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Why study human genetics?

1. Understand biology
Identify processes that define and alter disease

2. Understand disease
Identify and validate therapeutic targets

3. Understand risk
Identify those who benefit from early preventive therapy



family studies, and can be expected to vary across environments.
N arrow-sense heritability estimates in humans can be inflated if
family resemblance is influenced by non-additive genetic effects
(dominance and epistasis, or gene–gene interaction), shared familial
environments, and by correlations or interactions among genotypes
and environment36,37. H owever, heritabilities estimated from pedi-
gree studies in animals agree well with heritability estimated from
response to artificial selection, suggesting that estimates from family
studies are not necessarily inflated.

Teasing apart the contributions to heritability of environmental
factors shared among relatives will soon be possible because the
availability of genome-wide markers now provides empirical esti-
mates of identity-by-descent (IBD) allele sharing between pairs of rela-
tives. For example, full sibs share on average half their genetic com-
plement, but this proportion can vary—in one large study it ranged
from 0.37 to 0.62 (ref. 38). By relating phenotypic differences to the
observed IBD sharing fraction among sib pairs, marker data were used
to generate a heritability estimate of 0.8 for height38. This is remarkably
consistent with estimates using traditional methods but free of their
assumptions, suggesting that for height at least, heritability is not over-
estimated. Applying such estimation to distantly related or ‘unrelated’
individuals is now feasible using dense genomic scans39; given the num-
ber of people with dense genotyping data, heritability estimates could be
generated for a wide variety of traits free of potential confounding by
unmeasured shared environment.

Improving estimates of all contributors to heritability will facilitate
determination of the proportion of genetic variance that has been
explained. Despite imprecision in current estimates, it may still be
possible to know that ‘all the heritability’ has been explained by pre-
dicting phenotypes in a new set of individuals from trait-associated
markers, and correlating the predicted phenotypes with the actual
values. If the markers truly explain all the additive genetic variance,
the squared correlation between predicted and actual phenotype will
be equal to the heritability40. Population-based heritability estimates
thus provide a valuable metric for completeness of available genetic
risk information, but individualized disease prevention and treatment
will ultimately require identifying the variants accounting for risk in a
given individual rather than on a population basis.

Rare variants and unexplained heritability
Much of the speculation about missing heritability from G W AS has
focused on the possible contribution of variants of low minor allele
frequency (M AF), defined here as roughly 0.5% , M AF , 5%, or of
rare variants (M AF , 0.5%). Such variants are not sufficiently fre-
quent to be captured by current G W A genotyping arrays14,41, nor do
they carry sufficiently large effect sizes to be detected by classical
linkage analysis in family studies (Fig. 1). O nce M AF falls below
0.5%, detection of associations becomes unlikely unless effect sizes
are very large, as in monogenic conditions. For modest effect sizes,
association testing may require composite tests of overall ‘mutational
load’, comparing frequencies of mutations of potentially similar
functional effect in cases and controls.

Low frequency variants could have substantial effect sizes (increas-
ing disease risk two- to threefold) without demonstrating clear
Mendelian segregation, and could contribute substantially to missing
heritability42. For example, 20 variants with risk allele frequency of 1%
and allelic odds ratio (or probability of an event occurring divided by
the probability of it not occurring, compared in people with versus
without the risk allele) of three would account for most familial
aggregation of type 2 diabetes. There are relatively few examples of
such variants contributing to complex traits, possibly owing to insuf-
ficiently large sample sizes or insufficiently comprehensive arrays.

The primary technology for the detection of rare SNPs is sequen-
cing, which may target regions of interest, or may examine the whole
genome. ‘ Next-generation’ sequencing technologies, which process
millions of sequence reads in parallel, provide monumental increases
in speed and volume of generated data free of the cloning biases and

arduous sample preparation characteristic of capillary sequencing43.
Detection of associations with low frequency and rare variants will be
facilitated by the comprehensive catalogue of variants with
M AF $ 1% being generated by the 1,000 Genomes Project (http://
www.1000genomes.org/page.php), which will also identify many
variants at lower allele frequencies. The pilot effort of that program
has already identified more than 11 million new SNPs in initially low-
depth coverage of 172 individuals44.

Current mechanisms for using sequencing to identify rare variants
underlying or co-located with G W A-defined associations include
sequencing in genomic regions defined by strong and repeatedly repli-
cated associations with common variants, and sequencing a larger frac-
tion of the genome in people with extreme phenotypes. In the absence
of G W A-defined signals, sequencing candidate genes in subjects at the
extremes of a quantitative trait (such as lipid levels or the age at onset),
can identify other associated variants, both common and rare45,46. An
important finding from these studies is that much of the information is
provided by people at the extremes of trait distributions, who seem to be
more likely to carry loss-of-function alleles47.

Sample sizes used for the initial identification of D N A sequence
variants have generally been modest, and sample size requirements
increase essentially linearly with 1/M AF. Much larger samples are
needed for the identification of associations with variants than those
needed for the detection of the variants themselves. They also scale
roughly linearly with 1/M AF given a fixed odds ratio and fixed degree
of linkage disequilibrium with genotyped markers. Sample size for
association detection also scales approximately quadratically with
1/j( OR 2 1)j, and thus increases sharply as the odds ratio ( OR)
declines. Sample size is even more strongly affected by small odds
ratios than by small M AF, so low frequency and rare variants will
need to have higher odds ratios to be detected.

Complicating matters further, numerous rare variants may be
detected in a gene or region but they may have disparate effects on
phenotype. Common variants have typically been analysed individu-
ally23,48, but with one or two carriers of each rare variant, pooling
them using specific criteria becomes attractive47,49,50. Pooling variants
of similar class increases the effective M AF of the class and reduces the
number of tests performed, but raises several other questions (Box 1).

Determining which of the multitude of variants carried by an
individual are responsible for a given phenotype represents a massive
task, especially if the causal alleles are relatively anonymous in terms
of known functional consequences. Because only a small proportion
will have obvious functional consequences for the resultant protein,
lesser evidence of association may suffice to implicate variants of this
sort. The best approaches for combining functional credibility and
statistical support in the evaluation of such variants remain to be
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Mapping causal genes
• Genetic Linkage

• Candidate gene sequencing

• Direct causal gene sequencing



Genomic sequencing

WGS Advantages
Whole genome coverage
Comprehensive variant discovery (SV)

WGS Disadvantages
Cost (~$800)
Whole genome coverage
Limited interpretability of non-coding variation
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Covers protein coding regions

Interpretable variation
Cost (~$250) 
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Missing 99% genome coverage (best case)
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serious consequences were it to contain the causative 
variant. Alternatively, it could result in false reassurance. 
In either case, the consequences have meaning even 
beyond the individual to all family members who are 
potentially at risk of inheriting the disease. Metrics such 
as ‘90% coverage at 10! or more’ that were common for 
exome research products are not appropriate for clinical 
diagnostics. This created a challenge for clinical labora-
tories for which the existing standard was that a clinical 
report would not be signed out unless every coding base 
pair (as well as the two bases on either side to account 
for splice dinucleotides) was"called.

Groups have responded to these challenges by aug-
menting coverage in certain regions, both coding and 
non-coding125,126 (FIGS!4c,5), through the addition of 
extra probes in these regions (known as augmented 
exome sequencing). Some laboratories also use targeted 
PCR to fill in gaps127. However, increasing capture in 
certain areas only goes so far in improving the ability 
to make a call at every position. GC-rich regions — for 
example, the first exon of most genes — cannot be opti-
mized simply with extra coverage. These regions require 
library preparation and sequencing conditions that are 
tailored to their high GC chemistry125.

Whole-genome sequencing. Sequencing the whole 
genome seems at first to be an answer to these prob-
lems. As all genomic DNA is included, concerns relat-
ing to capture are not relevant and coverage is clearly 
more evenly distributed (FIG.!4d). In addition, regulatory 
areas of the genome are included. Given that most vari-
ants that were associated with disease from genome-
wide association studies (GWAS) were in non-coding 
regions, and given that ENCODE (The Encyclopedia 
of DNA Elements) suggested that large portions of the 
non-coding genome might be in some way important, 
this could be valuable data for clinical genomics. For dis-
covery, this remains true. However, for clinical applica-
tion, GWAS hits with low magnitude of effect remain of 
limited, though increasing, value as very few associations 
between Mendelian disease and regulatory variation 
have been described (and these regions can be added 
to a capture kit). The current major benefit of whole- 
genome sequencing for clinical medicine is likely to be 
in the identification of structural variation, but the algo-
rithms have not so far been accurate enough for short 
reads to allow this at clinical grade. Overall, replacing 
exome sequencing with whole-genome sequencing at 
30! would lead to the sacrifice of confident callability 
of the coding genome to provide coverage of the non- 
coding genome. This 50-fold increase in sequencing 
has an unclear value for clinical application, as well as 
for research groups looking to  maximize study size for 
dollar sequencing spend128.

Comparison of approaches. In comparing differ-
ent genome diagnostics, a standard metric is helpful. 
Advances in diagnostics or therapeutics in medicine 
are judged by the standard of ‘non-inferiority’. Here, 
non- inferiority to Sanger sequencing requires that 
every  coding base pair +/– two bases should receive a 
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Figure 4 | Exomes, genomes and augmentation. a | Whole-genome sequencing 
(WGS) provides even coverage of the coding region of potassium voltage-gated channel 
subfamily H member 2 (KCNH2; introns removed for clarity), but at a typical clinical 
deliverable of median 30× coverage there are many positions that remain inadequately 
covered to make a confident call. b | Traditional exome capture results in highly  
variable coverage, with many sections of important genes not represented at sufficient 
quality coverage to make a confident call. In this case most of one exon is missing.  
c | Augmented exome capture targets medically relevant genes and fills in the gaps.  
d | Zoomed out view of multiple exons and introns. Whereas exome capture results in 
higher coverage of known disease-causing genes for less cost in sequencing and data 
storage, WGS at 30× results in lower coverage of the coding region of key genes, but in 
better coverage of the non-targeted genes and non-coding regions. A rational 
combination augments the coding regions of key genes but provides some genome-wide 
coverage to balance the strongest features of both approaches. Note that even exome 
capture at clinically deliverable depth for germline testing is not considered to be high 
enough coverage to adequately characterize tumour heterogeneity and to reliably 
detect somatic mosaicism140. A targeted panel is preferred for this purpose.
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Over the last five years, the widespread availability of high-throughput 
DNA sequencing technologies has permitted the sequencing of the 
whole genomes or exomes of hundreds of thousands of humans. In 
theory, these data represent a powerful source of information about 
the global patterns of human genetic variation, but in practice, are  
difficult to access for practical, logistical, and ethical reasons; in 
 addition, their utility is complicated by the heterogeneity in the 
 experimental methodologies and variant calling pipelines used to 
generate them. Current publicly available data sets of human DNA 
sequence  variation contain only a small fraction of all sequenced 
 samples: the Exome Variant Server, created as part of the NHLBI 
Exome Sequencing Project (ESP)1, contains frequency information 
spanning 6,503 exomes; and the 1000 Genomes Project (1000G), which 
includes individual-level genotype data from whole-genome and exome 
sequence data for 2,504 individuals2.

Databases of genetic variation are important for our understanding 
of human population history and biology1–5, but also provide critical 
resources for the clinical interpretation of variants observed in patients 
who have rare Mendelian diseases6,7. The filtering of candidate variants 
by frequency in unselected individuals is a key step in any pipeline for 
the discovery of causal variants in Mendelian disease patients, and the 
efficacy of such filtering depends on both the size and the ancestral 
diversity of the available reference data.

Here we describe the joint variant calling and analysis of high-quality 
variant calls across 60,706 human exomes, assembled by the Exome 
Aggregation Consortium (ExAC; http://exac.broadinstitute.org). This 
call set exceeds previously available exome-wide variant databases, 
by nearly an order of magnitude, providing substantially increased 
 resolution for the analysis of very low-frequency genetic variants. We 
demonstrate the application of this data set to the analysis of patterns 
of genetic variation including the discovery of widespread mutational 
recurrence, the inference of gene-level constraint against truncating 
variation, the clinical interpretation of variation in Mendelian disease 
genes, and the discovery of human knockout variants in protein-coding 
genes.

The ExAC data set
Sequencing data processing, variant calling, quality control and  filtering 
was performed on over 91,000 exomes (see Methods), and sample 
 filtering was performed to produce a final data set spanning 60,706 
individuals (Fig. 1a). To identify the ancestry of each ExAC individual, 
we performed principal component analysis (PCA) to distinguish the 
major axes of geographic ancestry and to identify population clusters 
corresponding to individuals of European, African, South Asian, East 
Asian, and admixed American (hereafter referred to as Latino) ancestry 
(Fig. 1b; Supplementary Table 3); we note that the apparent separation 
between East Asian and other samples reflects a deficiency of Middle 
Eastern and Central Asian samples in the data set. We further separated 
Europeans into individuals of Finnish and non-Finnish ancestry given 
the enrichment of this bottlenecked population; the term European 
hereafter refers to non-Finnish European individuals.

We identified 10,195,872 candidate sequence variants in ExAC. We 
further applied stringent depth and site/genotype quality filters to 
define a subset of 7,404,909 high-quality variants, including 317,381 
insertions or deletions (indels) (Supplementary Table 7), corresponding 
to one variant for every 8 base pairs (bp) within the exome intervals. 
The majority of these are very low-frequency variants absent from 
 previous smaller call sets (Fig. 1c), of the high-quality variants, 99% 
have a frequency of < 1%, 54% are singletons (variants seen only once 
in the data set), and 72% are absent from both 1000G and ESP data sets.

