cross Hospital, Toyama, Japan; 23Faculté de Médecine, Université de Nantes, 

Nantes, France; 24Medical Education Research Center, 25Division of Cardiovascular Medicine, 
Kanazawa University Graduate School of Medical Science, Kanazawa, Japan; 26Regeneron 

Pharmaceuticals Inc., Tarrytown, NY & 27Basking Ridge, NJ 
*contributed equally 

Correspondence: 

Paul N. Hopkins, MD, MSPH

Division of Cardiovascular Genetics

University of Utah

420 Chipeta Way, Room 1160 

Salt Lake City, UT 84108 

Tel: 801-585-5592 

Fax: 801-581-6862. 

E-mail: paul.hopkins@utah.edu

Journal Subject Terms: Epidemiology; Genetics; Lipids and Cholesterol; Pharmacology; 
Clinical Studies

Bichat-Claude Bernard, Paris, France & Université Saint-Joseph, Beirut, Lebanon;;; DéDépapap rrtmement
de Génétique & INSERM U1148, Hôpital Xavier Bichat, Paris; 21Department of f f EnEnEndododocrcrcrinininololology,

Diabetes & Nutrition, Jean Verdier Hospital, Bondy, France; 22Department of f CaCaCardrdrdioioiololologygygy, 
Toyayay mam RRed CrCross Hospital, Toyama, Japan; 23FaF culté de Médecine,, UUniversité de Nantes, 

NaNaNantntntese , FrFrFranananceee;;; 2224Medical Education Research CCCennnter, 25Divisionnn of CaCaCarrdrdiovascular Medicine, 
KKKanazawaaa UUUnininivvverrsisisitytyty GGGrarr duduuatatate e e ScScSchohohooloo ooof f f MeMMyyy diiicaaal ScScScieieiencncnce,e KKKanananazazazawawwa,a,a, Japappananan;;; 266ReReR gegegenenenerororonnn 

Phararrmmmaceuututiicicals s InInInc., TTTarrrrytytytownnn, NYYY &&& 2277BBBaskkkinnng Ridgdgdge, NNNJJJ
*c*c*contrrribbbuteddd eeequuualalalllly

CoCoC rrrresespopop ndndenencece::



DOI: 10.1161/CIRCGENETICS.115.001129

3

Abstract: 

Background - Patients with PCSK9 gene gain of function (GOF) mutations have a rare form of 

autosomal dominant hypercholesterolemia. However, data examining their clinical 

characteristics and geographic distribution are lacking. Furthermore, no randomized treatment 

study in this population has been reported. 

Methods and Results - We compiled clinical characteristics of PCSK9 GOF mutation carriers in 

a multinational retrospective, cross-sectional, observational study. We then performed a 

randomized placebo-phase, double-blind study of alirocumab 150 mg administered 

subcutaneously every 2 weeks to 13 patients representing four different PCSK9 GOF mutations 

with low-density lipoprotein cholesterol (LDL-C) >70 mg/dL on their current lipid-lowering 

therapies at baseline. Observational study: Among 164 patients, 16 different PCSK9 GOF 

mutations distributed throughout the gene were associated with varying severity of untreated 

LDL-C levels. Coronary artery disease was common (33%; average age of onset 49.4 years) and 

untreated LDL-C concentrations were higher compared with matched carriers of mutations in the 

LDLR (n=2126) or apolipoprotein B (n=470) genes. Intervention study: In PCSK9 GOF mutation 

patients randomly assigned to receive alirocumab, mean percent reduction in LDL-C at 2 weeks 

was 62.5% (P<0.0001) from baseline, 53.7% compared to placebo-treated PCSK9 GOF mutation 

patients (P=0.0009; primary endpoint). After all subjects received 8 weeks of alirocumab 

treatment, LDL-C was reduced by 73% from baseline (P<0.0001). 

Conclusions - PCSK9 GOF mutation carriers have elevated LDL-C levels and are at high risk 

for premature cardiovascular disease. Alirocumab, a PCSK9 antibody, markedly lowers LDL-C 

levels and appears to be well tolerated in these patients.  

Clinical Trial Registration - www.clinicaltrials.gov; Unique Identifier: NCT01604824 

Key words: hypercapnia; hypercholesterolemia; cardiovascular disease; genetics; PCSK9, 
clinical trial, alirocumab 
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Introduction

Autosomal dominant hypercholesterolemia (ADH), which features high levels of low density 

lipoprotein cholesterol (LDL-C), is a common monogenic disorder (estimated prevalence 1 in 

250–500) that substantially contributes to the worldwide burden of premature cardiovascular 

disease (CVD).1,2 Plasma levels of LDL-C are regulated primarily by apolipoprotein B-mediated 

binding of LDL particles to hepatic LDL receptors (LDLR) followed by cellular internalization 

and metabolism. Patients with genetic defects in this pathway have high levels of LDL-C and 

early-onset CVD, as evident in patients with LDLR (OMIM #606945) or APOB mutations 

(OMIM #107730) causing familial hypercholesterolemia (FH) and familial defective 

apolipoprotein B (FDB), respectively.  

DNA recombinant mapping in families in France and Utah in which ADH did not 

cosegregate with markers for LDLR or APOB identified 1p34 as the responsible locus.3,4 Shortly 

thereafter, several gain of function (GOF) mutations in the PCSK9 gene (OMIM #607786) were 

identified as a third cause of ADH: Ser127Arg and Phe216Leu in 3 French families,5 and 

Asp374Tyr in the Utah family6 and later in Norwegian and English families.7,8 Additional 

PCSK9 GOF mutations were later identified in several small studies from various geographical 

locations.9–12  

 Proprotein convertase subtilisin/kexin type 9 (PCSK9) regulates serum LDL catabolism

by binding and targeting LDLR to lysosomal degradation.13–17 Thus, increased PCSK9 function 

leads to reduced hepatic LDLR levels and concomitant high plasma LDL-C levels13 and vice 

versa.18 In several patient populations who cannot achieve target LDL-C levels with currently 

available lipid-lowering therapies, blockade of PCSK9 with alirocumab, or other human PCSK9 

monoclonal antibodies, has demonstrated significant LDL-C reductions.19–23

apolipoprotein B (FDB), respectively.  

