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Caveats

I Questions raised here pertain more to research than clinical
setting.

I Focus on design of genetic aspect of study

Study design NHGRI Causality Workshop, September 13, 2012 2 / 15



1. Analyses

2. Samples

3. Technologies

Study design NHGRI Causality Workshop, September 13, 2012 3 / 15



NHGRI GWAS catalog

Analyses

Use the existing body of knowledge

1 2 3 4 5

0.
4

0.
5

0.
6

0.
7

0.
8

0.
9

1.
0

OR

F
ra

ct
io

n 
of

 h
its

Study design NHGRI Causality Workshop, September 13, 2012 4 / 15



Analyses

Use the existing body of knowledge II
LETTER

doi:10.1038/nature11011

Patterns and rates of exonic de novo mutations in
autism spectrum disorders
Benjamin M. Neale1,2, Yan Kou3,4, Li Liu5, Avi Ma’ayan3, Kaitlin E. Samocha1,2, Aniko Sabo6, Chiao-Feng Lin7, Christine Stevens2,
Li-San Wang7, Vladimir Makarov4,8, Paz Polak2,9, Seungtai Yoon4,8, Jared Maguire2, Emily L. Crawford10, Nicholas G. Campbell10,
Evan T. Geller7, Otto Valladares7, Chad Schafer5, Han Liu11, Tuo Zhao11, Guiqing Cai4,8, Jayon Lihm4,8, Ruth Dannenfelser3,
Omar Jabado12, Zuleyma Peralta12, Uma Nagaswamy6, Donna Muzny6, Jeffrey G. Reid6, Irene Newsham6, Yuanqing Wu6,
Lora Lewis6, Yi Han6, Benjamin F. Voight2,13, Elaine Lim1,2, Elizabeth Rossin1,2, Andrew Kirby1,2, Jason Flannick2,
Menachem Fromer1,2, Khalid Shakir2, Tim Fennell2, Kiran Garimella2, Eric Banks2, Ryan Poplin2, Stacey Gabriel2, Mark DePristo2,
Jack R. Wimbish14, Braden E. Boone14, Shawn E. Levy14, Catalina Betancur15, Shamil Sunyaev2,9, Eric Boerwinkle6,16,
Joseph D. Buxbaum4,8,12,17, Edwin H. Cook Jr18, Bernie Devlin19, Richard A. Gibbs6, Kathryn Roeder5, Gerard D. Schellenberg7,
James S. Sutcliffe10 & Mark J. Daly1,2

Autism spectrum disorders (ASD) are believed to have genetic and
environmental origins, yet in only a modest fraction of individuals
can specific causes be identified1,2. To identify further genetic risk
factors, here we assess the role of de novo mutations in ASD by
sequencing the exomes of ASD cases and their parents (n 5 175
trios). Fewer than half of the cases (46.3%) carry a missense or
nonsense de novo variant, and the overall rate of mutation is only
modestly higher than the expected rate. In contrast, the proteins
encoded by genes that harboured de novo missense or nonsense
mutations showed a higher degree of connectivity among themselves
and to previous ASD genes3 as indexed by protein-protein inter-
action screens. The small increase in the rate of de novo events, when
taken together with the protein interaction results, are consistent
with an important but limited role for de novo point mutations in
ASD, similar to that documented for de novo copy number variants.
Genetic models incorporating these data indicate that most of the
observed de novo events are unconnected to ASD; those that do
confer risk are distributed across many genes and are incompletely
penetrant (that is, not necessarily sufficient for disease). Our results
support polygenic models in which spontaneous coding mutations
in any of a large number of genes increases risk by 5- to 20-fold.
Despite the challenge posed by such models, results from de novo
events and a large parallel case–control study provide strong
evidence in favour of CHD8 and KATNAL2 as genuine autism
risk factors.

In spite of the substantial heritability, few genetic risk factors for
ASD have been identified1,2. Copy number variants (CNVs), in par-
ticular de novo and large events spanning multiple genes, have been
identified as conferring risk4,5. Although these CNVs provide import-
ant leads to underlying biology, they rarely implicate single genes, are
rarely fully penetrant, and many confer risk to a broad range of con-
ditions including intellectual disability, epilepsy and schizophrenia6.
There are also documented instances of rare single nucleotide variants
(SNVs) that are highly penetrant for ASD3.