The density of variation in ExAC is not uniform across the genome, 
and the observation of variants depends on factors such as mutational 
properties and selective pressures. In the ! 45!million well-covered 
(80% of individuals with a minimum of 10"  coverage) positions in 
ExAC, there are ! 18!million possible synonymous variants, of which 
we observe 1.4!million (7.5%). However, we observe 63.1% of possible 

CpG transitions (C to T variants, in which the adjacent base is G), while 
only observing 3% of possible transversions and 9.2% of other possible 
transitions (Supplementary Table 9). A similar pattern is observed for 
missense and nonsense variants, with lower proportions due to selective 
pressures (Fig. 1d). Of 123,629 high-quality indels called in coding 
exons, 117,242 (95%) have a length < 6 bases, with shorter deletions 
being the most common (Fig. 1e). Frameshifts are found in smaller 
numbers and are more likely to be singletons than in-frame indels  
(Fig. 1f), reflecting the influence of purifying selection.

Patterns of protein-coding variation
The density of protein-coding sequence variation in ExAC reveals a 
number of properties of human genetic variation that are undetectable 
in smaller data sets. For example, 7.9% of high-quality sites in ExAC are 
multiallelic (multiple different sequence variants observed at the same 
site), close to the Poisson expectation of 8.3%, given the observed  density 
of variation, and far higher than that observed in previous data sets of 
0.48% in the 1000G (exome intervals) and 0.43% in the ESP data sets.

The size of ExAC makes it possible to directly observe mutational 
recurrence: instances in which the same mutation has occurred 
 multiple times independently throughout the history of the sequenced 
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Figure 1 | Patterns of genetic variation in 60,706 humans. a, The size and 
diversity of public reference exome data sets. ExAC exceeds previous data 
sets in size for all studied populations. b, Principal component analysis 
(PCA) dividing ExAC individuals into five continental populations. 
PC2 and PC3 are shown; additional PCs are in Extended Data Fig. 5a. 
c, The allele frequency spectrum of ExAC highlights that the majority 
of genetic variants are rare and novel (absent from prior databases of 
genetic variation, such as dbSNP). d, The proportion of possible variation 
observed by mutational context and functional class. Over half of all 
possible CpG transitions are observed. Error bars represent standard error 
of the mean. e, f, The number (e), and frequency distribution (proportion 
singleton; f) of indels, by size. Compared to in-frame indels, frameshift 
variants are less common (have a higher proportion of singletons, a proxy 
for predicted deleteriousness on gene product). Error bars indicate  
95% confidence intervals.
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Exome sequencing identifies the cause of a mendelian 
disorder
Sarah B Ng1,10, Kati J Buckingham2,10  , Choli Lee1, Abigail W Bigham2, Holly K Tabor2,3, Karin M Dent4,  
Chad D Huff5, Paul T Shannon6, Ethylin Wang Jabs7,8, Deborah A Nickerson1, Jay Shendure1 &  
Michael J Bamshad1,2,9

We demonstrate the first successful application of exome sequencing to discover the gene for a rare mendelian disorder of 
unknown cause, Miller syndrome (MIM%263750). For four affected individuals in three independent kindreds, we captured 
and sequenced coding regions to a mean coverage of 40s and sufficient depth to call variants at ~97% of each targeted exome. 
Filtering against public SNP databases and eight HapMap exomes for genes with two previously unknown variants in each of the 
four individuals  identified a single candidate gene, DHODH, which encodes a key enzyme in the pyrimidine de novo biosynthesis 
pathway. Sanger sequencing confirmed the presence of DHODH mutations in three additional families with Miller syndrome. 
Exome sequencing of a small number of unrelated affected individuals is a powerful, efficient strategy for identifying the genes 
underlying rare mendelian disorders and will likely transform the genetic analysis of monogenic traits.

Rare monogenic diseases are of substantial interest because identi-
fication of their genetic bases provides important knowledge about 
disease mechanisms, biological pathways and potential therapeutic 
targets. However, to date, allelic variants underlying fewer than half 
of all monogenic disorders have been discovered. This is because the 
identification of allelic variants for many rare disorders is fundamen-
tally limited by factors such as the availability of only a small number 
of affected individuals (cases) or families, locus heterogeneity, or sub-
stantially reduced reproductive fitness; each of these factors lessens the 
power of traditional positional cloning strategies and often restricts 
the analysis to a priori–identified candidate genes. In contrast, deep 
resequencing of all human genes for discovery of allelic variants could 
potentially identify the gene underlying any given rare monogenic 
disease. Massively parallel DNA sequencing technologies1 have ren-
dered the whole-genome resequencing of individual humans increas-
ingly practical, but cost remains a key consideration. An alternative 
approach involves the targeted resequencing of all protein-coding 
subsequences (that is, the exome)2–4, which requires ~5% as much 
sequencing as a whole human genome2.

Sequencing of the exome, rather than the entire human genome, is 
well justified as an efficient strategy to search for alleles underlying rare 
mendelian disorders. First, positional cloning studies focused on pro-
tein-coding sequences have, when adequately powered, proven highly 
successful at identification of variants underlying monogenic diseases. 
Second, the clear majority of allelic variants known to underlie mende-
lian disorders disrupt protein-coding sequences5. Splice acceptor and 

donor sites represent an additional class of sequences that are enriched 
for highly functional variation and are therefore targeted here as well. 
Third, a large fraction of rare nonsynonymous variants in the human 
genome are predicted to be deleterious6. This contrasts with noncod-
ing sequences, where variants are more likely to have neutral or weak 
effects on phenotypes, even in well-conserved noncoding sequences7,8. 
The exome therefore represents a highly enriched subset of the genome 
in which to search for variants with large effect sizes.

We recently showed how exome sequencing of a small number of 
affected, unrelated individuals could potentially be used to identify a 
causal gene underlying a monogenic disorder2. Specifically, we per-
formed targeted enrichment of the exome by hybridization to pro-
grammable microarrays and then sequenced each enriched shotgun 
genomic library on an Illumina Genome Analyzer II. The exome was 
conservatively defined using the NCBI Consensus Coding Sequence 
(CCDS) database9 (version 20080902), which covers approximately 
164,000 noncontiguous regions over 27.9 Mb, of which 26.6 Mb were 
‘mappable’ using 76-bp single-end reads. Approximately 96% of tar-
geted, mappable bases comprising the exomes of eight HapMap indi-
viduals and four individuals with Freeman-Sheldon syndrome (FSS; 
MIM#193700) were successfully sequenced to high quality2. Using 
both dbSNP and HapMap exomes as filters to remove common vari-
ants, we showed that we could accurately identify the causal gene for 
FSS by exome sequencing alone. This effort demonstrated that low-
cost, high-throughput technologies for deep resequencing have the 
potential to rapidly accelerate the discovery of allelic variants for rare 
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Identification by whole-genome resequencing of
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Whole-genome sequencing is a potentially powerful tool for the diagnosis of genetic diseases. Here, we used
sequencing-by-ligation to sequence the genome of an 11-month-old breast-fed girl with xanthomas and very
high plasma cholesterol levels (1023 mg/dl). Her parents had normal plasma cholesterol levels and reported
no family history of hypercholesterolemia, suggesting either an autosomal recessive disorder or a de novo
mutation. Known genetic causes of severe hypercholesterolemia were ruled out by sequencing the respon-
sible genes (LDLRAP, LDLR, PCSK9, APOE and APOB), and sitosterolemia was ruled out by documenting a
normal plasma sitosterol:cholesterol ratio. Sequencing revealed 3 797 207 deviations from the reference
sequence, of which 9726 were nonsynonymous single-nucleotide substitutions. A total of 9027 of the nonsy-
nonymous substitutions were present in dbSNP or in 21 additional individuals from whom complete exonic
sequences were available. The 699 novel nonsynonymous substitutions were distributed among 604 genes,
23 of which were single-copy genes that each contained 2 nonsynonymous substitutions consistent with an
autosomal recessive model. One gene, ABCG5, had two nonsense mutations (Q16X and R446X). This finding
indicated that the infant has sitosterolemia. Thus, whole-genome sequencing led to the diagnosis of a known
disease with an atypical presentation. Diagnosis was confirmed by the finding of severe sitosterolemia in a
blood sample obtained after the infant had been weaned. These findings demonstrate that whole-genome (or
exome) sequencing can be a valuable aid to diagnose genetic diseases, even in individual patients.

INTRODUCTION

Identification of a causal mutation provides the most definitive
diagnosis for a genetic disease. For disorders caused by
mutations in a limited number of genes, conventional Sanger
sequencing can efficiently identify the culprit mutation. For
many single-gene disorders, diagnosis by conventional rese-
quencing of candidate genes is not feasible because the
responsible gene(s) has not been identified, or because the
disease is highly genetically heterogenous. The use of mas-
sively parallel DNA sequencing technologies (1) has the

potential to identify the causative mutation by resequencing
the whole genome (or exome) of affected individuals.

Recently, Ng et al. (2) used exome resequencing to identify
the gene responsible for Miller syndrome, a rare autosomal
recessive disorder of unknown etiology. A single candidate
gene (DHODH) was identified by sequencing the exomes of
four affected individuals from three independent kindreds.
Large-scale sequencing can also be useful in evaluating
patients with a suspected genetic disease in whom the diagno-
sis is uncertain. Choi et al. (3) identified mutations associated
with congenital chloride diarrhea in several patients from con-

!To whom correspondence should be addressed at: McDermott Center for Human Growth and Development, University of Texas Southwestern
Medical Center, 6000 Harry Hines Boulevard, Dallas, TX 75390-8591, USA. Email: helen.hobbs@utsouthwestern.edu (H.H.H.); jonathan.cohen@
utsouthwestern.edu (J.C.C.)

# The Author 2010. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/
licenses/by-nc/2.5), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Human Molecular Genetics, 2010 1–6
doi:10.1093/hmg/ddq352

 HMG Advance Access published September 2, 2010

 by guest on M
ay 6, 2012

http://hm
g.oxfordjournals.org/

D
ow

nloaded from
 

790 VOLUME 42 | NUMBER 9 | SEPTEMBER 2010 NATURE GENETICS

We demonstrate the successful application of exome 
sequencing1–3 to discover a gene for an autosomal dominant 
disorder, Kabuki syndrome (OMIM%147920). We subjected 
the exomes of ten unrelated probands to massively parallel 
sequencing. After filtering against existing SNP databases, 
there was no compelling candidate gene containing previously 
unknown variants in all affected individuals. Less stringent 
filtering criteria allowed for the presence of modest genetic 
heterogeneity or missing data but also identified multiple 
candidate genes. However, genotypic and phenotypic 
stratification highlighted MLL2, which encodes a Trithorax-
group histone methyltransferase4: seven probands had newly 
identified nonsense or frameshift mutations in this gene. 
Follow-up Sanger sequencing detected MLL2 mutations in 
two of the three remaining individuals with Kabuki syndrome 
(cases) and in 26 of 43 additional cases. In families where 
parental DNA was available, the mutation was confirmed to 
be de novo (n = 12) or transmitted (n = 2) in concordance with 
phenotype. Our results strongly suggest that mutations in MLL2 
are a major cause of Kabuki syndrome.

Kabuki syndrome is a rare, multiple malformation disorder 
 characterized by a distinctive facial appearance (Supplementary Fig. 1),  
cardiac anomalies, skeletal abnormalities, immunological defects and 
mild to moderate mental retardation. Originally described in 1981 
(refs. 5,6), Kabuki syndrome has an estimated incidence of 1 in 32,000 
(ref. 7), and approximately 400 cases have been reported worldwide. 
The vast majority of reported cases have been sporadic, but parent-to-
child transmission in more than a half dozen instances8 suggests that 
Kabuki syndrome is an autosomal dominant disorder. The relatively 
low number of cases, the lack of multiplex families and the pheno-
typic variability of Kabuki syndrome have made the identification 
of the gene(s) underlying this disorder intractable to conventional 
approaches of gene discovery, despite aggressive efforts.

We sequenced the exomes of ten unrelated individuals with Kabuki 
syndrome: seven of European ancestry, two of Hispanic ancestry and 
one of mixed European and Haitian ancestry (Supplementary Fig. 1 
and Supplementary Table 1). Enrichment was performed by hybridi-
zation of shotgun fragment libraries to custom microarrays followed 
by massively parallel sequencing1–3. On average, 6.3 gigabases of 
sequence were generated per sample to achieve 40! coverage of the 
mappable, targeted exome (31 Mb). As with our previous studies, we 
focused our analyses here primarily on nonsynonymous variants, splice 
acceptor and donor site mutations and coding indels, anticipating that 
synonymous variants were far less likely to be pathogenic. We also 
predicted that variants underlying Kabuki syndrome are rare, and 
therefore likely to be previously unidentified. We defined variants as 
previously unidentified if they were absent from all datasets used for 
comparison, including dbSNP129, the 1000 Genomes Project, exome 
data from 16 individuals previously reported by us2,3 and 10 exomes 
sequenced as part of the Environmental Genome Project (EGP).