DND A A rrecomombinant mapping in families in FrFrance and Utah in whhicich ADH did not 

cocooseeegregate wiwiw ththth mmmararrkekekersrsrs ffforoo  LDLDLDLRLRLR ororr APAPAPOBOBOB idi ennntifieddd 111p3p3p34 44 asss ttthehee rrresesspopoponsnn ibblelele lllocococusuu .3,4 SSShohohortrtrtlylyl  

hhhererereaee fter, severaaal gainnn ooof funcncnctitit on ((GOGOGOFFF) mutututationsnsns in n n thththe PCPCPCSKKK9 ggene (OMOMOMIMIMM #6000777778886) ) weeereee

dentified as a third cacacaususu e of AAADHDHD : Ser127Arg g annnd dd Phe21666LLLeueu in 3 FrFrrenenenchcc  families,5 and 

AsAsppp373744TyTyyrr iin n ththe e UtUtahah fafamimilylyy666 anand d lalateter r inin NNororwewegigig anan aandnd EEngngglilishsh ffamamililieies.s.777,88 AAddddititioionanal l
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Despite growing awareness that PCSK9 mutations may cause ADH, no global study has 

been performed that examines and compares the clinical characteristics of the rare patients with 

different PCSK9 GOF mutations to each other or to patients with FH and FDB. We report a 

worldwide comparative compilation of patients known to have varying PCSK9 GOF mutations 

so as to describe their physical and laboratory manifestations, prevalence of CVD, and lipid 

response to therapy. We also report results from the first randomized intervention trial in PCSK9

GOF mutation patients treated with alirocumab for which we employed a novel randomized 

placebo-phase study design to enable a double-blinded comparison of alirocumab with placebo 

(based upon differential onset of effect between study arms) and the opportunity for all subjects 

to receive active study medication, and contribute to the analysis of safety and efficacy.24

Methods

Study Designs

The studies were designed by Regeneron Pharmaceuticals Inc. in collaboration with one of the 

authors (JD for observational study, PNH for treatment study). The study protocols were 

approved by the investigational review board at each study center and all subjects in the 

treatment study provided written informed consent. Data were collected at the study sites by 

several of the co-authors and were analyzed by representatives of Regeneron Pharmaceuticals

Inc. 

Comparative Observational Study 

We conducted a retrospective global comparative compilation study in which individuals known 

to have PCSK9 GOF mutations were categorized so as to associate mutations with lipid profiles, 

comorbidity, and response to therapy. All of these patients had also been previously 

characterized for functional mutations in LDLR, and APOB exons 26 and 29. Data were collected 

o receive active study medication, and contribute to the analysis of safety and efffffficiccacacy.y.y.242424

MeMeMethththods

StStS udududy Designs

The ststtudududieieies s weerere dddesesigigi nened dd byy RRRegeegeneronn PPPhhaharmr acaceueutitit cacaalslsls IIncncc. in cccolololllabobb raratitit on wwwititithhh onnee fofof ttthehh  

authors (JD for obseeervrvrvatatatioioionananalll stststudududy,yy, PPPNHNHNH fffororor tttrerereatatatmemementntnt stutuudydydy)).). TTThehehe ssstututudydydy ppprororotototocols were
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by supplying the collaborators with a uniform data collection sheet that included untreated and 

on-treatment lipid profiles; lipid-lowering therapy at the time of treated lipid profiles; presence 

of xanthoma, xanthelasma, and arcus lipoides corneae; and occurrence and age of onset of CVD.  

We compared lipid profiles and other clinical characteristics of patients with PCSK9

GOF mutations to patients with FH and FDB. For this comparison we selected molecularly 

proven carriers of pathological LDLR or APOB mutations from the Dutch Familial 

Hypercholesterolemia Registry who had untreated lipid levels available.25,26 Each patient with a 

PCSK9 GOF mutation was matched by gender and age (± 2 years) to all available FH and FDB 

patients Dutch Familial Hypercholesterolemia Registry. This approach yielded a cohort with an 

average of 3 FDB and 16 FH patients for each PCSK9 carrier. LDLR mutations were 

characterized as ‘defective’ (missense, small in-frame indel, synonymous with added splice site) 

or ‘deficient’ (large or frame-shifting indel, nonsense, splice site, promoter variant). In 

comparisons of the effect of different PCSK9 GOF mutations on LDL cholesterol, we only 

performed statistical tests for a particular variant when five or more individuals were observed to 

carry that variant, and we compared that variant to all non-carriers of that particular variant.

Treatment Study

The treatment study was conducted at 3 sites in France and one in Utah. We included men and 

women age 18–70 with PSCK9 GOF mutations verified by DNA sequencing and serum LDL-C 

/dL at screening on a stable lipid-lowering regimen, and considered not at goal by 

the investigator. Subjects had body mass index 18.0–40.0 kg/m2 and no cardiovascular event, 

heart failure, or uncontrolled diabetes within 6 months of enrolment. Patients continued to take 

their pre-study lipid-lowering therapies throughout the study. Additional enrolment criteria are 

provided in the Data Supplement.

average of 3 FDB and 16 FH patients for each PCSK9 carrier. LDLR mutations wwewererer  

characteterir zedd as ‘ded fective’ (missense, small in-fraamem  indel, synonymousus with added splice site) 

ororor ‘dddeficient’’’ (llararargegg ooorr r frfrframamamee-ssshihihiftftftinining g g ininindedd l,l, nnnonoo sensnsnse, ssplplplicicice e e sis teee,,, prprromomomotototeree  vararriaiaiantntnt).).). InIn 

cocoompmpmparisons of tttheee effffeccct of ddiififferentntnt PCPCPCSK999 GGGOFFF mumumutatatatititionnns on LDDDL chohoholesssteererol, wewewe onnnlyyy 

performed statisticaal l l tetetests s for r a a a papap rticulara  variant wwwhen fiveveve ooor more indndndivivividuals were observed to

cacarrrry y y ththatat vvarariaiantnt, , , anand d wewe ccomompapap rered d ththatat vvarariaiantnt ttoo alall l nononn-cacarrrrieiersrs oof f ththatat ppparartiticuculalar r vavaririanant.t.
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We utilized a novel double-blind, randomized, placebo-phase design instead of an open-

label non-randomized study design in order to enable a double-blinded comparison of 

alirocumab with placebo (Figure I in the Data Supplement). This study design also provided on-

drug treatment data for all subjects in this small group of unique patients.24 All participants 

received a single-blind dose of placebo at week 2. After subsequent randomization, group A 

received alirocumab (150 mg subcutaneously) at weeks 0, 2, 4, 6, and 10 and placebo at weeks 8, 

12, and 14; group B received alirocumab at weeks 2, 4, 6, 8, and 12 and placebo at weeks 0, 10, 

and 14 (Figure I in the Data Supplement). Follow-up visits were conducted at weeks 16, 18, 20, 

and 22. Accordingly, the number of alirocumab doses was equal in the 2 groups but the dosing 

schedule for group B was shifted by 2 weeks compared to group A.  

