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ABSTRACT
Aims: Genetic factors explain a proportion of the inter-individual variation in the risk 

for atherosclerotic events, but the genetic basis of atherosclerosis and atherothrombosis 
in families with Mendelian forms of premature atherosclerosis is incompletely understood. 
We set out to unravel the molecular pathology in a large kindred with an autosomal domi-
nant inherited form of premature atherosclerosis. 

Methods and Results: Parametric linkage analysis was performed in a pedigree com-
prising 4 generations, of which a total of 11 members suffered from premature vascular 
events. A parametric LOD-score of 3.31 was observed for a 4.4 Mb interval on chromosome 
12. Upon sequencing, a non-synonymous variant in KERA (c.920C>G; p.Ser307Cys) was 
identified. The variant was absent from nearly 28,000 individuals, including 2,571 patients 
with premature atherosclerosis. KERA, a proteoglycan protein, was expressed in lipid-rich 
areas of human atherosclerotic lesions, but not in healthy arterial specimens. Moreover, 
KERA expression in plaques was significantly associated with plaque size in a carotid-collar 
Apoe-/- mice (r2 = 0.69; p < 0.0001). 

Conclusion: A rare variant in KERA was identified in a large kindred with premature 
atherosclerosis. The identification of KERA in atherosclerotic plaque specimen in humans 
and mice lends support to its potential role in atherosclerosis. 
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INTRODUCTION
In both cardiovascular disease (CVD) and stroke, atherosclerosis is the underlying 

pathology. Genetic factors explain a proportion of the observed inter-individual variability 
in atherosclerosis progression, which is exemplified by the observed 30 - 60% heritability in 
twin studies,1 and the finding that a positive family history for premature atherosclerosis 
is an independent risk factor.2 Both common and rare genetic variants contribute to the 
heritability.3 A recent meta-analysis of Genome Wide Association Studies (GWAS) of nearly 
64,000 cases with CVD has identified 46 common single nucleotide polymorphisms (SNPs) 
of small effect size, which account for about 10.6% of the estimated heritability.4 The re-
maining heritability is assumed to be explained by a combination of common variants with 
effect sizes so small that they remained undetected in the recent GWAS meta-analysis, by 
rare variants with an intermediate effect, and by pedigree-specific mutations with a large 
effect. The latter have been identified in several pedigrees with Mendelian forms of ather-
osclerosis.5–11 A well-known example of such a monogenic dominant disorder, that under-
lies atherosclerosis, is Familial Hypercholesterolemia (FH), caused by loss of function (LOF) 
causing mutations in the genes encoding for the Low-density lipoprotein receptor (LDLR) or 
Apolipoprotein B (APOB), or gain of function (GOF) mutations in Proprotein convertase sub-
tilisin/kexin type 9 (PCSK9). Carriers of mutations in these genes are characterized by high 
plasma levels of LDL-cholesterol (LDL-c) and early onset atherosclerosis.12 

The molecular basis of premature atherosclerosis in the absence of high LDL-c lev-
els is largely unknown, but recently rare and putative causal variants in Myocyte enhanc-

er factor–2 (MEF2A) and Low-density lipoprotein receptor-related protein 6 (LRP6) have 
been identified in pedigrees with Mendelian forms of atherosclerosis where FH as a causal 
factor was ruled out. 5,10,11 The predictive power of a family based approach has recently 
been documented by Erdmann and co-workers,13 who identified 2 novel private mutations 
in Guanylate Cyclase 1 soluble alpha 3 (GUCY1A3) and Chaperone Containing TCP1 subunit 
7 (CCT7), in a pedigree with a mendelian form of CVD. The identification of such mutations 
in novel genes provides new and pivotal information about the pathobiology of premature 
atherosclerosis, and may ultimately lead to new pharmacological interventions to address 
the burden of atherosclerosis. 

The aim of the current study was to identify the molecular defect in a large non-FH 
pedigree with an autosomal dominant form of atherosclerosis. We identified a non-synony-
mous (ns) mutation in the Keratocan (KERA) gene, which encodes the extracellular proteo-
glycan KERA. Additional genetic, histological and animal studies were performed to further 
establish the role of this variant in atherosclerosis.
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METHODS

Recruitment of the pedigree with early onset atherosclerosis

A male subject who suffered from an acute myocardial infarction (AMI) at the age 
of 49 years was referred to the outpatient clinic of the Academic Medical Center (AMC) in 
Amsterdam (index case III:8). An autosomal dominant form of inheritance of early onset 
atherosclerosis in the pedigree was identified. Premature atherosclerosis was defined as a 
documented atherosclerotic event, either CVD or stroke, before the age of 55 (male) and 65 
(female). Blood was obtained after an overnight fast. Plasma was isolated by centrifugation 
at 3000 rpm, for 20 minutes at 4 °C and was stored at -80 °C for further analyses. Plasma 
cholesterol, LDL-c, high-density lipoprotein cholesterol (HDL-c) and triglycerides (TG) were 
analysed using commercially available assays (Randox, Antrim, United Kingdom and Wako, 
Neuss, Germany) on a Cobas-Mira autoanalyzer (Roche, Basel, Switzerland). Hypertension 
was defined as a systolic blood pressure > 140 mmHg and/or diastolic blood pressure > 90 
mmHg or the use of anti-hypertensive lowering drugs. Diabetes mellitus was defined as 
fasting plasma glucose ≥ 7.0 mmol/l or use of anti-diabetic medication. The study complies 
with the Declaration of Helsinki and the Institutional Review Board of the AMC (Medische 
Ethische Toetsings Commissie, METC) of the University of Amsterdam approved the study. 
All participants provided written informed consent.