Under a dominant model in which each case was required to 
have at least one previously unidentified nonsynonymous vari-
ant, splice acceptor and donor site mutation or coding indel vari-
ant in the same gene, only a single candidate gene (MUC16) was 
shared across all ten exomes (Table 1 and Supplementary Table 2). 
However, we considered MUC16 as a likely false positive due to its 
extremely large size (14,507 amino acids). Potential explanations 
for our failure to find a compelling candidate gene in which newly 
identified variants were seen in all affected individuals included: 
(i) Kabuki syndrome is genetically heterogeneous and therefore 
not all affected individuals will have mutations in the same gene; 
(ii) we failed to identify all mutations in the targeted exome; and  
(iii) some or all causative mutations were outside of the targeted 
exome, for example, in noncoding regions or unannotated genes. To 
allow for a modest degree of genetic heterogeneity and/or missing data, 
we conducted a less stringent analysis by looking for candidate genes  
shared among subsets of affected individuals. Specifically, we searched 
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investigators worldwide; (2) develop new methods and ap-
proaches for discovering the genetic basis of Mendelian
phenotypes; (3) generate public resources that can be lever-
aged by the biomedical community to facilitate investi-
gator-initiated gene-discovery efforts, studies of gene func-
tion, and clinical translation and interpretation of human
genome variation; and (4) lead and coordinate US efforts
with other large-scale projects aimed at discovering genes
implicated in Mendelian phenotypes. Key to accomplish-
ing these goals was that collaborating clinicians and inves-
tigators were able to access WES, WGS, and technical
expertise from the CMGs at no cost and preserve their con-
trol over data sharing, analysis, and rights to publish. It
was also anticipated that the overall genetic architecture
of Mendelian phenotypes would be further elucidated
and that novel underlying genetic mechanisms might be
revealed.

CMG Discoveries
As of January 2015, 18,863 samples representing 579
known and 470 novel Mendelian phenotypes from 8,838
families (see the CMG investigated phenotypes in the
Web Resources) have been assessed by the CMGs in part-
nership with 529 investigators from 261 institutions in
36 countries (i.e., ~1 of every 5 countries in the world)
(Figure 5). 60% of countries, 32% of institutions, and
20% of investigators are located outside of North America,
Europe, or Australia (Figure 6). Exome and whole-genome
data have been produced for 16,226 and 96 samples,
respectively, and about half of these sequences can be
deposited in dbGaP (Figure 5). Additionally, data for newly
identified causal variants have been made available
through ClinVar and via a new track on the UCSCGenome
Browser. Finally, web-based tools developed by the
CMGs, such as GeneMatcher and Geno2MP, provide a
mechanism for investigators with a candidate gene for a
Mendelian phenotype to connect with other clinicians
and/or basic scientists around the world with an interest
in the same gene and to link phenotypic profiles to rare
variants, respectively.80 Accordingly, the CMGs have em-
powered the entire international rare-disease research
community.

To assess progress toward identifying the genes underly-
ing Mendelian phenotypes, it is critical to apply objective
discoverymetrics. To date, it has been challenging to quan-
tify and compare reported discovery rates across different
contexts (e.g., clinical service versus research). Because of
its perceived simplicity, one discovery metric that has
been suggested is the ‘‘solve rate,’’ or the proportion of
investigated families in whom a causal variant for a Men-
delian phenotype is identified. This definition is not partic-
ularly useful on its own given that one could, for example,
achieve a high solve rate by sequencing only families
affected by disorders for which the mutated gene was pre-
viously known.
In an attempt to provide clearly defined measures, we

developed three complementary discovery metrics and
applied them to phenotypes studied by the CMGs on the
basis of strict criteria for (1) variant causality, (2) definitions
of novel and known phenotypes, and (3) definitions of
novel and known genes underlying a Mendelian pheno-
type (Table 1; Figure 7). This was necessary because
although multiple guidelines for assessing causality have
previously been proposed,81,82 none have been operation-
alized, much less used for assessing large-scale gene-discov-
ery efforts studying thousands of families and samples
across hundreds of rare Mendelian phenotypes.
The overall diagnostic rate, defined as the proportion

of families in whom a causal variant was identified, was
0.31 and 0.40 per conservative and suggestive causality
criteria, respectively. This is comparable to diagnostic rates
achieved by clinicalWES, but neither the diagnostic rate in
the CMGs nor its comparison to diagnostic rates of clinical
service labs is a highly informative metric of success. On
the one hand, families studied by the CMGs are specifically
selected to have phenotypes that are less likely to be ex-
plained by an already known gene, thereby potentially
lowering the CMG diagnostic rate. On the other hand,
the CMGs often have the advantage of studying multiple
individuals in a family and multiple families affected by
the same unexplained phenotype, which is predicted to
improve the diagnostic rate.
To date, 647 and 309 genes by conservative and sugges-

tive causality criteria, respectively, or a total of 956 genes,
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Figure 4. Approximate Number of Gene
Discoveries Made byWES andWGS versus
Conventional Approaches since 2010
Since the introduction ofWES andWGS in
2010, the pace of discovery of genes impli-
cated in Mendelian phenotypes per year
has increased substantially, and the pro-
portion of discoveries made by WES or
WGS (blue) versus conventional ap-
proaches (red) has steadily increased (see
Supplemental Material and Methods for a
detailed description of the analysis). Since
2013, WES and WGS have discovered
nearly three times as many genes as con-
ventional approaches.
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possible for clinical laboratories to rapidly improve rates of
molecular diagnosis for rare diseases, (2) advances the
development and re-purposing of therapeutics, and (3) em-
powers clinicians to improve the care and management of
individuals with a very wide spectrum of conditions.
Accordingly, discovering the cause of most, if not all, Men-
delian phenotypes could transform the practice of medi-
cine and the care of families.
Of broader interest to the biomedical research commu-

nity, discovery of genes implicated in all Mendelian phe-
notypes will (1) connect genes and their protein products
to biological systems and clinical phenotypes, (2) provide
a pathway for developing better strategies to find genetic
and environmental modifiers underlying common dis-

eases, and (3) enable understanding of the functional
and phenotypic consequences of non-coding variation.
Indeed, it is becoming increasingly clear that, in the
absence of deep phenotypic characterization, genomic in-
formation even from a large number of individuals is of
limited value. Moreover, what can be understood about
gene function and phenotypic consequences is propor-
tional to the breadth and diversity of conditions studied.
To this end, our results and experiences suggest that the
full power of human genomics to explain fundamental
biological processes and rapidly transform medical care
might be more readily realized by discovery of the genetic
basis of all Mendelian phenotypes rather than large-scale
sequencing of a handful of common diseases.
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Figure 9. Discovery Metrics under
Different Models of Inheritance for Men-
delian Phenotypes Studied by the CMGs
(A) The percentage of Mendelian pheno-
types for which a gene was discovered on
the basis of conservative causality criteria
per different models of inheritance with
mapping data (dark green) or without
mapping data (light green) is shown. Also
shown is the percentage ofMendelian phe-
notypes for which a causal gene was not
found per different models of inheritance
with mapping data (dark gray) or without
mapping data (light gray). Note that for
most phenotypes analyzed under an auto-
somal-recessive homozygous model that
failed, mapping data were available; how-
ever, the statistical significance of the map-
ping data varied (e.g., number and length
of runs of homozygosity, magnitude of
LOD score, etc.). The mean number of
genes discovered per Mendelian pheno-
type was 0.52 or 0.76 on the basis of only
conservative or combined conservative
and suggestive criteria, respectively. These
figures do not include results from persons
found to have more than one Mendelian
phenotype.
(B) Classification of discoveries of genes
underlying Mendelian phenotypes as
known (white squares) or novel (blue
squares).
(C) Percentage of Mendelian phenotypes
for which a novel discovery (dark blue)
or known discovery (light blue) was made
on the basis of conservative causality
criteria per differentmodels of inheritance.
The mean number of novel discoveries per
Mendelian phenotype was 0.52 or 0.66
on the basis of only conservative or com-
bined conservative and suggestive criteria,
respectively.
Abbreviations are as follows: AD, auto-
somal dominant; AR, autosomal recessive
(when recessive inheritance was clear, but
analysis of both consanguineous and
non-consanguineous families contributed
to the discovery); AR homozygous, auto-
somal recessive in a consanguineous fam-
ily; AR heterozygous, autosomal recessive
in a non-consanguineous family (i.e., com-
pound-heterozygous mutations).
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Lessons from Mendelian genetics, or “Why 
studying rare diseases is broadly applicable”

• Provides fundamental insights into human biology

• Identifies pathways relevant to human disease that can be 
therapeutically manipulated even in individuals without 
Mendelian mutations (i.e. HMG-CoA reductase)

• Major challenge: understanding the phenotypic impact of all 
rare genetic variation



Most human traits 
are not Mendelian

Most human traits are 
quantitative and normally 

distributed in the 
population

RA Fisher
On the Correlation Between 

Relatives on the Supposition of 
Mendelian Inheritance (1918)



family studies, and can be expected to vary across environments.
N arrow-sense heritability estimates in humans can be inflated if
family resemblance is influenced by non-additive genetic effects
(dominance and epistasis, or gene–gene interaction), shared familial
environments, and by correlations or interactions among genotypes
and environment36,37. H owever, heritabilities estimated from pedi-
gree studies in animals agree well with heritability estimated from
response to artificial selection, suggesting that estimates from family
studies are not necessarily inflated.

Teasing apart the contributions to heritability of environmental
factors shared among relatives will soon be possible because the
availability of genome-wide markers now provides empirical esti-
mates of identity-by-descent (IBD) allele sharing between pairs of rela-
tives. For example, full sibs share on average half their genetic com-
plement, but this proportion can vary—in one large study it ranged
from 0.37 to 0.62 (ref. 38). By relating phenotypic differences to the
observed IBD sharing fraction among sib pairs, marker data were used
to generate a heritability estimate of 0.8 for height38. This is remarkably
consistent with estimates using traditional methods but free of their
assumptions, suggesting that for height at least, heritability is not over-
estimated. Applying such estimation to distantly related or ‘unrelated’
individuals is now feasible using dense genomic scans39; given the num-
ber of people with dense genotyping data, heritability estimates could be
generated for a wide variety of traits free of potential confounding by
unmeasured shared environment.

Improving estimates of all contributors to heritability will facilitate
determination of the proportion of genetic variance that has been
explained. Despite imprecision in current estimates, it may still be
possible to know that ‘all the heritability’ has been explained by pre-
dicting phenotypes in a new set of individuals from trait-associated
markers, and correlating the predicted phenotypes with the actual
values. If the markers truly explain all the additive genetic variance,
the squared correlation between predicted and actual phenotype will
be equal to the heritability40. Population-based heritability estimates
thus provide a valuable metric for completeness of available genetic
risk information, but individualized disease prevention and treatment
will ultimately require identifying the variants accounting for risk in a
given individual rather than on a population basis.

Rare variants and unexplained heritability
Much of the speculation about missing heritability from G W AS has
focused on the possible contribution of variants of low minor allele
frequency (M AF), defined here as roughly 0.5% , M AF , 5%, or of
rare variants (M AF , 0.5%). Such variants are not sufficiently fre-
quent to be captured by current G W A genotyping arrays14,41, nor do
they carry sufficiently large effect sizes to be detected by classical
linkage analysis in family studies (Fig. 1). O nce M AF falls below
0.5%, detection of associations becomes unlikely unless effect sizes
are very large, as in monogenic conditions. For modest effect sizes,
association testing may require composite tests of overall ‘mutational
load’, comparing frequencies of mutations of potentially similar
functional effect in cases and controls.

Low frequency variants could have substantial effect sizes (increas-
ing disease risk two- to threefold) without demonstrating clear
Mendelian segregation, and could contribute substantially to missing
heritability42. For example, 20 variants with risk allele frequency of 1%
and allelic odds ratio (or probability of an event occurring divided by
the probability of it not occurring, compared in people with versus
without the risk allele) of three would account for most familial
aggregation of type 2 diabetes. There are relatively few examples of
such variants contributing to complex traits, possibly owing to insuf-
ficiently large sample sizes or insufficiently comprehensive arrays.

The primary technology for the detection of rare SNPs is sequen-
cing, which may target regions of interest, or may examine the whole
genome. ‘ Next-generation’ sequencing technologies, which process
millions of sequence reads in parallel, provide monumental increases
in speed and volume of generated data free of the cloning biases and

arduous sample preparation characteristic of capillary sequencing43.
Detection of associations with low frequency and rare variants will be
facilitated by the comprehensive catalogue of variants with
M AF $ 1% being generated by the 1,000 Genomes Project (http://
www.1000genomes.org/page.php), which will also identify many
variants at lower allele frequencies. The pilot effort of that program
has already identified more than 11 million new SNPs in initially low-
depth coverage of 172 individuals44.

Current mechanisms for using sequencing to identify rare variants
underlying or co-located with G W A-defined associations include
sequencing in genomic regions defined by strong and repeatedly repli-
cated associations with common variants, and sequencing a larger frac-
tion of the genome in people with extreme phenotypes. In the absence
of G W A-defined signals, sequencing candidate genes in subjects at the
extremes of a quantitative trait (such as lipid levels or the age at onset),
can identify other associated variants, both common and rare45,46. An
important finding from these studies is that much of the information is
provided by people at the extremes of trait distributions, who seem to be
more likely to carry loss-of-function alleles47.

Sample sizes used for the initial identification of D N A sequence
variants have generally been modest, and sample size requirements
increase essentially linearly with 1/M AF. Much larger samples are
needed for the identification of associations with variants than those
needed for the detection of the variants themselves. They also scale
roughly linearly with 1/M AF given a fixed odds ratio and fixed degree
of linkage disequilibrium with genotyped markers. Sample size for
association detection also scales approximately quadratically with
1/j( OR 2 1)j, and thus increases sharply as the odds ratio ( OR)
declines. Sample size is even more strongly affected by small odds
ratios than by small M AF, so low frequency and rare variants will
need to have higher odds ratios to be detected.