Large-scale genetic studies make clear that the origins of ASD risk
are multifarious, and recent estimates based on CNV data put the

number of independent risk loci in the hundreds5. Yet knowledge
regarding specific risk-determining genes and the overall genetic
architecture for ASD remains incomplete. Although new sequencing
technologies provide a catalogue of most variation in the genome, the
profound locus heterogeneity of ASD makes it challenging to distin-
guish variants that confer risk from the background noise of in-
consequential SNVs. De novo variation, being less frequent and
potentially more deleterious, could offer insights into risk-determining
genes. Accordingly, we sought to evaluate carefully the observed rate
and consequence of de novo point mutations in the exomes of ASD
subjects.

We performed exome sequencing of 175 ASD probands and their
parents across five centres with multiple protocols and validation
techniques (Supplementary Information). We used a sensitive and
specific analytical pipeline based on current best practices7–9 to analyse
all data and observed no heterogeneity of mutation rate across centres.

In the entire sample, we observed 161 coding region point muta-
tions (101 missense, 50 silent and 10 nonsense), with an additional two
conserved splice site (CSS) SNVs and six frameshift insertions/
deletions (indels) validated and included in pathway analyses
(Supplementary Table 1).

To determine whether the rate of coding region point mutations was
elevated, we estimated the mutation rate in light of coverage and base
context using two parallel approaches (Supplementary Information).
On the basis of both models, the exome target should have a signifi-
cantly increased (,30%) mutation rate compared to the genome.
Conservatively, by assuming the low end of the estimated mutation
rate from recent whole-genome data (1.2 3 1028)10, we estimate a
mutation rate of 1.5 3 1028 for the exome sequence captured here.
The observed point mutation rate of 0.92 per exome is slightly but not
significantly elevated versus expectation (Table 1) and is insensitive to
adjustment for lower coverage regions (Supplementary Information).
Indeed our rate is similar to that of ref. 11.

Per-family events were distributed exquisitely according to the
Poisson distribution (Table 1), suggesting limited variation in the
underlying rate of de novo mutation in ASD families. The relative rates
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De novo mutations revealed by whole-exome
sequencing are strongly associated with autism
Stephan J. Sanders1, Michael T. Murtha1, Abha R. Gupta2*, John D. Murdoch1*, Melanie J. Raubeson1*, A. Jeremy Willsey1*,
A. Gulhan Ercan-Sencicek1*, Nicholas M. DiLullo1*, Neelroop N. Parikshak3, Jason L. Stein3, Michael F. Walker1, Gordon T. Ober1,
Nicole A. Teran1, Youeun Song1, Paul El-Fishawy1, Ryan C. Murtha1, Murim Choi4, John D. Overton4, Robert D. Bjornson5,
Nicholas J. Carriero5, Kyle A. Meyer6, Kaya Bilguvar7, Shrikant M. Mane8, Nenad Šestan6, Richard P. Lifton4, Murat Günel7,
Kathryn Roeder9, Daniel H. Geschwind3, Bernie Devlin10 & Matthew W. State1

Multiple studies have confirmed the contribution of rare de novo
copy number variations to the risk for autism spectrum disorders1–3.
But whereas de novo single nucleotide variants have been identified
in affected individuals4, their contribution to risk has yet to be
clarified. Specifically, the frequency and distribution of these muta-
tions have not been well characterized in matched unaffected
controls, and such data are vital to the interpretation of de novo
coding mutations observed in probands. Here we show, using
whole-exome sequencing of 928 individuals, including 200 pheno-
typically discordant sibling pairs, that highly disruptive (nonsense
and splice-site) de novo mutations in brain-expressed genes are
associated with autism spectrum disorders and carry large effects.
On the basis of mutation rates in unaffected individuals, we demon-
strate that multiple independent de novo single nucleotide variants
in the same gene among unrelated probands reliably identifies risk
alleles, providing a clear path forward for gene discovery. Among a
total of 279 identified de novo coding mutations, there is a single
instance in probands, and none in siblings, in which two independ-
ent nonsense variants disrupt the same gene, SCN2A (sodium
channel, voltage-gated, type II, a subunit), a result that is highly
unlikely by chance.