Genetic studies (figure 1)

Genomic DNA was extracted from whole blood on an AutopureLS apparatus accord-
ing to the manufacturer’s protocol (Gentra Systems, Minneapolis, MN, USA). Human Cy-
toSNP-12 BeadChip kits were used for genome wide single nucleotide polymorphism (SNP) 
genotyping (Illumina, San Diego, CA, USA) in 12 relatives (Figure S1; 9 affected and 3 unaf-
fected). A Nimblegen (Madison, WI, USA) custom sequence capture array comprising 395K 
probes was designed to enrich for the genomic region that was identified by linkage analysis 
and used to sequence the DNA region with an Illumina GAII platform. Confirmation of the 
identified mutations and analysis of co-segregation of the variant in the pedigree was by 
Sanger sequencing as previously described14. The following primer pairs were used: KERA: 
exon 1 forward 5’-AAG ATT ACC AGC CAA TAC AAT GC -3’, reverse 5’-TGA TGG GAG ACC 

CTC ATC TG-3’ exon 2 forward: 5’-GCC ACT AAG CCC TCC ATA GG-3’; Reverse (2) 5’-AGC 
AAT GGG GAA TAT GAC TTG-3’. After establishing the segregation in the core pedigree, the 
family was further expanded (Figure S1 in File S1).
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Figure 1. Schemati c overview of the gene discovery strategy. 

Validati on cohorts: 

The KERA variant was genotyped in: 
1. Premature Atherosclerosis (PAS) Cohort: this cohort comprises 935 pati ents with 

early symptomati c atherosclerosis before the age of 51 years. Atherosclerosis is defi ned as 
myocardial infarcti on, coronary revascularizati on, or evidence of at least 70% stenosis in 
a major epicardial artery.15 Pati ents were recruited at the cardiology and vascular outpa-
ti ent clinic of the AMC.16 To identi fy possible further cases with mutati on or rare variants 
in the coding fracti on of KERA the DNA samples of 296 randomly chosen PAS cases were 
sequenced. 

2. Sanquin Blood Bank common Controls: DNA samples from 1,440 healthy volun-
teers were recruited from a large cohort of healthy blood donors, who were free of clinical 
CVD, at one of the collecti on clinics of the Sanquin Blood Bank covering the northwest sec-
ti on of the Netherlands, which geographically overlaps the PAS case cohort.16 

3. Cambridge BioResource Collecti on: DNA samples of 8,946 healthy volunteers were 
enrolled by NHS Blood and Transplant Unit in a resource for genotype-phenotype associa-
ti on studies.17 In additi on, genotyping results from 16,515 samples were retrieved from the 

UK10K (htt p://www.uk10k.org) and the NHLBI Exome Sequencing (ESP) projects.18

Human plaque quanti fi cati on

Specimens of cornea (n = 2), tonsil (n = 2), mammary artery (n = 2), atheroscleroti c- 
and non-diseased arteries (n = 9) were collected from pati ents at autopsy. The ti ssues from 
autopsy material for histological verifi cati on of protein expression were obtained from the 
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Department of Pathology (Prof.dr. AC van der Wal) within the AMC, Amsterdam. They were 
anonymously provided to us according to the GPC guidelines. No METC conformation was 
required. For details of the staining procedures see Supplemental Methods in File S1.

Molecular dynamics computer simulations

Molecular dynamics (MD) computer stimulations were performed to assess the ef-
fect of the p.Ser307Cys mutation on the structure of the KERA protein (see Supplemental 
Methods in File S1).

Animal experiments 

The animal protocol was approved by the Ethics Committee for animal Experiments 
of the Leiden University (Leiden, The Netherlands) and carried out in compliance with the 
Dutch government guidelines. The animals were bred in house in the Gorleaus Laboratories 
of the Leiden/Amsterdam Center for Drug Research Leiden, the Netherlands. All surgery 
was performed under sodium pentobarbital anesthesia, and all efforts were made to min-
imize suffering. Male Apoe-/- mice, aged 10-12 weeks, were fed a Western type diet con-
taining 0.25% cholesterol and 15% cacao butter (Special Diet Services, Sussex, UK) starting 
two weeks prior to collar placement surgery. Mice (n = 3 - 4 per group) were anaesthetized 
at t = 0 or 2, 4, 6, 8 and 10 weeks after collar placement and in-situ perfusion-fixation was 
performed, after which carotid arteries were sectioned and lesions were analyzed.19 Mor-
phometric analysis using Leica Qwin image analysis software (Leica Microsystems, Rijswijk, 
The Netherlands) was performed on hematoxylin and eosin stained 5 μm sections of the 
carotid arteries at the site of maximal stenosis as previously described.19 Cryosections were 
stained for KERA protein using a rabbit anti KERA polyclonal antibody (clone H-50, Sc-66941) 
(Supplemental Methods in File S1).