Complicating matters further, numerous rare variants may be
detected in a gene or region but they may have disparate effects on
phenotype. Common variants have typically been analysed individu-
ally23,48, but with one or two carriers of each rare variant, pooling
them using specific criteria becomes attractive47,49,50. Pooling variants
of similar class increases the effective M AF of the class and reduces the
number of tests performed, but raises several other questions (Box 1).

Determining which of the multitude of variants carried by an
individual are responsible for a given phenotype represents a massive
task, especially if the causal alleles are relatively anonymous in terms
of known functional consequences. Because only a small proportion
will have obvious functional consequences for the resultant protein,
lesser evidence of association may suffice to implicate variants of this
sort. The best approaches for combining functional credibility and
statistical support in the evaluation of such variants remain to be
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Genotyping arrays (2007 - Present)

Can inexpensively measure 
genetic variants at millions of 
positions across the genome



Common variants at 30 loci contribute to polygenic
dyslipidemia
Sekar Kathiresan*1–5,37,38, Cristen J Willer6,37, Gina M Peloso4,7,37, Serkalem Demissie4,7,37, Kiran Musunuru1,2,
Eric E Schadt8, Lee Kaplan9, Derrick Bennett10, Yun Li6, Toshiko Tanaka11, Benjamin F Voight2,3,12,
Lori L Bonnycastle13, Anne U Jackson6, Gabriel Crawford3, Aarti Surti3, Candace Guiducci3, Noel P Burtt3,
Sarah Parish10, Robert Clarke10, Diana Zelenika14, Kari A Kubalanza13, Mario A Morken13, Laura J Scott6,
Heather M Stringham6, Pilar Galan15, Amy J Swift13, Johanna Kuusisto16, Richard N Bergman17,
Jouko Sundvall18, Markku Laakso16, Luigi Ferrucci11, Paul Scheet6, Serena Sanna19, Manuela Uda19,
Qiong Yang4,7, Kathryn L Lunetta4,7, Josée Dupuis4,7, Paul I W de Bakker20, Christopher J O’Donnell4,21,
John C Chambers22, Jaspal S Kooner23, Serge Hercberg15, Pierre Meneton24, Edward G Lakatta25,
Angelo Scuteri26, David Schlessinger27, Jaakko Tuomilehto18, Francis S Collins13, Leif Groop28,29,
David Altshuler3,5,12,30, Rory Collins10, G Mark Lathrop14, Olle Melander31, Veikko Salomaa33,
Leena Peltonen3,32,34, Marju Orho-Melander28, Jose M Ordovas35,38, Michael Boehnke6,38,
Gonçalo R Abecasis6,38, Karen L Mohlke36,38 & L Adrienne Cupples4,7,38

Blood low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol and triglyceride levels are risk factors
for cardiovascular disease. To dissect the polygenic basis of these traits, we conducted genome-wide association screens in 19,840
individuals and replication in up to 20,623 individuals. We identified 30 distinct loci associated with lipoprotein concentrations
(each with P o 5 ! 10"8), including 11 loci that reached genome-wide significance for the first time. The 11 newly defined loci
include common variants associated with LDL cholesterol near ABCG8, MAFB, HNF1A and TIMD4; with HDL cholesterol near
ANGPTL4, FADS1-FADS2-FADS3, HNF4A, LCAT, PLTP and TTC39B; and with triglycerides near AMAC1L2, FADS1-FADS2-FADS3
and PLTP. The proportion of individuals exceeding clinical cut points for high LDL cholesterol, low HDL cholesterol and high
triglycerides varied according to an allelic dosage score (P o 10"15 for each trend). These results suggest that the cumulative
effect of multiple common variants contributes to polygenic dyslipidemia.

Recent genome-wide association studies (GWASs) have localized
common DNA sequence variants that contribute to many human
phenotypes1. The success of this approach has been parti-
cularly notable for blood lipoprotein levels. We and others recently
reported that at least 19 genetic loci harbor common DNA sequence
variants associated with blood LDL cholesterol, HDL cholesterol
and/or triglycerides2–6. Those loci consist of genes previously shown
to affect lipoprotein metabolism in humans, as well as eight loci
that were newly reported at the time. However, each variant con-
ferred a modest effect, and, together, the variants explained only a
small fraction (B5%) of interindividual variability in lipo-
protein levels. These observations suggested that additional loci
harboring lipid-associated DNA sequence variants could be
identified with larger samples and improved statistical power for
gene discovery.

RESULTS
Meta-analysis and replication of genome-wide association scans
We conducted a meta-analysis of seven GWASs of blood lipoprotein
and lipid phenotypes, and we conducted follow-up replication ana-
lyses in up to five additional studies (Table 1; see Supplementary
Fig. 1 online for study design). The Framingham Heart Study (FHS), a
prospective epidemiologic cohort established in 1948, represents the
largest GWAS sample7. Among the three generations of FHS partici-
pants who have been enrolled, we focused on second- and third-
generation participants with fasting blood lipid phenotypes8,9. The
power of the sample was indicated by the observation that for each of
eight SNPs recently associated with lipid levels (near SORT1 for LDL
cholesterol; MMAB-MVK and GALNT2 for HDL cholesterol; and
GCKR, TRIB1, MLXIPL, NCAN and ANGPTL3 for triglycerides),
association results in the FHS confirmed our earlier reports

Received 11 July; accepted 28 October; published online 7 December 2008; corrected online 14 December 2008 (details online); doi:10.1038/ng.291

*A full list of author affiliations appears at the end of the paper.
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>160 genetic loci for CAD
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NHGRI GWA Catalog 
www.genome.gov/GWAStudies 
www.ebi.ac.uk/fgpt/gwas/  

Published Genome-Wide Associations through 12/2012 
Published GWA at p≤5X10-8 for 17 trait categories 



40% CAD loci map to 
known risk factors

(mainly lipids and BP)

Other 60% represent 
potentially novel 

pathways

extended linkage at this locus, with more than 100
SNPs in high LD and the lead variant in a region of
w170 kb also spanning GIGYF2 (GRB10 interacting
GYF protein 2) (Online Figure 3). KCJN13 is located
entirely within GIGYF2 and transcribed in the oppo-
site direction. A number of the associated variants
are in annotated regulatory regions, with the top

scoring candidate by in silico prediction, rs11555646,
lying in the 50-UTR of GIGYF2 close to the initiating
methionine (Online Figure 3). There was no associa-
tion of the locus with any of the cardiovascular risk
factors, but we found eQTLs for the lead variant or a
variant in high LD for both GIGFY2 and KCNJ13
(Online Table 5).

CENTRAL ILLUSTRATION Signi!cant Associations of CAD Loci With Cardiovascular Risk Factors
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This chord diagram depicts associations that passed Bonferroni correction (Table 2). Connections indicate that single nucleotide polymorphisms at
respective loci associate with both coronary artery disease (CAD) and the respective risk factor; they do not imply that the risk factor causally explains the
association with CAD. Red indicates new CAD loci. BMI ! body mass index; HDL ! high-density lipoprotein; LDL ! low-density lipoprotein.
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Discovered markers typically
non-coding and common

The causal gene at most loci is unknown

Haplotype
Typed marker locus Unobserved causal locus

Disease
phenotype

Indirect
association

Direct
association

Direct
association

Significance level
Usually denoted !, and chosen 
by the researcher to be the 
greatest probability of type-1 
error that is tolerated for a 
statistical test. It is 
conventional to choose 
! = 5% for the overall analysis, 
which might consist of many 
tests each with a much lower 
significance level.

Test statistic
A numerical summary of the 
data that is used to measure 
support for the null hypothesis. 
Either the test statistic has a 
known probability distribution 
(such as "2) under the null 
hypothesis, or its null 
distribution is approximated 
computationally.

Common-disease common-
variant hypothesis
The hypothesis that many 
genetic variants that underlie 
complex diseases are common, 
and therefore susceptible to 
detection using current 
population association study 
designs. An alternative 
possibility is that genetic 
contributions to complex 
diseases arise from many 
variants, all of which are rare.

Effective population size
The size of a theoretical 
population that best 
approximates a given natural 
population under an assumed 
model. Human effective 
population size is often taken 
to mean the size of a constant-
size, panmictic population of 
breeding adults that generates 
the same level of 
polymorphism under neutrality 
as observed in an actual 
human population.

Maximum-likelihood 
estimate
The value of an unknown 
parameter that maximizes the 
probability of the observed 
data under the assumed 
statistical model.

Phase
The information that is 
needed to determine the two 
haplotypes that underlie a 
multi-locus genotype within 
a chromosomal segment.

Direct, laboratory-based haplotyping or typing 
further family members to infer the unknown phase 
are expensive ways to obtain haplotypes. Fortunately, 
there are statistical methods for inferring haplotypes 
and population haplotype frequencies from the geno-
types of unrelated individuals. These methods, and the 
software that implements them, rely on the fact that in 
regions of low recombination relatively few of the possible 
haplotypes will actually be observed in any population. 
These programs generally perform well14, given high 
SNP density and not too much missing data. SNPHAP is 
simple and fast, whereas PHASE15 tends to be more accu-
rate but comes at greater computational cost. Recently 
FASTPHASE has emerged16, which is nearly as accurate 
as PHASE and much faster.

True haplotypes are more informative than genotypes, 
but inferred haplotypes are typically less informative 
because of uncertain phasing. However, the informa-
tion loss that arises from phasing is small when linkage 
disequilibrium (LD) is strong.

Note that phasing cases and controls together allows 
better estimates of haplotype frequencies under the 
null hypothesis of no association, but can lead to a bias 
towards this hypothesis and therefore a loss of power. 
Conversely, phasing cases and controls separately can 
inflate type-1 error rates. A similar issue arises in imputing 
missing genotypes.

Measures of LD and estimates of recombination rates. 
LD will remain crucial to the design of association stud-
ies until whole-genome resequencing becomes routinely 
available. Currently, few of the more than 10 million 
common human polymorphisms are typed in any 
given study. If a causal polymorphism is not genotyped, 
we can still hope to detect its effects through LD with 
polymorphisms that are typed. To assess the power of 
a study design to achieve this, we need to measure LD. 
However, LD is a non-quantitative phenomenon: there 
is no natural scale for measuring it. Among the measures 
that have been proposed for two-locus haplotype data17, 
the two most important are D# and r2.

D# is sensitive to even a few recombinations between 
the loci since the most recent mutation at one of them. 
Textbooks emphasize the exponential decay over time 
of D# between linked loci under simple population-
genetic models, but stochastic effects mean that this 
theoretical relationship is of limited usefulness. A disad-
vantage of D# is that it can be large (indicating high LD) 
even when one allele is very rare, which is usually of little 
practical interest.

r2 reflects statistical power to detect LD: nr2 is the 
Pearson test statistic for independence in a 2 ! 2 table 
of haplotype counts. Therefore, a low r2 corresponds to 
a large sample size, n, that is required to detect the LD 
between the markers. If disease risk is multiplicative 

Box 2 | Types of population association study 

Population association studies can be classified into 
several types; for example, as follows:

Candidate polymorphism
These studies focus on an individual polymorphism that 
is suspected of being implicated in disease causation.

Candidate gene
These studies might involve typing 5–50 SNPs within a 
gene (defined to include coding sequence and flanking regions, and perhaps including splice or regulatory sites). The 
gene can be either a positional candidate that results from a prior linkage study, or a functional candidate that is based, 
for example, on homology with a gene of known function in a model species.

Fine mapping
Often refers to studies that are conducted in a candidate region of perhaps 1–10 Mb and might involve several hundred 
SNPs. The candidate region might have been identified by a linkage study and contain perhaps 5–50 genes.

Genome-wide
These seek to identify common causal variants throughout the genome, and require !300,000 well-chosen SNPs (more are 
typically needed in African populations because of greater genetic diversity). The typing of this many markers has recently 
become possible because of the International HapMap Project32 and advances in high-throughput genotyping technology 
(see also BOX 5).

These classifications are not precise: some candidate-gene studies involve many hundreds of genes and are similar to 
genome-wide scans. Typically, a causal variant will not be typed in the study, possibly because it is not a SNP (it might be 
an insertion or deletion, inversion, or copy-number polymorphism). Nevertheless, a well-designed study will have a good 
chance of including one or more SNPs that are in strong linkage disequilibrium with a common causal variant, as illustrated 
in the figure: the two direct associations that are indicated cannot be observed, but if r2 (see main text) between the two 
loci is high then we might be able to detect the indirect association between marker locus and disease phenotype.

Statistical methods that are used in pharmacogenetics are similar to those for disease studies, but the phenotype of 
interest is drug response (efficacy and/or adverse side effects). In addition, pharmacogenetic studies might be prospective 
whereas disease studies are typically retrospective. Prospective studies are generally preferred by epidemiologists, and 
despite their high cost and long duration some large, prospective cohort studies are currently underway for rare 
diseases92,93. Often a case–control analysis of genotype data is embedded within these studies2, so many of the statistical 
analyses that are discussed in this review can apply both to retrospective and prospective studies. However, specialized 
statistical methods for time-to-event data might be required to analyse prospective studies94.