We completed whole-exome sequencing in 238 families from the
Simons Simplex Collection (SSC), a comprehensively phenotyped
autism spectrum disorders (ASD) cohort consisting of pedigrees with
two unaffected parents, an affected proband, and, in 200 families, an
unaffected sibling5. Exome sequences were captured with NimbleGen
oligonucleotide libraries, subjected to DNA sequencing on the
Illumina platform, and genotype calls were made at targeted bases
(Supplementary Information)6,7. On average, 95% of the targeted bases
in each individual were assessed by $8 independent sequence reads;
only those bases showing $20 independent reads in all family
members were considered for de novo mutation detection. This
allowed for analysis of de novo events in 83% of all targeted bases
and 73% of all exons and splice sites in the RefSeq hg18 database
(http://www.ncbi.nlm.nih.gov/RefSeq/; Supplementary Table 1;
Supplementary Data 1). Given uncertainties regarding the sensitivity
of detection of insertion-deletions, case-control comparisons reported
here consider only single base substitutions (Supplementary Informa-
tion). Validation was attempted for all predicted de novo single
nucleotide variants (SNVs) via Sanger sequencing of all family
members, with sequence readers blinded to affected status; 96% were
successfully validated. We determined there was no evidence of

systematic bias in variant detection between affected and unaffected
siblings through comparisons of silent de novo, non-coding de novo,
and novel transmitted variants (Fig. 1a; Supplementary Figs 1–5;
Supplementary Information).

Among 200 quartets (Table 1), 125 non-synonymous de novo SNVs
were present in probands and 87 in siblings: 15 of these were nonsense
(10 in probands; 5 in siblings) and 5 altered a canonical splice site (5 in
probands; 0 in siblings). There were 2 instances in which de novo SNVs
were present in the same gene in two unrelated probands; one of these
involved two independent nonsense variants (Table 2). Overall, the
total number of non-synonymous de novo SNVs was significantly
greater in probands compared to their unaffected siblings (P 5 0.01,
two-tailed binomial exact test; Fig. 1a; Table 1) as was the odds ratio
(OR) of non-synonymous to silent mutations in probands versus
siblings (OR 5 1.93; 95% confidence interval (CI), 1.11–3.36;
P 5 0.02, asymptotic test; Table 1). Restricting the analysis to nonsense
and splice site mutations in brain-expressed genes resulted in substan-
tially increased estimates of effect size and demonstrated a significant
difference in cases versus controls based either on an analysis of muta-
tion burden (N 5 13 versus 3; P 5 0.02, two-tailed binomial exact test;
Fig. 1a; Table 1) or an evaluation of the odds ratio of nonsense and
splice site to silent SNVs (OR 5 5.65; 95% CI, 1.44–22.2; P 5 0.01,
asymptotic test; Fig. 1b; Table 1).

To determine whether factors other than diagnosis of ASD could
explain our findings, we examined a variety of potential covariates,
including parental age, IQ and sex. We found that the rate of de novo
SNVs indeed increases with paternal age (P 5 0.008, two-tailed
Poisson regression) and that paternal and maternal ages are highly
correlated (P , 0.0001, two-tailed linear regression). However,
although the mean paternal age of probands in our sample was 1.1
years higher than their unaffected siblings, re-analysis accounting for
age did not substantively alter any of the significant results reported
here (Supplementary Information). Similarly, no significant relation-
ship was observed between the rate of de novo SNVs and proband IQ
(P $ 0.19, two-tailed linear regression, Supplementary Information)
or proband sex (P $ 0.12, two-tailed Poisson regression; Supplemen-
tary Fig. 6; Supplementary Information).

Overall, these data demonstrate that non-synonymous de novo
SNVs, and particularly highly disruptive nonsense and splice-site de
novo mutations, are associated with ASD. On the basis of the conser-
vative assumption that de novo single-base coding mutations observed
in siblings confer no autism liability, we estimate that at least 14% of

*These authors contributed equally to this work.
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Sporadic autism exomes reveal a highly
interconnected protein network of de novo mutations
Brian J. O’Roak1, Laura Vives1, Santhosh Girirajan1, Emre Karakoc1, Niklas Krumm1, Bradley P. Coe1, Roie Levy1, Arthur Ko1, Choli Lee1,
Joshua D. Smith1, Emily H. Turner1, Ian B. Stanaway1, Benjamin Vernot1, Maika Malig1, Carl Baker1, Beau Reilly2, Joshua M. Akey1,
Elhanan Borenstein1,3,4, Mark J. Rieder1, Deborah A. Nickerson1, Raphael Bernier2, Jay Shendure1 & Evan E. Eichler1,5