 The primary endpoint was a comparison in percent change of measured serum LDL-C 

from pre-treatment to 2 weeks between group A (single alirocumab dose) and group B (placebo). 

Secondary efficacy endpoints included changes in other lipids at week 2 and changes in lipid 

measures from baseline to each study visit. Safety assessments included a physical exam, the 

evaluation of vital signs, electrocardiography, and blood tests. Further details and the schedule of 

assessments are provided in the Data Supplement.

Statistical Analysis 

Comparative Observational Study

For the comparative observational study, we used analysis of variance to assess differences in 

mean lipoprotein levels between each of the individual PCSK9 mutations and all other PCSK9 

GOF mutations combined. This methodology was also used to compare lipoprotein levels in all 

patients with PCSK9 GOF mutations (without LDLR mutations) combined and patients with FH 

and FDB. To determine the effect of medication, a paired t-test was performed on lipoprotein  

chedule for group B was shifted by 2 weeks compared to group A.  

TTheh ppprir mamaryr  endpoint was a comparison in n pepp rcent change of meeasa ured serum LDL-C 

frfrromomm pre-treaaatmtmtmenenent t tooo 222 wwweeeeeeksks bbbetetetweweweenenen grgg ouououppp A A (sssinnngle e e alalaliririrocococummmababab dddososse)e)e) andd gggrororoupupup B (((plplplacacacebebebo)oo

SeSeecocoondary efficaaacyyy enndpppointtsts iiincn ludededed d chhhangegeges in otthererer llliiipiidsss at wwweee k 2 aaand d d chchhangeees iin lipppid 

measures from baseelililinenen  to eaachchch stuudyy vvisit. Safetytyy aassessmmmenenentss includedeed d d a aa php ysy ical exam, the 

evevalaluauatitionon oof f vivitatall sisigngng s,s,, eelelectctrorocacardrdioiogrgrg apapphyhyy, , , anand d blblooood d teteststs.s. FuFurtrthherer ddetetaiailsls aandnd tthehe sschchededulule e ofof
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levels before and after treatment.

Treatment Study

Power analysis for the treatment study were based on prior efficacy data and suggested that

approximately 6 patients per dose group in this rare patient population would provide at least 

80% power to detect a treatment difference of 30% (standard deviation [SD]15%) versus placebo 

for the primary endpoint at a 5% significance level. Continuous primary and secondary efficacy 

variables were analyzed using an analysis of covariance (ANCOVA) model with treatment arm 

as the fixed effect and using the relevant baseline value as a covariate. The rank-based 

ANCOVA was used for triglycerides and lipoprotein (a) [Lp(a)]. The results for the remaining 

lipid parameters were also confirmed using a non-parametric method (Kruskal-Wallis). There 

were no missing data points. 

Results

Comparative Observational Study 

During 2012, 200 lipid specialty centers around the world were contacted and 164 patients (83 

men and 81 women, aged <1–79 years) heterozygous with previously identified PCSK9 GOF 

mutations were compiled from 12 centers in 8 countries (Table 1). The patients carried 16 

different missense mutations, 6 of which were previously undescribed (Table 1). Individual 

PCSK9 GOF mutations generally had restricted geographic distributions and were found in a 

small number of pedigrees (Figure II in the Data Supplement). Examples include 22 patients 

with Arg215His found only in 2 pedigrees in Norway, and 12 patients with Val4Ile and 30 

patients with Glu32Lys found only in Japan. Obligate carrier founders in the Utah pedigree were 

migrants from the United Kingdom. For pooled PSCK9 GOF mutation patients, mean untreated

total and LDL-C were 359 and 272 mg/dL, respectively. Eleven patients were double 

ipid parameters were also confirmed using a non-parametric method (Kruskal-WaWaWallllllisisis).).). ThThTherereree

were nnoo mim sssini g gg dad ta points. 

RReR ssusults

Compmparararatatatiive ObObObseservrv tatatiioional SSSttutudddy 

During 2012, 200 lipipipididid ssspepepecicicialalaltytyty cccenenentetetersrsrs aaarororounununddd thththe ee wowoworld dd wewewererere cccononontatatactctctededed aaandndnd 164 patients (83 
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heterozygotes for mutations in PCSK9 and LDLR; these patients tended to have higher untreated 

lipids compared to patients with the same GOF mutation alone, as previously reported for the 

three Glu32Lys double heterozygote patients.12

 GOF mutations were found in all structural protein domains and 5 of 9 coding exons 

(Figure 1), and were associated with varying degrees of lipid abnormalities (Table 1). Untreated

lipid levels associated with each mutation were compared to the entire PCSK9 GOF mutation

population: Asp374Tyr and Ser127Arg carriers had severe dyslipidemia while Glu32Lys, 

Arg215His, and Ser465Leu carriers were comparatively mild, although substantial variation was 

present in patients carrying the same mutation (Figure 1).  

The physical stigmata of elevated cholesterol were frequent (Table 1), with prevalence 

similar to previous reports for FH and FDB (Table I in the Data Supplement). Also similar to FH 

and FDB,3,27 44% of patients had a history of CVD. Coronary artery disease was the most 

prevalent manifestation (33%) with an average age of onset of 49.4±13.8 years (Table 1 and 

Table I in the Data Supplement).  

 In a comparison with FH and FDB patients drawn from the Dutch Hypercholesterolemia

Registry, PCSK9 GOF mutation patients had the highest, and FDB patients the lowest, mean 

untreated LDL-C levels (Table 2). Among patients with FH, those with deficient mutations had 

higher untreated LDL-C levels than those with defective mutations (Table 2). Although lipid-

lowering therapy (primarily statins, Figure III in the Data Supplement) improved lipid profiles, a 

substantial proportion failed to achieve guideline LDL cholesterol levels (Figure III in the Data 

Supplement). 