R E V I E W S
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Balding, Nat Rev Gen 2006

Limitations for GWAS in mapping genes

Next phase will be to link loci with 
genes

1) Identify regulatory elements

2) Other computational / experimental 
methods

3) Direct gene sequencing
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Over the last five years, the widespread availability of high-throughput 
DNA sequencing technologies has permitted the sequencing of the 
whole genomes or exomes of hundreds of thousands of humans. In 
theory, these data represent a powerful source of information about 
the global patterns of human genetic variation, but in practice, are  
difficult to access for practical, logistical, and ethical reasons; in 
 addition, their utility is complicated by the heterogeneity in the 
 experimental methodologies and variant calling pipelines used to 
generate them. Current publicly available data sets of human DNA 
sequence  variation contain only a small fraction of all sequenced 
 samples: the Exome Variant Server, created as part of the NHLBI 
Exome Sequencing Project (ESP)1, contains frequency information 
spanning 6,503 exomes; and the 1000 Genomes Project (1000G), which 
includes individual-level genotype data from whole-genome and exome 
sequence data for 2,504 individuals2.

Databases of genetic variation are important for our understanding 
of human population history and biology1–5, but also provide critical 
resources for the clinical interpretation of variants observed in patients 
who have rare Mendelian diseases6,7. The filtering of candidate variants 
by frequency in unselected individuals is a key step in any pipeline for 
the discovery of causal variants in Mendelian disease patients, and the 
efficacy of such filtering depends on both the size and the ancestral 
diversity of the available reference data.

Here we describe the joint variant calling and analysis of high-quality 
variant calls across 60,706 human exomes, assembled by the Exome 
Aggregation Consortium (ExAC; http://exac.broadinstitute.org). This 
call set exceeds previously available exome-wide variant databases, 
by nearly an order of magnitude, providing substantially increased 
 resolution for the analysis of very low-frequency genetic variants. We 
demonstrate the application of this data set to the analysis of patterns 
of genetic variation including the discovery of widespread mutational 
recurrence, the inference of gene-level constraint against truncating 
variation, the clinical interpretation of variation in Mendelian disease 
genes, and the discovery of human knockout variants in protein-coding 
genes.

The ExAC data set
Sequencing data processing, variant calling, quality control and  filtering 
was performed on over 91,000 exomes (see Methods), and sample 
 filtering was performed to produce a final data set spanning 60,706 
individuals (Fig. 1a). To identify the ancestry of each ExAC individual, 
we performed principal component analysis (PCA) to distinguish the 
major axes of geographic ancestry and to identify population clusters 
corresponding to individuals of European, African, South Asian, East 
Asian, and admixed American (hereafter referred to as Latino) ancestry 
(Fig. 1b; Supplementary Table 3); we note that the apparent separation 
between East Asian and other samples reflects a deficiency of Middle 
Eastern and Central Asian samples in the data set. We further separated 
Europeans into individuals of Finnish and non-Finnish ancestry given 
the enrichment of this bottlenecked population; the term European 
hereafter refers to non-Finnish European individuals.

We identified 10,195,872 candidate sequence variants in ExAC. We 
further applied stringent depth and site/genotype quality filters to 
define a subset of 7,404,909 high-quality variants, including 317,381 
insertions or deletions (indels) (Supplementary Table 7), corresponding 
to one variant for every 8 base pairs (bp) within the exome intervals. 
The majority of these are very low-frequency variants absent from 
 previous smaller call sets (Fig. 1c), of the high-quality variants, 99% 
have a frequency of < 1%, 54% are singletons (variants seen only once 
in the data set), and 72% are absent from both 1000G and ESP data sets.

The density of variation in ExAC is not uniform across the genome, 
and the observation of variants depends on factors such as mutational 
properties and selective pressures. In the ! 45!million well-covered 
(80% of individuals with a minimum of 10"  coverage) positions in 
ExAC, there are ! 18!million possible synonymous variants, of which 
we observe 1.4!million (7.5%). However, we observe 63.1% of possible 

CpG transitions (C to T variants, in which the adjacent base is G), while 
only observing 3% of possible transversions and 9.2% of other possible 
transitions (Supplementary Table 9). A similar pattern is observed for 
missense and nonsense variants, with lower proportions due to selective 
pressures (Fig. 1d). Of 123,629 high-quality indels called in coding 
exons, 117,242 (95%) have a length < 6 bases, with shorter deletions 
being the most common (Fig. 1e). Frameshifts are found in smaller 
numbers and are more likely to be singletons than in-frame indels  
(Fig. 1f), reflecting the influence of purifying selection.

Patterns of protein-coding variation
The density of protein-coding sequence variation in ExAC reveals a 
number of properties of human genetic variation that are undetectable 
in smaller data sets. For example, 7.9% of high-quality sites in ExAC are 
multiallelic (multiple different sequence variants observed at the same 
site), close to the Poisson expectation of 8.3%, given the observed  density 
of variation, and far higher than that observed in previous data sets of 
0.48% in the 1000G (exome intervals) and 0.43% in the ESP data sets.

The size of ExAC makes it possible to directly observe mutational 
recurrence: instances in which the same mutation has occurred 
 multiple times independently throughout the history of the sequenced 
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Figure 1 | Patterns of genetic variation in 60,706 humans. a, The size and 
diversity of public reference exome data sets. ExAC exceeds previous data 
sets in size for all studied populations. b, Principal component analysis 
(PCA) dividing ExAC individuals into five continental populations. 
PC2 and PC3 are shown; additional PCs are in Extended Data Fig. 5a. 
c, The allele frequency spectrum of ExAC highlights that the majority 
of genetic variants are rare and novel (absent from prior databases of 
genetic variation, such as dbSNP). d, The proportion of possible variation 
observed by mutational context and functional class. Over half of all 
possible CpG transitions are observed. Error bars represent standard error 
of the mean. e, f, The number (e), and frequency distribution (proportion 
singleton; f) of indels, by size. Compared to in-frame indels, frameshift 
variants are less common (have a higher proportion of singletons, a proxy 
for predicted deleteriousness on gene product). Error bars indicate  
95% confidence intervals.
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Exome sequencing in N>60,000
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Centers for Common Disease Genomics

E. Lander, S. Gabriel, 
M. Daly, S. Kathiresan

Richard Gibbs Nathan Stitziel, Ira Hall, 
Jeff Milbrandt

Goal: Comprehensive studies in common disease
Study the complete spectrum of genome variation in diverse sets of 
diseases and populations

Under the NHGRI Genome Sequencing Program (includes CMG, AC, CC)

Five themes: CVD, Immune-related disease, Neuropsych, Common 
controls, Data processing

Tom Maniatis, Mike Wigler, 
Mike Zody



Whole genome sequencing in 
~50,000 participants

• 16,000 African Ancestry 
Cases and Controls

• 15,000 Finnish European 
Cases and Controls

• 14,000 Central/South 
American Ancestry 
Cases and Controls

• 5,000 Asian Ancestry         
Cases and Controls
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study
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Lessons from complex disease genetics, or 
“Why weak effect alleles are broadly applicable”

• Complex disease studies successful in identifying 1000s of loci 
associated with 1000s of human diseases and traits

• First era of well powered sequencing-based studies of complex 
disease underway

• Major challenge: systematic high-throughput means of 
assessing functional impact of genetic variation in common 
disease to identify genes



Okay, but what can you 
do with all of this?



Why study human genetics?

1. Understand biology
Identify processes that define and alter disease

2. Understand disease
Identify and validate therapeutic targets

3. Understand risk
Identify those who benefit from early preventive therapy
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Drug 
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Compare outcomes over years

• Efficacious?
• Safe?

Drug 
target

Drug 
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Compare outcomes over lifetime

• Efficacious?
• Safe?
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(Placebo)

Mutant gene
(Drug)
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Mutations in PCSK9 cause
autosomal dominant
hypercholesterolemia
Marianne Abifadel1,2, Mathilde Varret1, Jean-Pierre Rabès1,3,
Delphine Allard1, Khadija Ouguerram4, Martine Devillers1,
Corinne Cruaud5, Suzanne Benjannet6, Louise Wickham6,
Danièle Erlich1, Aurélie Derré1, Ludovic Villéger1, Michel Farnier7,
Isabel Beucler8, Eric Bruckert9, Jean Chambaz10, Bernard Chanu11,
Jean-Michel Lecerf12, Gerald Luc12, Philippe Moulin13,
Jean Weissenbach5, Annick Prat6, Michel Krempf4,

Claudine Junien1,3, Nabil G Seidah6 & Catherine Boileau1,3

Autosomal dominant hypercholesterolemia (ADH;
OMIM144400), a risk factor for coronary heart disease, is
characterized by an increase in low-density lipoprotein
cholesterol levels that is associated with mutations in the genes
LDLR (encoding low-density lipoprotein receptor) or APOB
(encoding apolipoprotein B). We mapped a third locus
associated with ADH, HCHOLA3 at 1p32, and now report two
mutations in the gene PCSK9 (encoding proprotein convertase
subtilisin/kexin type 9) that cause ADH. PCSK9 encodes
NARC-1 (neural apoptosis regulated convertase), a newly
identified human subtilase that is highly expressed in the liver
and contributes to cholesterol homeostasis.

To identify the third locus associated with ADH (called HCHOLA3 or
FH3), which we previously mapped1 to 1p34.1–p32 (OMIM 603776)
and was confirmed in a large Utah kindred2, we carried out positional
cloning using the family in whom linkage was originally identified
and 23 French families in whom the implication of LDLR and APOB
had been excluded (Supplementary Note online). Family HC92 was
identified through the proband (HC92-II-7), who belongs to a multi-
plex pedigree affected with ADH. We obtained samples from 29
members of this family and tested them using parametric linkage
analyses. We excluded linkage to LDLR and APOB (lod scores of
–14.05 and –10.01 (θ = 0.0), respectively). We genotyped family
members for eight Genethon markers in the 1p34–p32 region (Fig. 1)
and obtained highly significant lod scores with a maximum of 4.26 (θ
= 0.0) at D1S2742 that reached 4.80 in the multipoint analyses

(Supplementary Table 1 online and Fig. 2a). Haplotype analysis
identified a critical interval of 5.9 Mb between D1S231 and D1S2890.

The critical interval that our team had previously reported in fam-
ily HC2 (ref. 1) was more distally located between markers D1S472
and D1S211. Reexamination of haplotype data (Supplementary Fig.
1 online) showed that all affected members of family HC2 also shared
the same haplotype between markers D1S2722 and D1S2890, except
for individual HC2-II-5. This affected individual had a recombina-
tional event at D1S211, which formed the centromeric boundary of
the region that we originally described1. Therefore, all family mem-
bers were reinvestigated. Individual HC2-II-5 (who refuses treat-
ment) was the only one who showed a substantial variation (a marked
elevation of triglycerides) and thus no longer conforms with the
inclusion criteria.

The region between D1S197 and D1S2890 contains 41 genes,
including PCSK9. It encodes NARC-1, a novel putative proprotein
convertase belonging to the subtilase subfamily3. A related protein is
the subtilisin kexin isoenzyme-1 (SKI-1)/site-1-protease (S1P), which
has a key role in cholesterol homeostasis through processing the sterol
regulatory element–binding proteins4,5. The cDNA spans 3,617 bp
and encodes a protein of 692 amino acids. By sequencing the 12 exons
of PCSK9, we identified in family HC92 a T→A substitution in exon 2
at nucleotide 625 predicting a substitution at codon 127 of arginine
for the conserved serine (S127R), thereby creating a MnlI cleavage site
(Fig. 2b and Supplementary Fig. 2 online). We tested the members of
family HC92 and 100 control individuals for this substitution. It was
absent in the 200 control chromosomes, indicating that it is not a
polymorphism. We found it in the 12 affected family members and in
individual HC92-IV-3, whose total cholesterol level is in the 90th per-
centile when compared with other French individuals matched by age
and sex. Thus, the penetrance in the family is estimated at 0.94.

Notably, the 625T→A mutation was also found in the proband of
family HC2 and cosegregated with the disease except in individual
HC2-II-5, confirming that he had been misclassified in the linkage
analyses previously reported1. To assess the possible recurrence of this
mutation, we tested flanking and intragenic polymorphic markers in
both families. The same haplotype segregated with the 625T→A
mutation in families HC2 and HC92 (Supplementary Table 2
online), indicating that despite different geographical origins, the
families share a common ancestor. The possibility of a French
founder effect was ruled out, as the mutation was not found in 22
other French probands with ADH.
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Low LDL cholesterol in individuals of African descent
resulting from frequent nonsense mutations in PCSK9
Jonathan Cohen1–3, Alexander Pertsemlidis2,3, Ingrid K Kotowski4, Randall Graham1, Christine Kim Garcia1–3

& Helen H Hobbs1–4

The low-density lipoprotein receptor (LDLR) prevents
hypercholesterolemia and atherosclerosis by removing low-
density lipoprotein (LDL) from circulation. Mutations in the
genes encoding either LDLR1 or its ligand (APOB)2 cause
severe hypercholesterolemia. Missense mutations in PCSK9,
encoding a serine protease in the secretory pathway3, also
cause hypercholesterolemia4. These mutations are probably
gain-of-function mutations, as overexpression of PCSK9 in the
liver of mice produces hypercholesterolemia5–7 by reducing
LDLR number. To test whether loss-of-function mutations in
PCSK9 have the opposite effect, we sequenced the coding
region of PCSK9 in 128 subjects (50% African American) with

low plasma levels of LDL and found two nonsense mutations
(Y142X and C679X). These mutations were common in African
Americans (combined frequency, 2%) but rare in European
Americans (o0.1%) and were associated with a 40%
reduction in plasma levels of LDL cholesterol. These data
indicate that common sequence variations have large effects
on plasma cholesterol levels in selected populations.