It is well established that autism spectrum disorders (ASD) have a
strong genetic component; however, for at least 70% of cases, the
underlying genetic cause is unknown1. Under the hypothesis that
de novo mutations underlie a substantial fraction of the risk for
developing ASD in families with no previous history of ASD or
related phenotypes—so-called sporadic or simplex families2,3—we
sequenced all coding regions of the genome (the exome) for
parent–child trios exhibiting sporadic ASD, including 189 new
trios and 20 that were previously reported4. Additionally, we also
sequenced the exomes of 50 unaffected siblings corresponding to
these new (n 5 31) and previously reported trios (n 5 19)4, for a
total of 677 individual exomes from 209 families. Here we show
that de novo point mutations are overwhelmingly paternal in
origin (4:1 bias) and positively correlated with paternal age, con-
sistent with the modest increased risk for children of older fathers
to develop ASD5. Moreover, 39% (49 of 126) of the most severe or
disruptive de novo mutations map to a highly interconnected
b-catenin/chromatin remodelling protein network ranked signifi-
cantly for autism candidate genes. In proband exomes, recurrent
protein-altering mutations were observed in two genes: CHD8 and
NTNG1. Mutation screening of six candidate genes in 1,703 ASD
probands identified additional de novo, protein-altering muta-
tions in GRIN2B, LAMC3 and SCN1A. Combined with copy
number variant (CNV) data, these results indicate extreme locus
heterogeneity but also provide a target for future discovery,
diagnostics and therapeutics.

We selected 189 autism trios from the Simons Simplex Collection
(SSC)6, which included males significantly impaired with autism and
intellectual disability (n 5 47), a female sample set (n 5 56) of which
26 were cognitively impaired, and samples chosen at random from the
remaining males in the collection (n 5 86) (Supplementary Table 1
and Supplementary Fig. 1). In general, we excluded samples known to
carry large de novo CNVs2. Exome sequencing was performed as
described previously4, but with an expanded target definition (see
Methods). We achieved sufficient coverage for both parents and child
to call genotypes for, on average, 29.5 megabases (Mb) of haploid
exome coding sequence (Supplementary Table 1). In addition, we
performed copy number analysis on 122 of these families, using a
combination of the exome data, array comparative genomic hybrid-
ization (CGH), and genotyping arrays, thereby providing a more com-
prehensive view of rare variation.

In the 189 new probands, we validated 248 de novo events, 225 single
nucleotide variants (SNVs), 17 small insertions/deletions (indels), and
six CNVs (Supplementary Table 2). These included 181 non-
synonymous changes, of which 120 were classified as severe based
on sequence conservation and/or biochemical properties (Methods
and Supplementary Table 3). The observed point mutation rate in
coding sequence was ,1.3 events per trio or 2.17 3 1028 per base

per generation, in close agreement with our previous observations4,
yet in general, higher than previous studies, indicating increased
sensitivity (Supplementary Table 2 and Supplementary Table 4)7.
We also observed complex classes of de novo mutation including: five
cases of multiple mutations in close proximity; two events consistent
with paternal germline mosaicism (that is, where both siblings con-
tained a de novo event observed in neither parent); and nine events
showing a weak minor allele profile consistent with somatic mosaicism
(Supplementary Table 3 and Supplementary Figs 2 and 3).

Of the severe de novo events, 28% (33 of 120) are predicted to
truncate the protein. The distribution of synonymous, missense and
nonsense changes corresponds well with a random mutation model7

(Supplementary Fig. 4 and Supplementary Table 2). However, the
difference in nonsense rates between de novo and rare singleton events
(not present in 1,779 other exomes) is striking (4:1) and suggests
strong selection against new nonsense events (Fisher’s exact test,
P , 0.0001). In contrast with a recent report8, we find no significant
difference in mutation rate between affected and unaffected indivi-
duals; however, we do observe a trend towards increased non-
synonymous rates in probands, consistent with the findings of ref. 9
(Supplementary Tables 1 and 2).

Given the association of ASD with increased paternal age5 and our
previous observations4, we used molecular cloning, read-pair informa-
tion, and obligate carrier status to identify informative markers linked
to 51 de novo events and observed a marked paternal bias (41:10;
binomial P , 1.4 3 1025; Fig. 1a and Supplementary Tables 3 and 5).
This provides strong direct evidence that the germline mutation rate in
protein-coding regions is, on average, substantially higher in males. A
similar finding was recently reported for de novo CNVs10. In addition,
we observe that the number of de novo events is positively correlated
with increasing paternal age (Spearman’s rank correlation 5 0.19;
P , 0.008; Fig. 1b). Together, these observations are consistent with
the hypothesis that the modest increased risk for children of older
fathers to develop ASD5 is the result of an increased mutation rate.