Statistical analysis

Results are expressed as mean ± standard deviation unless otherwise stated. 
Two-sided P values of <0.05 were considered statistically significant. All statistical analysis 
were performed with SPSS version 18.0. Multipoint parametric linkage analysis assuming a 
fully penetrant autosomal dominant model, based on the clinical segregation of the disease 
phenotype in the pedigree and minor allele frequency (MAF) of < 0.001 was conducted 
using Allegro software.20 The identified variants were compared with the dbSNP (build 129) 
database and available data from the 1000 Genomes pilot project.21 Only those variants that 

were not present in the database were selected for further testing. 
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Table 1. Clinical characteristics of the core pedigree included in linkage analysis.

Patient Sex Type of 
CVD

Age 
CVD Medication

KERA

c.920C>G 

Diabetes 
mellitus 
(years)

Hyper-
tension

(years)

Smoking BMI

(kg/m2)

III:1 F None N/A None No No No Yes 20

III:2 F None N/A None No No Yes (55) No 32

III:7 F None N/A None No No No No 29

II:3 M AMI 42 Simva 40 mg Yes No No No 32

III:3 M CABG 49 Rosuva 10 mg Yes No No Yes 28

III:4 M CVA 58 Prava 40 mg Yes Yes (54) No No 31

III:6 F CVA 66 Atorva 20 mg Yes No No Yes 29

III:8 † M AMI 49 Atorva 80 mg Yes No No No 35

III:9 M PTCA 54 Simva 40 mg Yes No No Yes 30

III:10 M AP 46 Rosuva 20 mg Yes No No No 38

IV:1 F CVA 44 Atorva 20 mg Yes No No Yes 30

IV:2 F CVA 33 Prava 20 mg Yes No No Yes 32

AMI = Acute Myocardial Infarction; AP = Angina Pectoris; PTCA = Percutaneous Transluminal Coronary Angioplas-
ty; CABG = Coronary Artery Bypass Graft; CVA = Cerebrovascular Accident. Simva = Simvastatin, Rosuva = Rosu-
vastatin, Prava = Pravastatin and Atorva = Atorvastatin. BMI = body mass index (kg/cm2). † = index case. Subjects 
were considered smokers if they were current smokers or when they quitted smoking within the last 5 years.

Table 2. Characteristics of the core pedigree included in linkage analysis.

No atherosclerosis Atherosclerosis present

Age 78 ± 4 66 ± 13
Sex (N = male/female)

BMI

3/0

30.5 ± 4.3

6/3

31.0 ± 2.7
Total cholesterol (mmol/l) 6.4 [5.5 – 6.4] 4.1 [3.5 – 4.3]

LDL cholesterol (mmol/l) 4.2 [3.5 – 4.2] 2.1 [1.8 – 2.6]

HDL cholesterol (mmol/l) 1.7 [1.5 – 1.7] 1.1 [0.8 – 1.4]

Triglyceride (mmol/l) 1.2 [1.0 – 1.2] 1.3 [1.1 – 1.8]

Age is expressed as mean ± standard deviation and data are expressed as number (N). Lipid values are expressed 
as median with interquartile range (IQR). Pedigree members with an event use lipid lowering medication. LDL = 
low density lipoprotein; HDL = high density lipoprotein
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RESULTS

Identification of the mutation in KERA

The index case III.8 (Figure 2B) suffered from an AMI at the age of 49 years, and apart 
from obesity, no other atherosclerosis risk factors were identified (Tables 1 and 2). Ten rela-
tives did suffer from premature atherosclerosis, of whom 2 died prior to the conduct of this 
study. In addition to the nine living affected cases, we identified three unaffected relatives, 
who were above the predefined age for PAS and had not suffered from an atherosclerotic 
event. (Figure 2B, Tables 1 and 2). Genotyping was performed in these 12 individuals and 
multi-point linkage analysis resulted in a parametric LOD-score of 3.31 in a region located 
on chromosome 12q21.33-q22 (Figure 2A). The interval of 4.4 Mb was located between 
SNPs rs1688545 and rs1493848 (Figure 2B) and harboured 21 annotated genes (Tables S1 
and S2 in File S1). Sequencing of the interval in the index case III.8 revealed 1 non-synon-
ymous variant, which was absent from the 1000 Genomes project. This novel variant in 
exon 3 (NM_007035.3: c.920C>G; p.Ser307Cys, Figure 2C) was identified in a single KERA 
haplotype, which showed complete co-segregation with premature atherosclerosis in the 
core pedigree. Further expansion of the pedigree led to the identification of 10 additional 
KERA mutation carriers of whom 1 brother, aged 73 years, had no signs of atherosclerotic 
disease. Two female carriers of the mutation are still under the PAS age (Figure S1, Table 
S3 in File S1). The KERA p.Ser307Cys variant was absent from 27,901 other DNA samples, 
including samples from 935 cases from the PAS cohort (Table S4 in File S1) and 1,636 cases 
of premature MI collection of the NHLBI Exome Sequencing project. The coding sequence 
and intron-exon boundaries of KERA were additionally sequenced in 296 PAS subjects and 
no additional rare variants with MAFs < 0.5% were identified. 