PCSK9 encodes a 692–amino acid glycoprotein, also called neural
apoptosis-regulated convertase 1 (NARC-1), that is expressed most
abundantly in the liver, small intestine and kidney (Fig. 1a)4. PCSK9 is
a proprotein convertase subtilisin/kexin type 9 serine protease that
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Figure 1 Functional domains and haplotypes of
PCSK9. (a) PCSK9 contains a 30–amino acid
signal peptide (SP) followed by a prodomain. The
proconvertase undergoes autocatalytic processing
to release a 14-kDa peptide from the N
terminus7. The catalytic domain, which contains
the catalytic triad of aspartate (D), histidine (H)
and serine (S), as well as a highly conserved
asparagine (N), is followed by a P domain and a
cysteine-rich C-terminal domain7. The sites of the
three missense mutations associated with
hypercholesterolemia are indicated below the
protein4,8. The sites of the two nonsense
mutations identified in this study (Y142X and
C679X) are shown. (b) Haplotypes of subjects
with 426C-G (Y142X) (top) and 2037C-A
(C679X) mutations (middle) and in 50 randomly
selected African Americans (AAs) from the Dallas
Heart Study were constructed using 52 SNPs that
each had a minor allele frequency of at least
10%. The SNPs were assayed using high-density
oligonucleotide arrays (Perlegen Sciences). Blue
squares, common allele; yellow squares, rare
allele; red squares; nonsense mutations. The
haplotype of the C679X mutation in the European
American subjects and the Hispanic subjects are
denoted by EA and H, respectively.
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Low LDL cholesterol in individuals of African descent
resulting from frequent nonsense mutations in PCSK9
Jonathan Cohen1–3, Alexander Pertsemlidis2,3, Ingrid K Kotowski4, Randall Graham1, Christine Kim Garcia1–3

& Helen H Hobbs1–4

The low-density lipoprotein receptor (LDLR) prevents
hypercholesterolemia and atherosclerosis by removing low-
density lipoprotein (LDL) from circulation. Mutations in the
genes encoding either LDLR1 or its ligand (APOB)2 cause
severe hypercholesterolemia. Missense mutations in PCSK9,
encoding a serine protease in the secretory pathway3, also
cause hypercholesterolemia4. These mutations are probably
gain-of-function mutations, as overexpression of PCSK9 in the
liver of mice produces hypercholesterolemia5–7 by reducing
LDLR number. To test whether loss-of-function mutations in
PCSK9 have the opposite effect, we sequenced the coding
region of PCSK9 in 128 subjects (50% African American) with

low plasma levels of LDL and found two nonsense mutations
(Y142X and C679X). These mutations were common in African
Americans (combined frequency, 2%) but rare in European
Americans (o0.1%) and were associated with a 40%
reduction in plasma levels of LDL cholesterol. These data
indicate that common sequence variations have large effects
on plasma cholesterol levels in selected populations.

PCSK9 encodes a 692–amino acid glycoprotein, also called neural
apoptosis-regulated convertase 1 (NARC-1), that is expressed most
abundantly in the liver, small intestine and kidney (Fig. 1a)4. PCSK9 is
a proprotein convertase subtilisin/kexin type 9 serine protease that

3.2
2.1
1.1
0.8
0.5
0.4
0.4
0.4
0.4
0.4

10 kb Y142X C679X

C679X

Haplotypes
in AAs

(%)

Y142X

1 HD S30 143 474 573 692

SP Pro Catalytic P domain C-terminal

Y142X C679X

N
S127R F216L D374Y

a

b

EA

H

Figure 1 Functional domains and haplotypes of
PCSK9. (a) PCSK9 contains a 30–amino acid
signal peptide (SP) followed by a prodomain. The
proconvertase undergoes autocatalytic processing
to release a 14-kDa peptide from the N
terminus7. The catalytic domain, which contains
the catalytic triad of aspartate (D), histidine (H)
and serine (S), as well as a highly conserved
asparagine (N), is followed by a P domain and a
cysteine-rich C-terminal domain7. The sites of the
three missense mutations associated with
hypercholesterolemia are indicated below the
protein4,8. The sites of the two nonsense
mutations identified in this study (Y142X and
C679X) are shown. (b) Haplotypes of subjects
with 426C-G (Y142X) (top) and 2037C-A
(C679X) mutations (middle) and in 50 randomly
selected African Americans (AAs) from the Dallas
Heart Study were constructed using 52 SNPs that
each had a minor allele frequency of at least
10%. The SNPs were assayed using high-density
oligonucleotide arrays (Perlegen Sciences). Blue
squares, common allele; yellow squares, rare
allele; red squares; nonsense mutations. The
haplotype of the C679X mutation in the European
American subjects and the Hispanic subjects are
denoted by EA and H, respectively.
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PCSK9

• Gain of function -> increase LDL  (2003)
• Loss of function -> decrease LDL (2005)
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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.
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Medicine, University of Mississippi Med-
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Background
A low plasma level of low-density lipoprotein (LDL) cholesterol is associated with 
reduced risk of coronary heart disease (CHD), but the effect of lifelong reductions 
in plasma LDL cholesterol is not known. We examined the effect of DNA-sequence 
variations that reduce plasma levels of LDL cholesterol on the incidence of coronary 
events in a large population.

Methods
We compared the incidence of CHD (myocardial infarction, fatal CHD, or coronary 
revascularization) over a 15-year interval in the Atherosclerosis Risk in Communi-
ties study according to the presence or absence of sequence variants in the propro-
tein convertase subtilisin/kexin type 9 serine protease gene (PCSK9) that are associ-
ated with reduced plasma levels of LDL cholesterol.

Results
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 choles-
terol and an 88 percent reduction in the risk of CHD (P = 0.008 for the reduction; 
hazard ratio, 0.11; 95 percent confidence interval, 0.02 to 0.81; P = 0.03). Of the 9524 
white subjects examined, 3.2 percent had a sequence variation in PCSK9 that was 
associated with a 15 percent reduction in LDL cholesterol and a 47 percent reduc-
tion in the risk of CHD (hazard ratio, 0.50; 95 percent confidence interval, 0.32 to 
0.79; P = 0.003).

Conclusions
These data indicate that moderate lifelong reduction in the plasma level of LDL 
cholesterol is associated with a substantial reduction in the incidence of coronary 
events, even in populations with a high prevalence of non–lipid-related cardiovas-
cular risk factors.

The New England Journal of Medicine 
Downloaded from nejm.org at PARTNERS HEALTHCARE on March 30, 2012. For personal use only. No other uses without permission. 
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during the 15-year follow-up period (Fig. 1B). In 
contrast, CHD developed in only 1 of the 85 black 
participants (1.2 percent) who had a nonsense 
mutation (P = 0.008). According to Cox propor-
tional-hazards modeling, the hazard ratio for 
CHD among carriers as compared with noncar-
riers, after adjustment for age and sex, was 0.11 
(95 percent confidence interval, 0.02 to 0.81; 
P = 0.03). The incidence of disease remained sig-
nificantly lower among carriers than among non-
carriers (P<0.05) when hypertension and diabe-
tes were added to the model. The only carrier in 
whom CHD developed was a black man who was 
obese (body-mass index [the weight in kilograms 
divided by the square of the height in meters], 34), 
had hypertension (blood pressure, 186/85 mm Hg), 
and was a smoker. He also had an Lp(a) lipopro-
tein level above the 95th percentile for his race 
and sex as well as a family history of CHD. De-
spite a very low plasma level of LDL cholesterol 

(53 mg per deciliter [1.4 mmol per liter]), he died 
at the age of 68 years, within 24 hours after his 
first myocardial infarction.

The frequency of PCSK946L heterozygosity was 
3.2 percent among white subjects (Table 2) and 
0.7 percent among black subjects. A total of eight 
white subjects were homozygous for the PCSK946L 
allele. The age, sex distribution, body-mass index, 
and prevalences of hypertension, diabetes, and 
smoking were not significantly different between 
white subjects with the PCSK946L allele and those 
without it (Table 2). As was observed for the 
nonsense mutations, the R46L substitution was 
associated with a significant reduction in plasma 
levels of total cholesterol (9 percent) and LDL 
cholesterol (15 percent). The mean plasma level 
of LDL cholesterol was slightly lower among the 
8 white subjects who were homozygous for the 
PCSK946L allele than among the 293 white subjects 
who were heterozygotes (112±46 mg per deciliter 
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In Panel A, the distribution of plasma LDL cholesterol levels at baseline among 3278 black subjects who did not 
have a PCSK9142X or PCSK9679X allele (top) is compared with the distribution of levels among the 85 black subjects 
who had one of these two alleles (bottom). Panel B shows the percentage of participants from these two groups 
who had no evidence of coronary heart disease at baseline and in whom coronary heart disease developed during 
the 15-year follow-up period. To convert values for LDL cholesterol to millimoles per liter, multiply by 0.02586.
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ARTICLE

Molecular Characterization of Loss-of-Function Mutations
in PCSK9 and Identification of a Compound Heterozygote
Zhenze Zhao,* Yetsa Tuakli-Wosornu,* Thomas A. Lagace, Lisa Kinch, Nicholas V. Grishin,
Jay D. Horton, Jonathan C. Cohen, and Helen H. Hobbs

Elevated levels of circulating low-density lipoprotein cholesterol (LDL-C) play a central role in the development of
atherosclerosis. Mutations in proprotein convertase subtilisin/kexin type 9 (PCSK9) that are associated with lower plasma
levels of LDL-C confer protection from coronary heart disease. Here, we show that four severe loss-of-function mutations
prevent the secretion of PCSK9 by disrupting synthesis or trafficking of the protein. In contrast to recombinant wild-
type PCSK9, which was secreted from cells into the medium within 2 hours, the severe loss-of-function mutations in
PCSK9 largely abolished PCSK9 secretion. This finding predicted that circulating levels of PCSK9 would be lower in
individuals with the loss-of-function mutations. Immunoprecipitation and immunoblotting of plasma for PCSK9 provided
direct evidence that the serine protease is present in the circulation and identified the first known individual who has
no immunodetectable circulating PCSK9. This healthy, fertile college graduate, who was a compound heterozygote for
two inactivating mutations in PCSK9, had a strikingly low plasma level of LDL-C (14 mg/dL). The very low plasma level
of LDL-C and apparent good health of this individual demonstrate that PCSK9 plays a major role in determining plasma
levels of LDL-C and provides an attractive target for LDL-lowering therapy.
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In 2003, Abifadel and colleagues1 reported that selected
missense mutations in PCSK9 (proprotein convertase sub-
tilisin/kexin type 9 [MIM 607786]), which encodes a cho-
lesterol-regulated proprotein convertase,2,3 cause a new
form of autosomal dominant hypercholesterolemia (MIM
603776). This discovery revealed a previously unrecog-
nized mechanism that strongly influences the level of low-
density lipoprotein cholesterol (LDL-C) in the circulation.
PCSK9 comprises a signal sequence, a prodomain, a cat-
alytic domain, and a cysteine-rich C-terminal domain (fig.
1A).7 Like other proprotein convertases, PCSK9 undergoes
autocatalytic cleavage in the endoplasmic reticulum (ER)
at residue 152, between the prodomain and the catalytic
domain.8 The prodomain and the catalytic domain remain
tightly associated and are secreted together from cultured
cells.7,9 High-level expression of wild-type PCSK9 (PCSK9-
WT) in the liver of mice results in a pronounced reduction
in hepatic low-density lipoprotein receptor (LDLR) protein
(but not mRNA).10,11 Since hepatic LDLR-mediated endo-
cytosis is the major route of LDL clearance,12 the mice
expressing high levels of PCSK9 in the liver are severely
hypercholesterolemic. In contrast, mice expressing no
PCSK9 have accelerated LDL clearance.13 These findings
indicate that PCSK9 acts to limit the number of LDLRs at
the cell surface. Thus, the PCSK9 mutations associated
with hypercholesterolemia are presumably gain-of-func-
tion mutations.

Whereas gain-of-function mutations in PCSK9 in hu-

mans are apparently rare, a spectrum of more-frequent
loss-of-function mutations associated with low LDL-C lev-
els have been identified.4–6 Elsewhere, we demonstrated
that 2%–2.6% of African Americans are heterozygous for
one of two nonsense mutations in PCSK9 (Y142X and
C679X).4,14 These mutations are associated with a 30%–
40% reduction in plasma levels of LDL-C and an 88%
reduction in coronary heart disease over a 15-year peri-
od.4,14 Other amino acid substitutions in PCSK9 repro-
ducibly associated with significant reductions in plasma
levels of LDL-C include R46L, L253F, and A443T; individ-
uals heterozygous for these sequence variations have a
15%, 30%, and 2% reduction in plasma levels of LDL-C,
respectively5,6 (fig. 1A). The effects of PCSK9 mutations on
plasma levels of LDL-C and coronary heart disease suggest
that PCSK9 is a major determinant of plasma levels of LDL-
C and may be an attractive target for cholesterol-lowering
therapy. However, the mechanism(s) by which these mu-
tations affect PCSK9 function has not been fully defined.
High-level expression of PCSK9 in cultured hepatocytes
resulted in degradation of the LDLR in a post-ER com-
partment,15 but evidence supporting an extracellular ef-
fect of PCSK9 on LDLR number has also been reported.16

Furthermore, the phenotypic effects of total deficiency of
PCSK9 have not been determined: to date, only hetero-
zygotes for the severe loss-of-function mutations have
been described. Here, we examined the effect of loss-of-
function mutations on the synthesis and secretion of
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Figure 4. DTT reduction of PCSK9-679X and secretion of mutant
forms of PCSK9. A, Aliquots of the cell lysates and medium from
HEK-293 cells expressing wild-type (WT) or PCSK9-679X were
treated with increasing concentrations of DTT at RT for 1 h. Samples
were then subjected to 8% SDS-PAGE before immunoblotting. B,
The highly conserved cysteine C679 (top left) was mutated (top
right), and the constructs were expressed in HEK-293 cells (bot-
tom). Immunoblotting was performed on the cells and medium as
described in the figure 1 legend. Z. Fish p zebrafish; P p pre-
cursor; M p mature; S p secreted.