Using sequence read-depth methods in 122 of the 189 families, we
scanned ASD probands for either de novo CNVs or rare (,1% of
controls), inherited CNVs. Individual events were validated by either
array CGH or genotyping array (see Methods). We identified 76 events
in 53 individuals, including six de novo (median size 467 kilobases
(kb)) and 70 inherited (median size 155 kb) CNVs (Supplementary
Table 6). These include disruptions of EHMT1 (Kleefstra’s syndrome,
Online Mendelian Inheritance in Man (OMIM) accession 610253),
CNTNAP4 (reported in children with developmental delay and aut-
ism11) and the 16p11.2 duplication (OMIM 611913) associated with
developmental delay, bipolar disorder and schizophrenia.

We performed a multivariate analysis on non-verbal IQ (NVIQ),
verbal IQ (VIQ) and the load of ‘extreme’ de novo mutations—where
extreme is defined as point mutations that truncate proteins, intersect
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SUMMARY

Exome sequencing of 343 families, each with a single
child on the autism spectrum and at least one unaf-
fected sibling, reveal de novo small indels and point
substitutions, which come mostly from the paternal
line in an age-dependent manner. We do not see
significantly greater numbers of de novo missense
mutations in affected versus unaffected children,
but gene-disrupting mutations (nonsense, splice
site, and frame shifts) are twice as frequent, 59 to
28. Based on this differential and the number of
recurrent and total targets of gene disruption found
in our and similar studies, we estimate between 350
and 400 autism susceptibility genes. Many of the dis-
rupted genes in these studies are associated with
the fragile X protein, FMRP, reinforcing links between
autism and synaptic plasticity. We find FMRP-asso-
ciated genes are under greater purifying selection
than the remainder of genes and suggest they are
especially dosage-sensitive targets of cognitive
disorders.

INTRODUCTION

Genetics is a major contributor to autism spectrum disorders.
The genetic component can be transmitted or acquired through
de novo (‘‘new’’) mutation. Analysis of the de novomutations has
demonstrated a large number of potential autism target genes
(Gilman et al., 2011; Levy et al., 2011; Marshall et al., 2008; Pinto
et al., 2010; Sanders et al., 2011; Sebat et al., 2007). Previously
cited studies have focused on large-scale de novo copy number
events, either deletions or duplications. Because such events
typically span many genes, discerning which of the genes in
the target region, alone or in combination, contribute to the

disorder becomes a matter of educated guessing or network
analysis (Gilman et al., 2011). However, with high-throughput
DNA sequencing we can readily search for new mutation in
single genes by comparing children to both parents. Such muta-
tion is fairly common, on the order of a hundred new mutations
per child, with only a few—on the order of one per child—falling
in coding regions (Awadalla et al., 2010; Conrad et al., 2011).
Thus, candidate gene and exome sequencing, involving the
capture of designated coding regions of the genome, are effi-
cient ways to search for new gene mutations in families. Prelim-
inary attempts with these approaches, including studies of
autism, have already been published (O’Roak et al., 2011;
Schaaf et al., 2011; Vissers et al., 2010; Xu et al., 2011).
Our study is based on 343 families, a subset of the Simons

Simplex Collection. In each family, only a single child is on the
spectrum, and each has one or more normal siblings. This
collection is depleted of multiplex cases where transmission
genetics is expected to play a greater role (Fischbach and
Lord, 2010). It is enriched for higher-functioning probands. As
a result, the gender ratio among probands in this study is roughly
1 female per 6 males. Our focus was to determine first and fore-
most if the various types of new mutations would have different
incidence in affected children than in their sibling controls. Not all
types of pointmutations are equally likely to be disruptive of gene
function, and the contribution of the various types of events to
autism incidence could not be evaluated in the absence of
knowledge of relative rates, in affected and the sibling controls.
Hence, we performed our analysis on family ‘‘quads’’ rather
than trios. We rejected the idea that a comparative rate could
be obtained by studies of unrelated controls performed at other
sequencing centers or even at our own sequencing centers if
performed at separate times with ostensibly similar protocols.
We conclude that de novomutations disrupting gene function,

such as indels that cause frame shifts and point mutations that
affect splice sites or introduce stop codons, are statistically
more likely in children on the autistic spectrum than in their unaf-
fected siblings. In contrast, we see no statistically significant
signal from either missense or synonymous mutations. Including

Neuron 74, 285–299, April 26, 2012 ª2012 Elsevier Inc. 285
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Analyses

Assumptions: Mendelian forms of complex disease?