Treatment Study

Six Asp374Tyr mutation carriers were enrolled in Utah, and 4 Ser127Arg, 2 Leu108Arg, and 1 

The physical stigmata of elevated cholesterol were frequent (Table 1), wiiththth prprp evevevalalalenenencecc  

imilar r toto prpp eveviousus reports for FH and FDB (Tablee I I in the Data Supplemement). Also similar to FH

anannd d d FDB,3,277 4444%4%4% of f papapatititienenentstt hhhadadad aaa hhhisisstototoryrr oooff f CVCC DDD. Coorororonananaryryry artrtrtererery y y didid seseseasaa e wawawasss thththe e e momomoststst 

prprrevevvala ent manifeeestttatiooon (33%%%) )) wiw th aaan avavveraageee ageee ooof ooonsnsn et of 4999.444±13.888 yyyeaararss s (Tabbbleee 1 annnd

Table I in the Data SuSuSuppppp lemeentntnt).).)   

IIn n a a cocompmppararisisonon wiwithth FHFH aandnd FFDBDB papap titienentsts ddrarawnwn ffrorom m ththe e DuDutctch h HyHyypepep rcrchoholeleststererololememiaia
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Arg218Ser carriers in France (Figure IV in the Data Supplement). Baseline characteristics of the 

subjects in groups A and B were mostly similar (Table 3) although some differences are 

apparent.  

Lipid and Lipoprotein Response

In PCSK9 GOF mutation patients randomly assigned to receive alirocumab, mean percent 

reduction in LDL-C at 2 weeks was 62.5% (P<0.0001) from baseline and 53.7% compared to 

control PCSK9 GOF mutation patients treated with placebo for 2 weeks (P=0.0009; primary 

endpoint). Changes in LDL-C levels in response to alirocumab were similar but temporally 

delayed by 2 weeks in group B compared to group A due to the placebo-phase study design 

(Figure 2A). After 8 weeks of alirocumab treatment, mean percent change in LDL-C was 73.3% 

(P<0.0001) and 12 of 13 subjects achieved an LDL-C level <70 mg/dL (Table 4). Reductions of 

LDL-C in the 2 groups were temporally related to reductions of free PCSK9 (Figure 2B). Pooled 

analysis of 8-week lipid changes in apolipoprotein B, triglycerides, very low-density lipoprotein 

(VLDL) cholesterol, and Lp(a) were significantly reduced (Table 4). In an exploratory analysis,

we examined changes in levels of LDL-C and free PCSK9 from baseline as a function of PCSK9

GOF genotype. Alirocumab treatment resulted in marked reductions in LDL-C levels from 

baseline in all patients with all PCSK9 genotypes (Figure 2C). Potential differences in the rate of 

LDL-C reduction between the genotypes appeared to correlate with kinetics of free PCSK9 

reduction (Figure 2D).

Safety

No patient discontinued early from the study for any reason. The most common treatment-

emergent adverse events were infections and included non-serious upper and lower respiratory 

tract infections and gastroenteritis (Table II in the Data Supplement). No patient experienced an 

Figure 2A). After 8 weeks of alirocumab treatment, mean percent change in LDDLLL-C-C-C wawawasss 737373.333% 

P<0.0000001)) aandn 1122 of 13 subjects achieved an LDLL-C level <70 mg/dL (((TaT ble 4). Reductions of 

LDLDLDLLL-C in theee 22 grgrgrououpspsps wwwererereee teeempmpmporororalalllylyly rrrelllatatatededed to reeeductctctioioionsnsns of f frfrfreeeeee PPPCSCSCSK9KK (((FiFiFigggururureee 2BBB)).). PoPoPoolololedee

anannalllysyy is of 8-weekkk lipiiiddd channngegeges in aaapopooliiipopproooteinnn BBB, trtrtrigigigllycececerideees,,, veryyy lowowow-d-d-dene sityyy lllipipopopoproteeeinnn 

VLDL) cholesterol,l,l, aaandndn  Lp(p(p a)a)a)  wewew re signg ificantly y y rereduced d d (T(T(Tabable 4).) InInIn aaan explp oratory analysis,

wewe eexaxamiminened d chchanangegeg ss inin llevevelels s ofof LDLDLL-C-C aandnd ffreree e PCPCSKSK9 9 frfromom bbasaselelinine e asas aa ffununctctioion n ofof PCPCSKSK99
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elevation of hepatic enzymes or creatinine kinase 3-fold above the upper limit of normal; no 

trends were observed in hepatic enzymes, creatinine kinase, or fasting blood glucose over the 

course of the study. Five patients experienced one or more fasting blood glucose levels above 

126 mg/dL during the course of the trial. All of these patients had a history of abnormal fasting 

blood glucose or an elevated level at screening. One subject experienced a serious adverse event 

of chest pain. Evidence for a myocardial infarction was not found and a follow-up stress test did 

not reveal cardiac ischemia.

Discussion

Gain of function PCSK9 mutations are a third, rare cause of ADH, but knowledge of the clinical 

attributes of mutation carriers and their response to therapy have heretofore been limited. In an 

observational study we characterized the PCSK9 GOF mutation phenotype. Compared to FH or 

FDB, these patients had similarly frequent physical stigmata and premature CVD, but higher 

LDL-C levels. Although we report evidence that these patients respond to available lipid-

lowering treatments, most did not attain optimal lipid profiles on their current regimen of statins 

plus other lipid-lowering therapies, thus establishing the need for additional therapies. We then 

demonstrated in a clinical intervention trial that patients with four different PCSK9 GOF 

mutations achieved a marked additional reduction in LDL-C (up to 73%) after the addition of 

alirocumab to their current regimen, and nearly all attained the goal of 70 mg/dL. The results of 

this small, randomized, placebo-phase trial suggest that PCSK9 antibodies may become a

specific and effective treatment for PCSK9 GOF mutation patients.