Figure 5. Pedigree of a 32-year-old African American woman
(II.2) who is compound heterozygous for loss-of-function muta-
tions in PCSK9. A, The proband (I.2) of the family is a participant
in the Dallas Heart Study19 who was found to be heterozygous for
the Y142X allele in PCSK9. Fasting blood samples were obtained
from additional family members. Plasma and serum were isolated,
and the lipids and lipoprotein levels were measured using com-
mercial reagents (table 1). The LDL-C and age- and sex-adjusted
percentiles are provided for each family member. PCSK9 was im-
munoprecipitated from the plasma of selected family members with
use of a polyclonal anti-PCSK9 antibody (295A), was size-frac-
tionated by SDS-PAGE, and then was immunoblotted as described
in the “Material and Methods” section. Individual II.3 was sam-
pled, but the analysis of circulating PCSK9 was not performed on
this subject. B, PCSK9-WT (WT) and mutant PCSK9 (DR97) were
expressed in HEK-293 cells. After 2 d, the cell lysates and the
medium were collected and subjected to immunoblotting as de-
scribed in the figure 1 legend. NA p not available; P p precursor;
M p mature; S p secreted.

terminal domain is not required for catalytic cleavage but
is required for secretion.

Identification of a Compound Heterozygote with No
Circulating PCSK9

The three mutations in PCSK9 associated with the greatest
reductions in plasma levels of LDL-C prevent the secretion
of mature PCSK9 by disrupting the synthesis (Y142X),
cleavage (L253F), or folding (C679X) of the protein. On
the basis of these findings, we predicted that individuals
with these mutations would have reduced circulating lev-
els of PCSK9. To test this hypothesis, we examined the
relationship between the amount of circulating PCSK9 and
the segregation of the PCSK9 nonsense alleles in families.
In one such family, we identified an individual with no
immunodetectable circulating PCSK9 (fig. 5A and table 1).
The proband of this family was a 53-year-old woman who
was a participant in the Dallas Heart Study.19 This subject
was heterozygous for the Y142X allele and had an LDL-C
level of 49 mg/dL (!1st percentile when compared with
age- and sex-matched controls). Genetic analysis of her
family revealed that her daughter and two of her grand-
daughters were also heterozygous for the nonsense mu-
tation. All four of the family members who were hetero-

zygous for the Y142X allele had LDL-C levels !1st percen-
tile when compared with age- and sex-matched controls.
However, the proband’s daughter (II.2) had a lower plasma
level of LDL-C (14 mg/dL) than that of either her mother
(49 mg/dL) and her children (30 mg/dL and 27 mg/dL);
since the daughter’s father was also hypocholesterolemic
(LDL-C of 39 mg/dL), we screened her PCSK9 gene for a
mutation on the paternal allele. DNA sequencing revealed
that II.2 was heterozygous for an in-frame 3-bp deletion
(c.290_292delGCC) that deletes an arginine at codon 97.
Expression of the mutant protein in HEK-293 cells re-
vealed that the mutation prevented autocatalytic cleavage
and secretion of PCSK9 (fig. 5B).

Thus, II.2 is a compound heterozygote for mutations
that disrupt synthesis (maternal allele) and processing/
secretion (paternal allele) of PCSK9. If PCSK9 is secreted
from hepatocytes in vivo, II.2 would be predicted to have
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In 2003, Abifadel and colleagues1 reported that selected
missense mutations in PCSK9 (proprotein convertase sub-
tilisin/kexin type 9 [MIM 607786]), which encodes a cho-
lesterol-regulated proprotein convertase,2,3 cause a new
form of autosomal dominant hypercholesterolemia (MIM
603776). This discovery revealed a previously unrecog-
nized mechanism that strongly influences the level of low-
density lipoprotein cholesterol (LDL-C) in the circulation.
PCSK9 comprises a signal sequence, a prodomain, a cat-
alytic domain, and a cysteine-rich C-terminal domain (fig.
1A).7 Like other proprotein convertases, PCSK9 undergoes
autocatalytic cleavage in the endoplasmic reticulum (ER)
at residue 152, between the prodomain and the catalytic
domain.8 The prodomain and the catalytic domain remain
tightly associated and are secreted together from cultured
cells.7,9 High-level expression of wild-type PCSK9 (PCSK9-
WT) in the liver of mice results in a pronounced reduction
in hepatic low-density lipoprotein receptor (LDLR) protein
(but not mRNA).10,11 Since hepatic LDLR-mediated endo-
cytosis is the major route of LDL clearance,12 the mice
expressing high levels of PCSK9 in the liver are severely
hypercholesterolemic. In contrast, mice expressing no
PCSK9 have accelerated LDL clearance.13 These findings
indicate that PCSK9 acts to limit the number of LDLRs at
the cell surface. Thus, the PCSK9 mutations associated
with hypercholesterolemia are presumably gain-of-func-
tion mutations.

Whereas gain-of-function mutations in PCSK9 in hu-

mans are apparently rare, a spectrum of more-frequent
loss-of-function mutations associated with low LDL-C lev-
els have been identified.4–6 Elsewhere, we demonstrated
that 2%–2.6% of African Americans are heterozygous for
one of two nonsense mutations in PCSK9 (Y142X and
C679X).4,14 These mutations are associated with a 30%–
40% reduction in plasma levels of LDL-C and an 88%
reduction in coronary heart disease over a 15-year peri-
od.4,14 Other amino acid substitutions in PCSK9 repro-
ducibly associated with significant reductions in plasma
levels of LDL-C include R46L, L253F, and A443T; individ-
uals heterozygous for these sequence variations have a
15%, 30%, and 2% reduction in plasma levels of LDL-C,
respectively5,6 (fig. 1A). The effects of PCSK9 mutations on
plasma levels of LDL-C and coronary heart disease suggest
that PCSK9 is a major determinant of plasma levels of LDL-
C and may be an attractive target for cholesterol-lowering
therapy. However, the mechanism(s) by which these mu-
tations affect PCSK9 function has not been fully defined.
High-level expression of PCSK9 in cultured hepatocytes
resulted in degradation of the LDLR in a post-ER com-
partment,15 but evidence supporting an extracellular ef-
fect of PCSK9 on LDLR number has also been reported.16

Furthermore, the phenotypic effects of total deficiency of
PCSK9 have not been determined: to date, only hetero-
zygotes for the severe loss-of-function mutations have
been described. Here, we examined the effect of loss-of-
function mutations on the synthesis and secretion of
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Figure 4. DTT reduction of PCSK9-679X and secretion of mutant
forms of PCSK9. A, Aliquots of the cell lysates and medium from
HEK-293 cells expressing wild-type (WT) or PCSK9-679X were
treated with increasing concentrations of DTT at RT for 1 h. Samples
were then subjected to 8% SDS-PAGE before immunoblotting. B,
The highly conserved cysteine C679 (top left) was mutated (top
right), and the constructs were expressed in HEK-293 cells (bot-
tom). Immunoblotting was performed on the cells and medium as
described in the figure 1 legend. Z. Fish p zebrafish; P p pre-
cursor; M p mature; S p secreted.

Figure 5. Pedigree of a 32-year-old African American woman
(II.2) who is compound heterozygous for loss-of-function muta-
tions in PCSK9. A, The proband (I.2) of the family is a participant
in the Dallas Heart Study19 who was found to be heterozygous for
the Y142X allele in PCSK9. Fasting blood samples were obtained
from additional family members. Plasma and serum were isolated,
and the lipids and lipoprotein levels were measured using com-
mercial reagents (table 1). The LDL-C and age- and sex-adjusted
percentiles are provided for each family member. PCSK9 was im-
munoprecipitated from the plasma of selected family members with
use of a polyclonal anti-PCSK9 antibody (295A), was size-frac-
tionated by SDS-PAGE, and then was immunoblotted as described
in the “Material and Methods” section. Individual II.3 was sam-
pled, but the analysis of circulating PCSK9 was not performed on
this subject. B, PCSK9-WT (WT) and mutant PCSK9 (DR97) were
expressed in HEK-293 cells. After 2 d, the cell lysates and the
medium were collected and subjected to immunoblotting as de-
scribed in the figure 1 legend. NA p not available; P p precursor;
M p mature; S p secreted.

terminal domain is not required for catalytic cleavage but
is required for secretion.

Identification of a Compound Heterozygote with No
Circulating PCSK9

The three mutations in PCSK9 associated with the greatest
reductions in plasma levels of LDL-C prevent the secretion
of mature PCSK9 by disrupting the synthesis (Y142X),
cleavage (L253F), or folding (C679X) of the protein. On
the basis of these findings, we predicted that individuals
with these mutations would have reduced circulating lev-
els of PCSK9. To test this hypothesis, we examined the
relationship between the amount of circulating PCSK9 and
the segregation of the PCSK9 nonsense alleles in families.
In one such family, we identified an individual with no
immunodetectable circulating PCSK9 (fig. 5A and table 1).
The proband of this family was a 53-year-old woman who
was a participant in the Dallas Heart Study.19 This subject
was heterozygous for the Y142X allele and had an LDL-C
level of 49 mg/dL (!1st percentile when compared with
age- and sex-matched controls). Genetic analysis of her
family revealed that her daughter and two of her grand-
daughters were also heterozygous for the nonsense mu-
tation. All four of the family members who were hetero-

zygous for the Y142X allele had LDL-C levels !1st percen-
tile when compared with age- and sex-matched controls.
However, the proband’s daughter (II.2) had a lower plasma
level of LDL-C (14 mg/dL) than that of either her mother
(49 mg/dL) and her children (30 mg/dL and 27 mg/dL);
since the daughter’s father was also hypocholesterolemic
(LDL-C of 39 mg/dL), we screened her PCSK9 gene for a
mutation on the paternal allele. DNA sequencing revealed
that II.2 was heterozygous for an in-frame 3-bp deletion
(c.290_292delGCC) that deletes an arginine at codon 97.
Expression of the mutant protein in HEK-293 cells re-
vealed that the mutation prevented autocatalytic cleavage
and secretion of PCSK9 (fig. 5B).

Thus, II.2 is a compound heterozygote for mutations
that disrupt synthesis (maternal allele) and processing/
secretion (paternal allele) of PCSK9. If PCSK9 is secreted
from hepatocytes in vivo, II.2 would be predicted to have
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Table 1. Plasma Lipid and Lipoprotein Levels in Family Members of an Individual Who Is
a Compound Heterozygote for Loss-of-Function Mutations in PCSK9

Individual
Age

(years) Sex

Fasting Plasma Levels, in mg/dL (Percentile) PCSK9 Allelea

Cholesterol LDL-C HDL-Cb TGc 1 2

I.1 51 M 96 (!1st) 39 (!1st) 44 (55th) 88 (25th) DR97 WT
I.2 53 F 144 (!1st) 49 (!1st) 88 (90th) 51 (!1st) Y142X WT
II.1 10 F 137 (15th) 77 (20th) 49 (45th) 78 (50th) DR97 WT
II.2 32 F 96 (!1st) 14 (!1st) 65 (80th) 119 (70th) DR97 Y142X
II.3 28 F 152 (20th) 80 (15th) 59 (65th) 92 (55th) WT WT
III.1 6 M 106 (!1st) 30 (!1st) 65 (75th) 77 (75th) Y142X WT
III.2 3 F 106 (!1st) 37 (!1st) 59 (70th) 71 (55th) Y142X WT
III.3 13 F 174 (60th) 104 (60th) 55 (65th) 110 (75th) WT WT

NOTE.—Plasma lipid and lipoprotein levels were measured after a 12-h fast. The percentile of the lipid and
lipoprotein levels are compared with age- and sex-matched African American control individuals.

a WT p wild type.
b HDL-C p high-density lipoprotein cholesterol.
c TG p triglycerides.

no circulating PCSK9. To test this possibility, we examined
the plasma of each family member for the presence of
PCSK9. Immunoprecipitation of PCSK9 from 500 ml of
fasting plasma revealed a single band of the expected size
(64 kDa) in all family members except the proband’s
daughter (II.2).

Despite having no immunodetectable circulatingPCSK9
and an LDL-C of only 14 mg/dL, II.2 is an apparently
healthy, fertile, normotensive, college-educated woman
with normal liver and renal function tests (including uri-
nalysis) who works as an aerobics instructor.

Structural Model of PCSK9

To relate the functional characterization of the loss-of-
function variants to protein structure, we developed a
structural model of PCSK9 on the basis of homology with
fervidolysin, a keratin-degrading enzyme from the bacte-
rium Fervidobacterium pennivorans.23 Significant sequence
similarity between PCSK9 and fervidolysin extends from
the subtilisin-like N-terminal prodomain (fig. 6A [purple])
to the peptidase S8 catalytic domain (fig. 6A [yellow]);
within these two domains, the two sequences can be
aligned with high confidence (fig. 6B). Additionally, both
proteins include a C-terminal extension from the catalytic
domain that is similar in length and secondary structure.
In fervidolysin, the C-terminus contains two b-sandwich
domain repeats that interact with both the prodomain
and the catalytic domain.23 In PCSK9, the C-terminus con-
tains a conserved cysteine-rich pattern (Cys # 6) repeated
three times within the context of predicted b-strands, sug-
gesting the presence of three—rather than two—C-termi-
nal domains. Thus, despite secondary structural similari-
ties between PCSK9 and fervidolysin, the topology of the
PCSK9 C-terminus remains ambiguous; accordingly, it is
represented as a space-filled model without a correspond-
ing alignment (fig. 6).