Autosomal recessive LOF mutations in KERA cause cornea plana type 2 (CP2), an 
ophthalmologic disorder characterised by corneal flattening, but split lamp examination in 2 
carriers of the KERA p.Ser307Cys mutation did not reveal CP2 characteristics. Additionally, in 
9 CP2 cases and their 9 first-degree relatives (age > 55 and > 65 years for males and females) 
no evidence of clinical events related with atherosclerosis were detected.

The effect of the mutation on the KERA protein structure; in silico analysis (Figure 3)

The cysteine residues at 303 and 343 in KERA are highly conserved among a large 
range of animal species. The mutation, which introduces a novel cysteine at residue 307 
leads to a substantial change in this conserved region. This was studied in more detail by 
molecular dynamics (MD) computer simulations started from a homology model based on 
the crystal structure of decorin.22 The Ser307Cys mutation is localised in the C-terminal part 
of KERA and is flanked by cysteine residues at positions 303 and 343, which are assumed to 
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be covalently bonded (Figure 3A). Whilst the horseshoe fold, typical of leucine-rich 

repeat domain containing proteins, was maintained during simulati on, the mutati on at res-
idue 307 may form a preferred disulphide bond with Cys303, resulti ng in Cys343 being un-
paired and to become more solvent exposed than in the wild-type KERA protein (Figures 
3A - D). 

Figure 3. Structures obtained from molecular dynamic simulati ons of the mutant p.Ser307Cys KERA protein. 

Molecular dynamic simulati ons were performed as described in the Supplementary Methods. The residue Cys303 
is highlighted in yellow, Cys343 in green, Ser307 in cyan and Cys307 residue in blue. A, Structure of wild-type 
KERA. C Structure of the KERA mutant p.Ser307Cys. B, A detailed view of the C-terminal part of wild type KERA 
highlighti ng the Cys303-Cys343 disulphide bond. D, Possible structural eff ects of the substi tuti on of a serine for a 
cysteine at residue 307 showing a favourable Cys303-Cys307 disulphide bond. Consequently, Cys343 is available 
for binding with cysteine residues of other proteins.
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KERA is associated with atheroscleroti c burden in humans 

KERA was not expressed in tonsil ti ssue (Figure 4A) and mammary artery segments 
(Figure 4C). KERA was nicely expressed in cornea (Figure 4B). Interesti ngly KERA was present 
in a human artery segment obtained from a pati ent who is a carrier of the KERA mutati on 
(Figure 4D). Additi onally we have tested arterial segments from 9 pati ents at diff erent stages 
of atherosclerosis progression (Figures S2B and S2C in File S1) and found that KERA was not 
expressed in 2 non-diseased arterial segments (Figure S2A in File S1) but was expressed in 
atheroscleroti c plaque regions. KERA was localised within the extracellular matrix, in close 
vicinity to the lipid core of the atheroscleroti c plaque. Domains rich in KERA showed a strong 
staining by anti bodies against CD3 and Chemokine (C-X-C moti f) ligand 1 (CXCL1), indicati ng 
the presence of lymphoid T helper (Th1) cells in additi on to the myeloid cells (Figures 5A – 
C). 

Figure 4. KERA is expressed in atheroscleroti c but not in non-diseased arteries.

A, KERA is not expressed in tonsil ti ssue; B: KERA is expressed in corneal ti ssue C: KERA is not expressed in mam-
mary artery. D: KERA is expressed in arterial segments obtained from a pati ent with the KERA mutati on.
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Figure 5. Co-localization of KERA with CXCL1 and CD3 positive type I helper T lymphocytes was assessed in human 
plaque segments. A: triple stain with KERA (blue), CXCL1 (red) and CD3 positive cells (brown). B: Spectral Imaging 
of triple staining. C: The yellow staining demonstrates that these cells are positive for all three components.