 Our observational study demonstrated that PCSK9 GOF variants had mostly restricted 

geographical distributions, were found in a limited number of pedigrees, and exhibited

significant phenotypic variability in associated disease severity. While GOF mutations were 

Gain of function PCSK9 mutations are a third, rare cause of ADH, but knowledgegege ooof f f thththee e clclclinininicicical 

attributes of mutation carriers and their response to therapy have heretofore been limi ited. In an 

obbbseseervationanaal l l study y we characterized the PCSK9 GOGOGOF mutation pppheheh notypep . Compppared to FH or 

FDFDF BBB, these patieenenttts haaadd simiiilalaarly frequuuennnt phyhyhysicaaal stigggmamamatatata aaand prrrematttururre CVCVCVD, bbubutt t hiiighhher 

LDLL C-C-C lelelevevels. AAAltltlthhohougughhh wew  repeporoorttt eviddenenncece thththatt thththesesee papaatititiennntststs resspopop ddnd tttoo avavaiilalalablblble e lipipiiddd-

owering treatments,s, mmmosososttt didididdd nononottt atatattatataininin oooptptptimimimalalal lllipipipididid ppprofififilelelesss ononon tttheheheiririr cucucurrrrrrenenent tt rer gimen of statins 
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found throughout the PCSK9 coding sequence, our study confirms that carriers of either 

Asp374Tyr or Ser127Arg mutations had significantly higher untreated LDL-C levels than the 

other PCSK9 GOF mutation carriers. This result is not unexpected given that these 2 mutations 

were among the first to be described, and extends the results from a smaller study suggesting that 

the Asp374Tyr variant may be associated with a severe form of ADH.7 However, because most 

mutations were reported in a limited number of pedigrees, in our comparison of the different 

variants we are unable to define the portion of the phenotype contributed by background 

genetics. The geographic isolation of GOF variants suggests they are likely due to private 

mutations in different populations, and is consistent with a relatively recent origin of many or all 

of them. As cascade screening28 was used to enrich for the presence of PCSK9 mutations, we are 

unable to obtain a true prevalence of GOF mutations in the general population. However, 

extensive efforts were undertaken to define the genetic architecture of ADH in Holland and 

Japan but no overlap in the variants was found, supporting the geographical isolation of these

mutations.  

 Despite variability in disease severity of individual mutations, pooled analyses revealed 

significantly greater LDL-C levels in PCSK9 GOF mutation patients compared to patients with 

FH or FDB. FH patients are found worldwide, and LDLR variants causing FH are distributed 

throughout the gene (over 1700 reported) with greater disease severity associated with individual 

mutations. In contrast, FDB is also found worldwide, though a single APOB variant 

(Arg3527Gln), found primarily in northern Europeans, is responsible for the vast majority of 

FDB cases (>95%). For our comparison, we matched the PCSK9 GOF mutation patients with FH 

and FDB patients from the Dutch Familial Hypercholesterolemia Registry, the largest such 

resource in the world. It is possible that these patients have more or less severe disease than 

of them. As cascade screening28 was used to enrich for the presence of PCSK9 mmumutatatatitiononons,s,s, wwwe ee are

unablee ttoo obtatain aa true prevalence of GOF mutationons s in the general popululata ion. However, 

exexxteeensive effofofortrttss s weww reree uuundndnderere taakekeken n n tototo dddefefefinii e ee thththeee genenenetic arararchchchitititectututureree ooof f ADADADH innn HHHololollalalanddd aaandndnd 

JaJaapapapann but no oveeerlllap iinn the vvvarririants wawawas founnnddd, supppppportrtrtinining tthheee geogogographicical iiisooolationnn oof f thhhese

mutations.  
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patients from other parts of the world due to genetics or shared environment, and additional 

comparisons to other large collections of patients will be of interest. However, because this 

registry includes a large number of patients identified by cascade screening, it may better reflect

the phenotype of patients with FH and FDB in a population-based sample than many other 

registries that consist mostly of index patients and their first-degree relatives. Although relative 

severity of these patients bear future investigation, it is clear that the severity of the PCSK9 GOF 

phenotype warrants maximizing lipid-lowering therapies in these patients.  

 In our intervention study, alirocumab administration significantly reduced LDL-C levels

in all patients enrolled, and this was temporally correlated with free PCSK9 reductions (Figure

2B and 2D). The magnitude of LDL-C reduction was similar to that observed in previous studies 

of PCSK9 monoclonal antibodies administered to different patient populations. By utilizing a

randomized placebo-phase design,24 each patient contributed to the safety and efficacy data 

while still enabling comparison of alirocumab administration to placebo. During the 2-week 

placebo-controlled portion of the trial, alirocumab administration also significantly reduced 

apolipoprotein B and triglycerides. While some difference in the baseline LDL-C levels and 

other characteristics was present between groups A and B (not unexpected given the small size 

and international design of the study), a post-hoc pooled analysis of all subjects after 8 weeks of 

alirocumab treatment revealed statistically significant reductions of LDL-C, apolipoprotein B, 

triglycerides, Lp(a), and VLDL cholesterol levels. We conclude that inhibition of PCSK9 in 

patients with PCSK9 GOF mutations greatly reduces LDL-C levels. While all mutation carriers 

responded to treatment, our results suggest that the rate of reduction in LDL-C may differ in 

patients carrying different GOF mutations, and this may correlate with the rate of free PCSK9 

reduction after alirocumab administration, providing interesting future avenues of research into  

2B and 2D). The magnitude of LDL-C reduction was similar to that observed in ppprereeviviviououousss stststudududiiesd

of PCSSK9K9 mono occlol nal antibodies administered to ddifi ferent patient popullata ions. By utilizing a

aaandddomized ppplaaacececebobb -phphphasasaseee dedd sisisigngngn,,,242 eaeaeachchch pppatatatieieient ccconnntriibububuteteteddd to thththe e e sasasafefeetytyty andd eeefffffficicicacaca y y dadadatatata 

whwhwhililile e still enabliiinggg comommparissosonn n of alilil rooocuuumaaab admmminnniststtrararattiooon to ppplaaacebo. DDDururrinnng theee 22-2-wweweeke

placebo-controlled popoportrtr ion offf tttheheh ttrial, ala irocumabbb ada miniistststrararation alsoo  sisisigngng ificantly reduced 

apappololipippopopproroteteinin BB aandnd ttririglglg ycycy ereridideses.. WhWhilile e sosomeme ddififfefererencnce e inin ththe e babaseselilinene LLDLDL-CC lelevevelsls anand d
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the biochemical mechanisms of PCSK9.  