In the PCSK9 model, the R46L substitution is located
within an N-terminal extension of the prodomain. In fer-
vidolysin, this N-terminal coil makes extensive contacts
with the C-terminal domain and is thought to contribute

to the association of the prodomain with the catalytic/C-
terminal domains, which is maintained after autocatalytic
cleavage.23 The substitution of a hydrophobic leucine for
a polar arginine within the corresponding region of PCSK9
may alter the association between the prodomain and the
catalytic domain/C-terminal domains after autocatalytic
cleavage. The arginine deleted at residue 97 in II.2 (family
DHS20) is predicted to disrupt an a-helix in the prodo-
main; the finding that this mutation prevents autocata-
lytic cleavage (fig. 5B) is consistent with the prediction
that it would interfere with proper folding of the protein.
One of the gain-of-function mutations (S127R) is also lo-
cated in the prodomain and also reduces the rate of pro-
tein processing.11 The remaining two gain-of-functionmu-
tations (F216L and D374Y) are predicted to reside in close
proximity to each other on an external face of the catalytic
domain. Although the molecular consequences of these
mutations remain unknown, this mapping might point
to a role for these residues in interaction with another
protein. The loss-of-function mutation L253F that impairs
processing (fig. 2A) resides in close proximity to the cat-
alytic triad. The corresponding residue in fervidolysin
points toward the proteolytic cleavage site and is located
within 4 angstroms of the aspartate of the catalytic triad.
Leucine at this location in PCSK9 appears to be essential
and cannot be replaced by isoleucine, alanine, or phenyl-
alanine (fig. 2B), which suggests that this residue helps po-
sition the PCSK9 peptide backbone for autocatalytic cleav-
age. Finally, the substitution of an alanine for a threonine
at amino acid 443 has only a modest effect on plasma
levels of LDL-C (homozygosity is associated with a 3.5%
reduction in plasma LDL-C level);5 it is not clear whether
the LDL-lowering effect of this substitution is a direct ef-
fect of the amino acid substitution or is due to a sequence
variation that is in linkage disequilibrium.5

Discussion

A major finding of this study is that PCSK9 circulates in
plasma and that those mutations associated with the
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S8 in the Supplementary Appendix). In addition, 
as compared with placebo, increases were seen 
in both HDL cholesterol (up to 18 percentage 
points) and apolipoprotein A1 (up to 13 percentage 
points) in subjects taking atorvastatin.

Discussion

In three early-phase randomized trials, we evalu-
ated the effects of REGN727, a monoclonal anti-
body that blocks the interaction of PCSK9 with 
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A bs tr ac t

Background
Proprotein convertase subtilisin/kexin 9 (PCSK9), one of the serine proteases, binds to 
low-density lipoprotein (LDL) receptors, leading to their accelerated degradation and 
to increased LDL cholesterol levels. We report three phase 1 studies of a monoclonal 
antibody to PCSK9 designated as REGN727/SAR236553 (REGN727).

Methods
In healthy volunteers, we performed two randomized, single ascending-dose studies 
of REGN727 administered either intravenously (40 subjects) or subcutaneously 
(32 subjects), as compared with placebo. These studies were followed by a random-
ized, placebo-controlled, multiple-dose trial in adults with heterozygous familial 
hypercholesterolemia who were receiving atorvastatin (21 subjects) and those with 
nonfamilial hypercholesterolemia who were receiving treatment with atorvastatin 
(30 subjects) (baseline LDL cholesterol, >100 mg per deciliter [2.6 mmol per liter]) 
or a modified diet alone (10 subjects) (baseline LDL cholesterol, >130 mg per deciliter 
[3.4 mmol per liter]). REGN727 doses of 50, 100, or 150 mg were administered 
subcutaneously on days 1, 29, and 43. The primary outcome for all studies was the 
occurrence of adverse events. The principal secondary outcome was the effect of 
REGN727 on the lipid profile.

Results
Among subjects receiving REGN727, there were no discontinuations because of ad-
verse events. REGN727 significantly lowered LDL cholesterol levels in all the studies. 
In the multiple-dose study, REGN727 doses of 50, 100, and 150 mg reduced mea-
sured LDL cholesterol levels in the combined atorvastatin-treated populations to 
77.5 mg per deciliter (2.00 mmol per liter), 61.3 mg per deciliter (1.59 mmol per liter), 
and 53.8 mg per deciliter (1.39 mmol per liter), for a difference in the change from 
baseline of !39.2, !53.7, and !61.0 percentage points, respectively, as compared with 
placebo (P<0.001 for all comparisons).

Conclusions
In three phase 1 trials, a monoclonal antibody to PCSK9 significantly reduced LDL 
cholesterol levels in healthy volunteers and in subjects with familial or nonfamilial hy-
percholesterolemia. (Funded by Regeneron Pharmaceuticals and Sanofi; ClinicalTrials 
.gov numbers, NCT01026597, NCT01074372, and NCT01161082.)
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also an important cardiovascular risk factor in FH.31 Because elevated
Lp(a) significantly enhances risk of premature cardiovascular disease
in those already at extremely high risk due to FH, additional, aggres-
sive LDL lowering with statins and other drugs should be initiated
in FH individuals with high levels of Lp(a). In such individuals, and in
extreme cases with severe atherosclerosis and/or CHD, lipoprotein
apheresis should be considered.32,33

Asymptomatic atherosclerosis
To improve risk assessment, imaging techniques are recommended
to detect asymptomatic atherosclerosis in individuals at intermediate
risk in the 2012 European Society of Cardiology (ESC) Guidelines for
Cardiovascular Prevention.25 Although subjects with FH on average
are at much higher risk, risk within FH is sufficiently variable that as-
sessment of atherosclerosis should also be considered in asymptom-
atic FH subjects or in those whose family history is unclear. Imaging
techniques are also useful in detecting aortic valve calcification and
stenosis, which is particularly relevant in homozygous FH and in indi-
viduals with elevated Lp(a) levels.34

Techniques available to identify asymptomatic coronary athero-
sclerosis include exercise electro- and echocardiography, coronary
calcium score, and angiography by computed tomography.
Some,22,26 but not all,35 guidelines underscore the value of non-
invasive imaging of atherosclerosis in assessing and managing asymp-
tomatic FH subjects.

Exercise electro- or echocardiography should be considered for
risk assessment in adults with FH at very high risk; symptomatic
patients should be referred urgently for cardiac specialist review.
Coronary artery calcification is a surrogate marker for atheroscler-
osis, with the calcium score being proportional to atherosclerotic
plaque burden and cardiovascular disease risk.25 With the latest
techniques, radiation exposure is as low as 1 mSV. Coronary
artery calcification and the presence and severity of

atherosclerosis detected by computed tomography can identify
FH subjects with increased cardiovascular risk who may need
more intensive cholesterol-lowering therapy; however, absence
should not preclude cholesterol-lowering treatment, because
there would likely be diffuse, non-calcified plaques in such indivi-
duals. Importantly, presence of coronary calcium is not identical
with presence of relevant coronary lesions, because its specificity
regarding the potential presence of !50% stenosis is only 50%.25

Angiography by computed tomography is at present not recom-
mended for risk assessment.36

Cascade, opportunistic,
and universal screening
The most cost-effective approach for identification of new FH sub-
jects is cascade screening of family members of known index cases
(Figure 7). Index cases can be detected by opportunistic or targeted
systematic screening in primary care guided by a family history of pre-
mature CHD and hypercholesterolaemia, and among patients aged
,55/60 in men/women with CHD in hospital settings; the DLCN
criteria should be used to establish the clinical diagnosis (Table 1).
Universal screening of children has often been suggested but has so
far only been implemented in Slovenia and at the age of 5.37

Cascade screening using the protocol outlined in Table 2 has been
found to be feasible and acceptable to subjects with FH and to phy-
sicians.8,26,35 To be maximally cost-effective, cascade screening
should be systematic, centrally co-ordinated in a specialized centre
and carried out using a combination of plasma lipid profiles and
genetic testing. However, if the causative mutation is not known or
genetic testing is not available, screening can be performed using
the plasma lipid profile alone. Cascade testing in families with a
known causative mutation has been carried out very successfully in
the Netherlands over the last 15 years using trained genetic field
workers (Figure 1).

Figure8 LDLcholesterol burden in individuals withorwithout familial hypercholesterolaemiaas a functionof the ageof initiation of statin therapy.
Data derived from Huijgen et al.20 and Starr et al.21 LDL, low-density lipoprotein; LDL-C, LDL cholesterol; HDL-C, high-density lipoprotein chol-
esterol; CHD, coronary heart disease; FH, familial hypercholesterolaemia.
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PRS, which predict complex traits on the basis of genetic 
data, are of burgeoning interest to the clinical community, as 
researchers demonstrate their growing power to improve clini-

cal care, genetic studies of a wide range of phenotypes increase in 
size and power, and genotyping costs plummet to less than US$50. 
Many earlier criticisms of limited predictive power are now rec-
ognized to have been chiefly an issue of insufficient sample size, 
which is no longer the case for many outcomes1. For example, PRS 
alone already predict the risk of breast cancer, prostate cancer and 
type 1 diabetes in individuals of European descent more accurately 
than current clinical models2–4. Additionally, integrated models of 
PRS together with other lifestyle and clinical factors have enabled 
clinicians to more accurately quantify the risk of heart attack for 
patients; consequently, they have more effectively targeted the 
decrease in low-density-lipoprotein cholesterol, and by exten-
sion heart attack, by prescribing statins to patients at the greatest 
overall risk of cardiovascular disease5–9. Promisingly, the return of 
genetic risk of complex disease to at-risk patients does not sub-
stantially induce self-reported negative behavior or psychological 
function, and some potentially positive behavioral changes have 
been detected10. Although we share enthusiasm about the potential 
of PRS to improve health outcomes through their eventual routine 
implementation as clinical biomarkers, we consider the consistent 
observation that they currently have far greater predictive value in 
individuals of recent European descent than of other ancestries to 
be the major ethical and scientific challenge surrounding clinical 
translation and, at present, the most critical limitation to genetics in 
precision medicine. The scientific basis of this imbalance has been 
demonstrated theoretically, in simulations and empirically across 
many traits and diseases11–22.

All studies to date using well-powered genome-wide association 
studies (GWAS) to assess the predictive value of PRS across a range 
of traits and populations have made a consistent observation: PRS 
predict individual risk far more accurately in Europeans than non-
Europeans15,16,18–24. Rather than being attributable to chance or biol-
ogy, this consequence is predictable, given that the genetic discovery 
efforts to date heavily underrepresent non-European populations 
globally. The correlation between true and genetically predicted 
phenotypes decays with genetic divergence from the makeup of the 
discovery GWAS; therefore, the accuracy of polygenic scores in dif-
ferent populations is highly dependent on the representation of the 
study population in the largest existing ‘training’ GWAS. Here, we 
document study biases that underrepresent non-European popu-
lations in current GWAS and explain the fundamental concepts 
contributing to decreased phenotypic variance explained with 
increasing genetic divergence from populations included in GWAS.

Predictable basis of disparities in PRS accuracy
The poor generalizability of genetic studies across populations 
arises from the overwhelming abundance of European-descent 
studies and the dearth of well-powered studies in globally diverse 
populations25–28. According to the GWAS catalog, ~79% of all 
GWAS participants are of European descent despite making up only 
16% of the global population (Fig. 1). This imbalance is especially 
problematic, because previous studies have shown that studies on 
Hispanic/Latino individuals and African Americans contribute an 
outsized number of associations relative to studies of similar sizes 
in Europeans27. More concerningly, the fraction of non-European 
individuals in GWAS has stagnated or declined since late 2014 
(Fig. 1), thus suggesting the absence of a trajectory to correct this 

Clinical use of current polygenic risk scores may 
exacerbate health disparities
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Polygenic risk scores (PRS) are poised to improve biomedical outcomes via precision medicine. However, the major ethical and 
scientific challenge surrounding clinical implementation of PRS is that those available today are several times more accurate 
in individuals of European ancestry than other ancestries. This disparity is an inescapable consequence of Eurocentric biases 
in genome-wide association studies, thus highlighting that—unlike clinical biomarkers and prescription drugs, which may indi-
vidually work better in some populations but do not ubiquitously perform far better in European populations—clinical uses of 
PRS today would systematically afford greater improvement for European-descent populations. Early diversifying efforts show 
promise in leveling this vast imbalance, even when non-European sample sizes are considerably smaller than the largest studies 
to date. To realize the full and equitable potential of PRS, greater diversity must be prioritized in genetic studies, and summary 
statistics must be publically disseminated to ensure that health disparities are not increased for those individuals already  
most underserved.
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Practical considerations:
• Who pays?
• Where is it stored?
• Where is it most 

clinically useful?

Policy considerations:
• What about GINA?



Why study human genetics?

1. Understand biology
Identify processes that define and alter disease

2. Understand disease
Identify and validate therapeutic targets

3. Understand risk
Identify those who benefit from early preventive therapy