Kera expression is associated with atherosclerotic burden in Apoe-/- mice

Next we tested whether KERA protein expression was associated with atheroscle-
rotic burden in an established Apoe-/- mouse model for atherosclerosis, in which athero-
sclerosis was induced by perivascular collar placement. At different time points after collar 
placement the degree of atherosclerosis and KERA protein expression was analysed in ca-
rotid artery. KERA was detected in both early and advanced atherosclerotic lesions (Figures 
6A and B). Interestingly, the extent of atherosclerotic lesion formation, quantified by intima 
area, was over time significantly correlated with KERA protein expression (r2 = 0.69, P < 
0.0001) (Figures 6C and D).
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Figure 6. Expression of KERA in atherosclerotic tissue in Apoe-/- mice after induction of atherosclerosis by collar 
placement. A – B, Early (week = 2, A) and advanced (week = 8, B) atherosclerotic tissue from murine carotid 
arteries were stained for KERA (brown) and hematoxylin (blue). While present mainly near endothelial cells in 
early lesion, KERA is predominantly present in the matrix of the plaque at more advanced lesions. C – D, KERA 
expression overtime in Apoe-/- mice with collar placement show significant correlation with plaque size (r2 = 0.69, 
P<0.0001).

A B

Proefschrift_Julian_Final_20171024_colourPARTs.indd   253 26/10/2017   17:24:06



254

Chapter 10

DISCUSSION
We identified a novel p.Ser307Cys mutation in the extracellular matrix protein KERA 

in a large pedigree with a Mendelian form of premature atherosclerosis by linkage analysis 
combined with next generation sequencing. The variant was absent from nearly 28,000 DNA 
samples. KERA encodes for a keratan sulfate proteoglycan expressed in the cornea, trachea 
and at lower levels in the intestine, skeletal muscle, ovary and lung, However no expression 
in the vasculature has been reported.23 Interestingly, the protein was absent from healthy 
artery segments, but heavily abundant within the lipid core of atherosclerotic lesions, which 
emphasizes that KERA might be a novel actor in the pathobiology underlying atheroscle-
rosis. This notion is further strengthened by the fact that in Apoe-/- mice, induction of ath-
erosclerosis in the carotid arteries by cuff placements significantly correlated with KERA 
expression in the plaques. 

The mutation introduces a cysteine at residue 307 in the carboxy-terminal of the 
gene and is flanked by similar residues at positions 303 and 343, which are assumed to 
be disulphide bonded in wild-type KERA. Molecular dynamic simulations suggested that 
the new Cys307 favours form a disulphide bond with Cys303, which may lead to improved 
stability of the protein fold and structure around this carboxy-terminal domain. In addition, 
during simulation Cys343 was found to be more solvent exposed in the mutant protein thus 
enabling novel protein-protein interactions. Collectively, the results from the molecular dy-
namic simulations favour a gain of function (GOF) for the p.Ser307Cys mutation. 

The concept of GOF is further substantiated by studies in patients with LOF muta-
tions in KERA. Thus far, autosomal recessive LOF mutations in KERA cause cornea plane type 
2 (CP2) (OMIM 121400; 217300), a rare disorder characterized by excessively flat and thin 
corneas. Worldwide about 100 cases have been described.24–28 An increased risk for ather-
osclerosis has not been reported in these individuals, but this might have been overlooked 
because previous studies may have focussed solely on the ophthalmological consequences 
of KERA mutations. However, in the 9 identified CP2 patients in the Netherlands, and in their 
first degree relatives, no symptoms of premature atherosclerosis were observed, suggesting 
that both partial or complete LOF for KERA does not confer a substantial increase in the risk 
of atherosclerosis. No corneal abnormalities were identified in 2 affected family members 
(IV:I and IV:2, Figure 2B) carrying the novel p.Ser305Cys mutation. The absence of opthalmic 
effects in the assumed GOF mutation carriers is in line with previous studies, showing that 
KERA mutations are not identified in subjects suffering from cornea plane type 1 (CP1), the 
autosomal dominant form of cornea plana.29 

The clinical diversity between heterozygous carriers of our novel GOF KERA variant, 
characterized by atherosclerosis risk, and homozygous carriers of LOF KERA variants, re-
sulting in CP2, might be related to the putative GOF effect of the novel mutation. The role 
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of KERA in atherosclerosis has not been investigated so far, but it is interesting to note that 
KERA has been shown to play a role in neutrophil migration.30 In mice, neutrophil migration 
is orchestrated by a chemical gradient of a wide range of chemokines including CXCL1 in the 
vessel wall.31 KERA is one of the regulators of the CXCL1 gradient.32 Interestingly, endothe-
lial CXCL1 has recently been shown to play a crucial role in hyperlipidemia-induced arterial 
leukocyte arrest.33 The receptor for CXCL1 CXCR2 is present on myeloid cells like neutrophils 
and monocyte/macrophages, which are directly involved in all aspects of atherosclerosis.30 
We hypothesize that the GOF mutation observed in the large PAS pedigree results in an aug-
mented binding of KERA to CXCL1, which may lead to increased neutrophil migration into 
the vessel wall. This notion is supported by recent observations in mice, where both arterial 
CXCL1 and leukocyte-specific CXCR2 expression are central to macrophage accumulation 
in established fatty streak lesions.34 Concomitantly in mice lacking Cxcl1, atherosclerosis is 
significantly reduced.35 Notably, in human artery segments we observe a co-localisation of 
KERA with CXCL1 and the lymphoid T cell marker CD3. Further functional studies are re-
quired to confirm our proposed model.