 



  

    

Figure 3: A pedigree for the family under study. The top figure shows how the founders of the six subpedigrees
(a-f) are related. The founders of subpedigrees a) and b) are identical twins.

4 Linkage and sequence analysis of a multiplex IBD family
We have seen how multiplex families are likely to show an enrichment for rare, high-penetrant risk variants. This
is particularly true for multiplex families that span extended pedigrees, and in pedigrees with a low predicted
risk given common variants. Via linkage and haplotyping methods, these families can also be analysed for
candidate regions that may harbour such mutations. The falling cost of sequencing means that whole-exome
or whole-genome sequencing can then be used attempt to identify causal candidates in the family using linkage
data and functional information.

To attempt to discovery such high-penetrant mutations, we collected samples from extended families with
multiple members a↵ected by inflammatory bowel disease (IBD). Here I discuss the analysis of one such family.

Note that some non-important details of the family have been altered in this chapter to ensure anonymity.
These include the gender of subjects, the number of o↵spring and the details of family relationships. In no
case does this a↵ected the conclusions drawn, though it may lead to small inconsistencies in the precise details
of results.

4.1 Description of the family

The family comprises over 800 individuals of Ashkenazi Jewish descent, spanning four generations connected
via a founding couple born at the turn of the 20th century (Figure 3). The family is characterised by its large
number of o↵spring per parental couple, with an average of 8.9. The founding couple had seven o↵spring
(including two identical twins), six of these have at least two descendants with IBD.

A total of 42 individuals have been diagnosed with IBD, including 35 with a diagnosis of Crohn’s disease
and 7 with a diagnosis of ulcerative colitis. We were able to independently confirmed the diagnosis via medical
records in all but five cases. The location of disease in the bowel was variable. The average age of onset
was 18.8 years (95% CI: 16-22, n=30) and at the time of sample collection, one-quarter of the patients had
undergone surgical resections.

This family is a good candidate for discovering a high penetrance mutation. The family has a wide geo-
graphic distribution, with a↵ected individuals present in seven cities around the world, making an environmental

16 4 LINKAGE AND SEQUENCE ANALYSIS OF A MULTIPLEX IBD FAMILY
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Analyses

Do we care which variant is causal?

If we know the relevant gene, as well as the mode of
biological action (e.g. reducing function of the gene

increases risk of disease), do we necessarily care what
variant is responsible?
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Figure 2 Regional plots of the 12 newly discovered T2D loci. Genotyped and imputed SNPs passing quality control measures across all stage 1 studies 
are plotted with their meta-analysis P values (as −log10 values) as a function of genomic position (NCBI Build 36). In each panel, the index association 
SNP is represented by a diamond, with stage 1 meta-analysis results denoted by a red diamond and the combined stage 1 and stage 2 meta-analysis 
results denoted with a clear symbol. Estimated recombination rates (taken from HapMap CEU) are plotted to reflect the local LD structure. Color of 
remaining SNPs (circles) indicates LD with the index SNP according to a scale from r2 = 0 to r2 = 1 based on pairwise r2 values from HapMap CEU (red, 
r2 = 0.8–1.0; orange, r2 = 0.6–0.8; green, r2 = 0.4–0.6; blue, r2 = 0.2–0.4; black, r2 < 0.2; gray, no r2 value available). Gene annotations were taken 
from the University of California Santa Cruz genome browser.
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“At some loci, particularly those near HNF1A, HMGA2 and KLF14,
existing biology, coupled with phenotypic and expression data

presented here, highlight the named genes as prime candidates for
mediating the susceptibility effect.” (Voight et al. Nat Genet. 2010)
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Adapted from Li et al. Genome Research, 2011

Samples

Sample size is still king
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Ng et al. Nature, 2009

Samples

Larger samples in Mendelian sequencing also useful
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Samples

Power should govern study design

E[χ2] ∝ Nγ2p(1− p)r 2
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Samples

Mendelian sequencing studies need a minimum sample size
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Technologies

Technological holes

I Sequencing one gene (or a handful) in 1000s of
individuals

I Genotyping 104 – 106 variants in a million individuals
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Technologies

Balancing the role of genotyping and sequencing
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Technologies

Exomes are obsolete
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