Our study has limitations. While we endeavored to obtain all available PCSK9 GOF 

mutation carriers from a wide selection of lipid research and specialty clinics around the world, 

we believe that additional PCSK9 GOF mutations will be found. Furthermore, the collection of 

clinical information on the PCSK9 GOF mutation carriers was necessarily limited by the 

retrospective study design. While additional information regarding other CAD risk factors and 

course of lipid management would be desirable, such data may best be collected in the setting of 

prospective follow-up. While we found that carriers of either Asp374Tyr or Ser127Arg 

mutations had higher LDL cholesterol levels than carriers of other mutations as a whole, our 

analysis was constrained by available sample size, which may limit the generalizability of our 

findings. Finally, we note some clinical differences in the two randomized intervention groups, a 

result not surprising given the relatively small group of mutation carriers included in the 

intervention trial. While imbalance in baseline factors may have had some unexpected effect on 

lipid response at 2 weeks (the time for the placebo-controlled primary endpoint determination), 

the large and essentially universal change from baseline at 8 weeks make an important 

contribution to responses at 2 weeks less likely.

In conclusion, PCSK9 GOF mutation is characterized by a high prevalence of premature 

CVD and higher untreated LDL-C levels than FH and FDB. Intervention in these patients with 

alirocumab, a monoclonal antibody against PCSK9, was well-tolerated and resulted in marked 

reductions in LDL-C levels, suggesting PCSK9 antibodies may become an important targeted 

treatment option for these patients.
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Table 1: Summary of Clinical Data of Patients with a Familial GOF Mutation in PCSK9

Mutation Total Cholesterol 
(mg/dL)

LDL-C 
(mg/dL) Number Affected/Number Assessed

Protein (DNA) Exon N Countries (n) Mean±SD (n) Mean±SD (n) CAD Stroke PVD Arcus Xanthoma
Val4Ile (10G>A)† 1 12 Japan 365.0±103.2 (12) 274.9±99.8 (10) 4/12 0/12 1/12 3/12 10/12
With LDLR mutation 8 Japan 386.7±108.3 (8) 309.4±100.5 (6) 4/8 0/8 1/8 2/8 7/8
No LDLR mutation 4 Japan 313.6±84.7 (4) 222.7±82.4 (4) 0/4 0/4 0/4 1/4 3/4
Glu32Lys (94G>A) 1 30 Japan 329.1±87.4** (29) 242.1±89.7** (28) 7/30 4/30 0/30 8/29 13/29
With LDLR mutation 3 Japan 580.1±69.6 (2) 495.0±119.9 (2) 1/3 0 0/3 2/3 3/3
No LDLR mutation 27 Japan 308.2±52.2 (27) 221.2±51.4 (26) 6/27 4/27 0/27 6/26 10/26
Asp35Tyr (103G>A) 1 1 France 300.5 (1) 218.1 (1) 0/1 0/1 0/1 0/1 0/1
Glu48Lys (142G>A)†, ‡ 1 1 Netherlands 232.8 (1) 164.3 (1) -/0 -/0 -/0 -/0 -/0
Pro71Leu (212C>T)† 2 6 Netherlands 227.4±33.3 (3) 156.2±35.6 (3) 1/6 2/6 0/6 -/0 -/0
Arg96Cys (286C>T)† 2 3 Netherlands 271.5±46.0 (3) 191.4±34.4 (3) 2/3 0/3 0/3 0/2 0/2
Leu108Arg (323T>G) 2 1 France 365.4 (1) 303.6 (1) 1/1 0/1 0/1 0/1 0/1

Ser127Arg (381T>A) 2 17
France (12)

419.2±80.4* (16) 368.5±82.4** (9) 2/15 0/14 0/12 4/15 8/15Norway (3)
South Africa (2)

Asp129Asn (385G>A)† 2 1 United Kingdom 399.1 (1) 321.3 (1) 0/1 0/1 0/1 0/1 0/1
Arg215His (664G>A) 4 22 Norway 287.3±102.9* (20) 163.6±53.8** (11) 4/4 -/0 -/0 -/0 -/0
Phe216Leu (646T>C)‡ 4 1 France 263.0 (1) 169.0 (1) 0/1 0/1 0/1 0/1 0/1
Arg218Ser (654A>T) 4 2 France 340.3±87.4 (2) 244.0±68.8 (2) 0/1 0/1 0/1 1/1 1/1

Asp374His (1120G>C) 7 4 France (1) 408.7±123.4 (4) 372.0±185.2 (2) 3/4 0/4 0/4 1/4 1/4Portugal (3)

Asp374Tyr (1120G>T) 7 44
Norway (11)

419.6±105.2*** (42) 329.1±102.5*** (35) 13/39 0/10 1/10 3/22 14/22United Kingdom (13)
United States (20)

Ser465Leu (1685C>T)† 9 10 Netherlands 269.9±58.8* (7) 186.8±56.8* (7) 4/10 0/10 0/10 -/0 -/0
Arg496Trp (1777C>T) 9 9 Netherlands 300.5±48.3 (3) 337.6±184.5 (3) 0/9 0/4 0/4 -/0 -/0

All mutations 164 All countries 358.9±107.9 (144) 272.2±109.8 (116) 41/126
(33%)

6/98
(6.1%)

2/96
(2%)

20/89
(22)

47/89
(53%)

CAD indicates coronary artery disease; LDL-C, low-density lipoprotein cholesterol; PVD, peripheral vascular disease; and SD, standard deviation.
*P<0.05; **P<0.01; ***P<0.001 compared the all other subjects combined.  
†Val4Ile, Glu48Lys, Pro71Leu, Arg96Cys, Asp129Asn, Ser465Leu mutations were previously unreported. 
‡LDL-C levels for 2 mutations (Glu48Lys and Phe216Leu) are provided on lipid-lowering therapy because either the patient’s medication history was unknown or the only data available
were on medication. Cholesterol levels refer to untreated values. To convert values for cholesterol to mmol/L, multiply by 0.02586. 
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Table 2: Comparison of untreated lipid profiles (means±SD) of heterozygous patients with familial GOF mutation in PCSK9, FDB 

and defective and deficient LDLR mutations in FH 

FH by LDLR Mutation Class

PCSK9 GOF
Mutation (n)

FDB
(n=470) 

All FH
(n=2126) 

Defective LDLR
(n=1398) 

Deficient LDLR
(n=728) 

Age (years) 36.7±18.6 (135) 32.1±16.9 28.1±16.5 29.2±16.4 26.1±16.5 

Total cholesterol (mg/dL) 351.9±104.4 (134) 254.8±50.7*** 290.0±82.8*** 277.3±74.2*** 314.8±92.8 