A number of considerations have to be taken into account while interpreting the 
data. Although the results from this study are suggestive of a role for KERA in atherosclero-
sis, a direct causative role has not been established thus far. 

A specific concern is that neither we, nor others did observe possible KERA GOF mu-
tations in other cases with premature atherosclerosis. However, the identification of this 
extremely rare variant, which is absent from nearly 56,000 alleles and the confirmation of 
the presence of KERA in the plaque in mice and men does suggest that KERA may be an 
active player in an, as of yet, not fully elucidated novel pathway in atherosclerosis. Further 
studies are warranted to confirm our findings and to establish whether KERA might be an 
attractive target for therapy.
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SUPPLEMENTAL METHODS

Definition of CVD

CVD was defined by the presence of at least one of the following features: (I) acute 
myocardial infarction (AMI), proven by at least two of the following criteria: (a) classical 
symptoms (chest pain that may radiate, oppressive pain, nausea, sweating and absence of 
chest-wall tenderness on palpation [1]), (b) specific electrocardiographic abnormalities, (c) 
elevated cardiac enzymes (e. g. troponin [2] and elevated creatine-kinase (CK) and its my-
ocardial band enzyme (CK-MB), levels [3]); (II) percutaneous coronary intervention (PTCA) 
(III) coronary artery bypass grafting (CABG) (IV) angina pectoris (AP), diagnosed as classical 
symptoms (recurrent attacks of retrosternal pain brought on by effort and emotion and 
relieved by rest and the administration of nitroglycerin [4]) in combination with at least 
one unequivocal result of one of the following: (a) exercise test, (b) nuclear scintigram, (c) 
dobutamine stress ultrasound, (d) a more than 70% stenosis on a coronary angiogram or 
(f) requiring treatment (V) ischemic stroke (CVA), demonstrated by CT- or MRI scan. Blood 
pressure was measured using an oscillometric blood pressure device (Omron 7051T< Hoof-
ddorp, The Netherlands). 

Studies in patients with Cornea Plana 2 and ophthalmologic evaluation on KERA muta-
tion carriers 

Complete loss of function (LOF) variants in KERA have been described to cause au-
tosomal recessive Cornea Plana 2 (CP2), a rare disorder characterised by an aberrant large 
corneal radius curvature, resulting in hypermetropia, astigmatism and poor acuity [5]. Two 
heterozygous carriers of the novel KERA mutation in the family under study (IV:1 and IV:2) 
underwent split lamp examination to assess whether stigmata of CP2 were present. The 
Dutch Cornea Physicians Network participated in the study to substantiate the prevalence 
of premature atherosclerosis in patients with CP2 and their first-degree relatives. Patients 
were contacted by their treating physicians to obtain data regarding CVD.

Immunohistochemistry of Human plaque

Coronary arteries were classified according to different stages of atherosclerosis us-
ing hematoxylin (Fluka Biochemica, Buchs, Switzerland) and eosin (Sigma Aldrich, St. Louis, 
MO, USA) stains according to standard protocols. Mammary arteries were included as neg-
ative control [6]. Tissue specimen were stained with antibodies against KERA (rabbit anti 
human KERA clone H-50, Sc-66941, Santa Cruz Biotechnology, Santa Cruz, CA, USA), smooth 
muscle cell α-actin (SMA) (mouse 1A4 antibody, DAKO, Glostrup, Denmark), macrophage 
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CD68 (mouse monoclonal anti human CD68 PG-M1, DAKO, Heverlee, Belgium), endotheli-
al cell CD34 (mouse anti human CD34Q, Bend10, ThermoFischer Scientific, Waltham, MA, 
USA), Chemokine (C-X-C motif) ligand 1 (CXCL1) (LS-B2843 antibody, LifeSpan Bioscience, 
Seattle, WA, USA) and T-cell CD3 (mouse anti-human anti-CD3, IgG monoclonal SP7, Ther-
moFischer Scientific). 

Sections were fixed in 4% paraformaldehyde and subsequently embedded in paraf-
fin. For immunostaining, paraffin sections were deparaffinised before endogenous perox-
idase quenching and heat-induced epitope retrieval (HIER) citrate buffer pH 6.0 (Thermo 
Scientific). After blocking with Ultra V Block (Thermo Fischer Scientific, Fremont, CA, USA) 
slides were incubated anti-KERA 1:1000 (rabbit anti human KERA clone H-50, SC-66941, San-
ta Cruz, USA) overnight at 4ºC. Staining was performed with anti-rabbit Horse Radish Perox-
idase (HRP) labelled IgG (ImmunoLogic, Duiven, The Netherlands) followed by Bright DAB+ 
visualization (ImmunoLogic, Duiven, The Netherlands). Counterstaining was performed us-
ing hematoxylin and slides were cover-slipped with VectaMount (Vector Laboratories, Bur-
lingname, CA, USA). Positive controls consisted of samples of human cornea and human 
tonsil. Negative controls consisted of experimental tissues stained without the addition of 
primary antibodies following the same protocol. Microscopy pictures were analysed by Ado-
be Photoshop CS4.

To explore cellular localization of KERA in human atherosclerotic lesions the sequen-
tial alkaline phosphatase (AP) double staining method was used as described elsewhere 
[7]. KERA was stained in combination with either smooth muscle cell α-actin (SMA) (mou-
se 1A4 antibody, DAKO, Glostrup, Denmark), macrophage CD68 (mouse monoclonal anti 
human CD68 PG-M1, DAKO, Heverlee, Belgium) or endothelial cell CD34 (mouse anti hu-
man CD34Q, Bend10, ThermoFischer Scientific, Waltham, MA, USA). Visualization was per-
formed with vector blue (Vector Laboratories) for KERA and vector red (Vector Laboratories) 
for CD68, CD34 and SMA. Co-localization of KERA, T-cells CD3 and Chemokine (C-X-C motif) 
ligand 1 (CXCL1) was performed in human atherosclerotic lesions by triple staining with 
rabbit anti-human CXCL1 (1:500; LS-B2843 antibody, LifeSpan Biosciences, Seattle. WA, USA) 
and rabbit anti human CD3 (1:5000;, IgG monoclonal SP7, ThermoFisher Scientific). After 
overnight incubation with KERA antibody the tissue slides were incubated with anti-rabbit 
HRP labelled IgG (ImmunoLogic) and visualized with Dyoblue 1:100 (Dyomics, Jena, Germa-
ny). Subsequently, a protein block with Ultra V Block was performed, followed by incubation 
with the CXCL1 antibody for 60 min, followed by incubation with anti-rabbit HRP labelled 
IgG and visualization with vector red (Vector Laboratories). Then antigen retrieval in HIER 
citrate buffer pH 6.0, was done, followed by overnight incubation with CD3 antibody. Fi-
nally, for visualization the tissue slides were incubated with anti-rabbit HRP labelled IgG 
followed by addition of DAB+ and cover slipped. Immuno-triple stained tissue slides were 
analysed using Nuance 3.0 Spectral Imaging (Caliper Life Sciences, Hopkinton, MA, USA), a 
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computer assisted optical technique to get unblended colours in the section based on their 
spectral characteristics. This allows detailed analysis of the triple stained cells as described 
elsewhere [8].

Mice plaque assessment

Cryostat sections of the aorta root (n = 7; 10 mm) were embedded in Tissue Tek 
(Sakura Finetek, Alphen a/d Rijn, The Netherlands). Tissue slides were washed in phosphate 
buffered saline (PBS) and blocked with 5% milk powder, followed by incubation with KERA 
1:1000 (clone H-50, SC-66941). As secondary antibody anti-rabbit HRP labelled IgG was used 
and visualization with vector red was performed. The slides were counterstained with he-
matoxyline. Microscopy pictures were analysed using Leica Owin Image analysis software 
(Leica Microsystems, Rijswijk).

Molecular Dynamics Modeling Simulations

To investigate the possible effects of the p.Ser307Cys mutation on the structure of 
KERA, molecular dynamics (MD) computer simulations were performed. A homology model 
based on s crystal structure of Decorin (PDB code: 2FT3) [9], a protein showing great ho-
mology to KERA, was obtained from the SWISS-Model repository (model date: 2012-09-21) 
[10,11]. Energy minimization and simulations were performed using the GROMOS11 bio-
molecular simulation software [12,13] in combination with the GROMOS 54A7 force-field 
parameter set to describe the protein and counter ions [14].

In a first step, the (steepest-descent) energy-minimized KERA structure was solvat-
ed in a cubic periodic box with lengths of 10.0 nm, containing approximately 30 000 SPC 
molecules [15], after which 40 chlorine ions were added to neutralize the net charge of the 
system. The system was heated up to 300 K (in five steps of 60 K) in NVT simulations of 20 
ps each, in which protein atoms were restrained to their energy-minimized position using 
gradually decreasing force constants. Subsequently, a data production simulation of 10 ns at 
300 K was performed, in which structural data were stored every 2 ps.

During MD a time step of 2 fs was used, and the volume of the system was kept 
constant at 1000 nm3. Newton’s equations of motion were integrated using a Leap-frog al-
gorithm [16]. Bond lengths were constrained using the SHAKE algorithm with a relative geo-
metric tolerance of 10−4 [17]. The temperature of the protein and solvent were maintained 
at their reference values by coupling to two separate Berendsen thermostats [18], both with 
a coupling time of 0.1 ps. Non-bonded interactions were treated using a triple-range cut off: 
interactions within 0.8 nm were evaluated at every time step, and interactions at a distance 
between 0.8 and 1.4 nm were evaluated every fifth step, together with the update of the 
pairlist. Long-range electrostatic interactions were represented by a reaction field [19], us-
ing a dielectric constant of 61.
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Additional MD simulations were performed of wild-type KERA in which the C303-C343 