LDL-C (mg/dL) 266.8±108.3 (108) 184.8±43.3*** 219.6±76.6*** 206.5±67.3*** 245.2±86.2 

HDL-C (mg/dL) 54.2±27.1 (108) 48.7±16.2 46.4±14.3** 46.8±15.1** 45.2±13.1*** 

Triglycerides (mg/dL) 150.6±115.1 (108) 111.6±65.5** 121.3±76.2 122.2±77.1* 120.5±75.3 

To convert cholesterol to mmol/L, multiply by 0.02586. To convert triglycerides to mmol/L, multiply by 0.01129.
HDL-C indicates high-density lipoprotein cholesterol; FDB, familial defective apolipoprotein B; FH, familial hypercholesterolemia; GOF, gain-of-function; 
LDL-C, low-density lipoprotein cholesterol; LDLR, low-density lipoprotein receptor; and SD, standard deviation.  
*P<0.05; **P<0.01; ***P<0.001 when compared to PCSK9 GOF mutation carriers. The 11 patients who were double heterozygotes for mutations in PCSK9 and 
LDLR were excluded from the analysis. 

years) 36.7±18.6 (135) 32.1±16.9 28.1±16.5 29.2±16.4 262626.1.1.1±16.5

cholesterol (mg/dL) 351.9±104.4 (134) 254.8±50.7*** 290.0±82.8*** 277.3±74.2*** 314.8±92.

CC (m(m(mgg/g/ddL) 266.8±108.3 (108) 184.8±43.3**** 219.6±76.6*** 2000666.5±67.3*** 245.2±86.

-C (((mg/dL) 55454.222±2±2±2777.11 (1(1(1008) 4448.7±±±1666.2 46466.4±1144.4.3** 4446.8±1155.5.111** 45455.22.2±1113.3 11*1

ycceceririidedd s (mg/dLL))) 15500.666±115...1 (1(1(108) 1111.6±±656565.5** 112121.33±7776.2 112222.2±±±777777..1* 11220.5±±±775.

nvert cholesterol to mmol/L, muultltipiply by 0.02258586.6 To convert triglycerides to o mmol/L, muultltipipply by 0.01129.
C indicates high-density lipoprprprotototeieiein n n chchcholololesesesteteterororolll;;; FDFDFDBBB,,, fafafamimimilililialala dddefefefececctititiveveve aaapopopollilipopopoprprprotototeiee n BBB;;; FHFHFH,,, fafafamimimilililialala hhhypypypererrchchcholololesesesteteterororolel mia; GOF, gain-of-ff function
C, low-density lipoprotein choooleesesteteerororoll; LDLDLDLRLRLR, lllowww--ddedensnsn ititityyy lililipopopoprprprotototeieiin n rererecececeptpp ororor;;; anannd d SDS ,, ststtananandadad rdrdrd dddeveveviaaatitiiononon..  
05; **P<0.01; ***P<0.001 wheheh nn cocompmpararededd ttto o PCPCPCSKSKSK99 GOGOGOFFF mumuttatatitionon ccarar iririererss. TTThhehe 1111 patitiienenttsts wwhhoho wwerere e ddodoububblelel hhh tetetererozozygotes for mutations in PCSK
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Table 3: Baseline Characteristics of Patients with Familial GOF Mutation in PCSK9 in the 

Randomized Alirocumab 150 mg Study 

Characteristic
Group A

(n=6) 
Group B

(n=7) 

Age (years) 42.3±14.7 46.6±13.3 

Race (n)

White 5 6

Indian Ocean Islander 1 1

Sex (n)

Male 2 2

Female 4 5

BMI (kg/m2) 28.5±6.6 30.4±6.7 

Glucose (mg/dL) 97.7±10.8 107.6±17.8 

Hemoglobin A1c (%) 5.45±0.40 6.14±0.55 

Prior history of diabetes mellitus 0 3

Prior history of glucose intolerance 0 1

PCSK9 GOF mutation (n) 

Asp374Tyr 3 3

Ser127Arg 1 3

Leu108Arg 1 1

Arg218Ser 1 0

Lipid-lowering therapy (n) 

Statin 6 7

Ezetimibe 3 3

Niacin 3 2

Fibrate 0 1

Bile acid sequestrant 0 1

History of cardiovascular disease (n) 1 4

Continuous variables are shown as mean ±SD.
BMI indicates body mass index; GOF, gain-of-function; and SD, standard deviation

BMI (kg/m2) 28.5±6.6 303030.4.4.4±6±6±6.7.7.7 

Glucose (mg/dL) 97.7±10.8 107.7 66±6±1717.88 

Heemomomoglglglobobobininin AAA1c1cc (((%) 5.5.45±0.40 6.14±0.55 

PPrPriooor history ofoff dddiaiaiabeeetetetes s s mememelll itititususu 000 333

PrPrPriooor r history of gggluuucossse intolllererrance 000 1

PCCSKSKSK999 GOGOGOFFF mumumutatatatititiononon (((n)n)n) 

Asp374Tyr 333 3

SeSeSer1r1r1272727ArArArggg 111 333
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Table 4: Lipid Parameters in Patients in the Randomized Study at Baseline, at Week 2, and After 8 weeks of Alirocumab 150 mg 
Treatment There were 6 Participants Randomized to Group A and 7 Randomized to Group B for 13 Total Combined Participants

Baseline Study Week 2 8 Weeks of Alirocumab 
Treatment

Lipid parameter Group A (n=6) Group B (n=7) Group A Group B P-value Combined (P-value)

LDL-C (measured, mg/dL) 108.8±33.8 144.3±68.4 45.2±42.0 126.3±43.2 32.3±21.4

% change from baseline -62.5±8.2 -8.8±7.6 -73.3±16.1 (<0.0001)

% difference group A vs B* -53.7±11.5 0.0009
HDL-C (mg/dL) 57.2±19.4 50.4±14.7 58.7±22.6 47.0±15.1 55.8±18.0

% change from baseline 1.0±4.6 -6.1±4.3 7.9±13.7 (0.0603)
% difference group A vs B 7.2±6.4 0.2864

Triglycerides (mg/dL, median [IQR]) 84.5 (61.0:112.0) 144.0(66.0:170.0) 55.0 (41.0:76.0) 167.0 (72.0:199.0) 64.0 (42:86)

% change from baseline -27.9 (-33.3:-6.1) 12.9 (-27.2:29.7) -37.8 (-46:-27) (0.0002)
% difference group A vs B -40.8 0.0461

VLDL-C (measured, mg/dL) 22.8±18.8 28.9±15.0 19.2±20.7 29.3±12.9 14.4±8.1

% change from baseline -23.8±10.1 6.7±9.3 -39.5±17.5 (<0.0001)
% difference group A vs B -30.5±13.9 0.0526

Apo B-100 (mg/dL) 89.2±27.3 101.0±15.8 42.8±43.4 99.4±16.5 32.4±15.3

% change from baseline -55.3±8.7 -3.8±8.0 -65.0±16.6 (<0.0001)
% difference group A vs B -49.6±12.1 0.0021

Lp(a) (mg/dL, median [IQR]) 56.6 (34.4:69.1) 19.4 (10.0:56.1) 37.2 (16.6:77.4) 13.0 (9.0:57.6) 11.9 (4:51)
% change from baseline -21.0 0.0 (-10.0:3.0) -43.3 (-65:4) (0.0020)
% difference group A vs B -21.0 0.1317

For week 2 results, baseline refers to values obtain just prior to the first dosing of alirocumab (group A) or placebo (group B) and week 2 is the patients’ nominal week 2 visit. For 
week 8 results, the t2wo groups are combined and baseline refers to blood drawn just prior to the first dosing of alirocumab; for group A, the baseline remains as before, but for group 
B, a 2-week shift is adjusted so the nominal week 2 value becomes baseline and the nominal week 10 value becomes the week 8 value.
To convert cholesterol to mmol/L, multiply by 0.02586. To convert triglycerides to mmol/L, multiply by 0. /L, multiply by 0.0357.
Apo indicates apolipoprotein; HDL-C, high-density lipoprotein cholesterol; IQR, interquartile range; LDL-C, low-density lipoprotein cholesterol; Lp(a), lipoprotein (a); SD, standard 
deviation; SE, standard error; and VLDL-C, very low-density lipoprotein cholesterol. 
*Primary endpoint. All lipid values are shown as mg/dL. Mean ±SD are given for lipid parameters at baseline, 2 weeks, and 8 weeks as well as percent changes from baseline. Least-
square means ±SE are given for differences between group A and B at 2 weeks. Significance of 8-week changes from baseline were tested with 2-sided paired t-tests. Median % 
change from baseline and IQR (Q1:Q3) are shown for triglycerides and Lp(a).

erence group A vs B* -53.7±11.5 0.0009
(mg/dL) 57.2±19.4 50.4±14.7 58.7±22.6 47.0±15.1 555555 8.8.8±1±1±18.88.000

nge from baseline 1.0±4.6 -6.1±4.3 7.7.9±9±9±131313.7.7.7 (((0.0.0.060606030303)))
erence group A vs B 7.2±6.4 0.2864
rides (m(mmg/g/g/dLdLdL, ,, mememedididiananan [IQQQR]R]R]))) 84.5 (61.0:112.0) 144.0(66.0:170.0) 555.0.0.0 (((414141.0:76.0) 167.0 (72.0:199.0) 64.0 (42:86)

ngegege ffroroom baseline -27.99 (-3333.3:-6.1) 12.9 (-27.2.2.2:2: 9.7) -37.8 (-46:-27) (0.000
eeerennccce group A vs BBB -400.8 0.0461611

C C (meeeasured, mg/dL) 2222.8±18.888 2228.9±±±1555.0 1999.2±±±20.777 29.3±±±1222.9 14.4.4±8.11

nnngegg fffroror m baseline -233.88±10..111 6.7±7±±9.33 -39399.5±±±177..5 (<0.000001
erenenncece gggroror up AA vvsss B B B -30300.55±1± 33..99 0.0 0526262
00 (mg/dLL)) 89.2±27.3 101.0±15.8 42.8±43.4 99.4±16.5 32.4±15.3

nge from baseline -555555 3.3.3±8±8±8 7.7.7 ---3.3.3.8±8±8±8.8.8 000 -65.0±16.6 (<0.0001
erence group A vs B ---49499.6.66±1±1±12.2.11 00.0.000000212121

g/g/g/dLdLdL, mememedididiananan [[[IQIQIQR]R]R]))) 565656 66.6 (((343434 44.4:6:6:6999.1)1)1) 191919 44.4 (((101010 00.0:5:5:5666.1)1)1) 373737 22.2 (((161616 66.6:7:7:7777.4)4)4) 131313 00.0 (((999.0:0:0:575757 66.6))) 111111 99.9 (((4:4:4:515151)))
nngege ffroromm babaseselilinene 2121 00 00 00 (( 1010 00:3:3 00)) 4343 33 (( 6565:4:4)) (0(0 00020200



DOI: 10.1161/CIRCGENETICS.115.001129

23

Figure Legends:

Figure 1: Distribution of untreated LDL-C for patients with familial gain-of-function mutations 

in PCSK9 without LDLR mutations (A), and position of the mutations and the 12 exons of the 

PCSK9 gene relative to the protein domains (B)

†P-value indicates reduction for mutation versus overall mean. 

‡P-value indicates increase for mutation versus overall mean. Dotted line represents mean LDL-

C level of all PCSK9 mutation carriers from whom untreated LDL-C levels were available.

1.1 mmol/L = 70 mg/dL; 2.59 mmol/L = 100 mg/dL

LDL-C indicates low-density lipoprotein cholesterol; SD, standard deviation. 

Figure 2: Change in LDL-C and free PCSK9 for patients with familial GOF mutation in PCSK9

in the randomized alirocumab study. (A) Mean (±SE) LDL-C values and (B) mean (±SE) percent 

change from baseline in free plasma PCSK9 are shown by study group together with an 

indication of the dosing schedules. (C) Mean (+SE) percent change from baseline in LDL-C and 

(D) free plasma PCSK9 are shown by PCSK9 gain of function mutation. In panels (C) and (D), 

results from groups A and B were combined by shifting group A visits forward 2 weeks, thereby 

aligning the dosing schedule in the 2 groups. 

LDL-C indicates low-density lipoprotein cholesterol; and SE, standard error. 

LDL-C indicates low-density lipoprotein cholesterol; SD, standard deviation. 
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