sulphur bridge was removed (WTnS), of S307C KERA in which no sulphur bridges were pres-
ent between C-terminal residues C303, C307 and C343 (MUTnS), and of S307C KERA with 
a C303-C307 sulphur bridge (MUT). The starting coordinates of WTnS were identical to the 
starting coordinates of WT. The MUTnS production simulation started from an equilibrated 
WTnS coordinate set (taken after 2 ns of WTnS simulation), in which the S307C mutation 
was manually introduced using the MOE software package [20]. The starting structure of the 
MUT simulation was obtained by introducing the C303-C307 sulphur bridge into a coordi-
nate set taken from the MUTnS, in which the distance between the C303 and C307 sulphur 
atoms was minimal (0.30 nm). Subsequent energy minimization, thermal equilibrations and 
10 ns production simulations were performed according to the protocol described for WT.
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Table S1. Annotated Genes in linkage interval on chromosome 12

Gene Name location

DUSP6

GALNT4

POC1B

ATP2B1

CCER1

EPYC

KERA

LUM

DCN

BTG1

CLLU1OS

CLLU1

PLEKHG7

EEA1

NUDT4

UBE2N

MRPL42

SOCS2

CRADD

Dual Specificity Phosphatase 6

UDP-N-acetylgalactosaminyltransferase 4

POC1 centriolat protein homolog B 

ATPase, C++ transporting plasma membrane 1

Coiled-coil glutamate-rich protein 1

Epiphycan 1

Keratocan

Lumican

Decorin

B-cell translocation 1

Chronic lymphocytic leukemia up-regulated 1 opposite strand

Chronic lymphocytic leukemia up-regulated 1

Plecktstring homology domain containing family G 7

Early ensosome antigen 1

Nudix-type motif 4

Ubiquitin-conjugating enzyme E2N

Mitochondrial ribosomal protein L42

Suppressor of cytokine signalling 2

CASP2 and RIPK1 domain containing adaptor with death domain

Suppressor Of Cytokine Signaling 2

CASP2 and RIPK1 domain containing adaptor with death domain

89,754,816

89,920,535

89,933,039

89,979,826

91,343,992

91,355,456

91,442,268

91,495,232

91,537,035

92,532,054

92,811,870

92,815,735

93,128,265

93,164,285

93,769,701

93,800,088

93,859,270

93,961,598

94,069,151

Table S2 is found online at journals.plos.org/plosone
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Table S3. Demographics of additional relatives of the extensive pedigree.

KERA wild-type carrier

(n = 2)

KERA Mutant carrier

(n = 10)

Age 60/70 57.6 ± 11.6

Sex (male/female) 1/1 7/3

BMI (kg/m2) 26/33 32 ± 6

Total cholesterol (mmol/l) 7.2/4.3 5.3 [3.8 – 6.0]

low-density lipoprotein cholesterol (mmol/l) 5.2/2.4 3.2 [2.2 – 4.3]

high-density lipoprotein cholesterol (mmol/l) 1.3/0.9 1.2 [1.1 – 1.3]

Triglyceride (mmol/l) 1.4/2.2 1.3 [1.0 – 1.8]

Data are expressed as mean ± standard deviation. Lipid parameters are expressed as median with interquartile 
range (IQR). Pedigree members with an event use lipid lowering medication (see supplemental Figure 1). LDL = 
low density lipoprotein; HDL = high density lipoprotein.

Table S4. Age, BMI and plasma lipids for participants in the PAS cohort (N = 935).

Male/Female Age (years) BMI LDL-c HDL-c TG

708/227 43 ± 5 26.9 ± 1.2 3.11 ± 1.29 1.14 ± 0.32 2.06 ± 3.41

Data are expressed as number (N) and presented as mean ± standard deviation. BMI = body mass index in kg/m2; 
LDL-c = low-density lipoprotein cholesterol in mmol/l; HDL-c = high-density lipoprotein cholesterol in mmol/l; TG 
= plasma triglycerides in mmol/l. 
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Figure S1. Extended pedigree

The extended pedigree contains members that have been tested for the KERA variant (p.Ser305Cys, c.920C>G) 
including the core pedigree. In the pedigree we show carriership for the KERA mutati on for each relati ve and the 
type of event and the age at which the event occurred. The arrow indicates the index case. *These two female 
individuals, aged 51 and 56 years, are sti ll below the PAS age (<65 years), yet we have no clinical data available to 
mark their aff ecti on status. One brother of the index aged 73 has no signs of atheroscleroti c disease. AMI= acute 
myocardial infarcti on; TIA = transient ischemic att ack; PTCA = percutaneous transluminal coronary angioplasty; 
CVA = cerebrovascular accident; AP = angina pectoris; CABG = coronary artery bypass graft ; ACS = acute coronary 
syndrome; imaging evidence is defi ned as a calcium score above 90th percenti le for age and gender on coronary 

CT.

Figure S2. KERA expression in atheroscleroti c plaque segments.

A: KERA is not expressed in a healthy arterial segment. B and C: KERA (Blue) and CD68 (red) are present in the 

same plaque area in an early lesion (B) and in a late lesion (C).
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