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Introduction To the Geneticist Community,

We are very proud to share with you this compendium of several key  

publications utilizing Agilent’s SureSelect Target Enrichment System. Since 

we launched the SureSelect platform in early 2009, scientists all over the 

world have been using our target enrichment technology followed by  

next-generation sequencing to enable breakthrough discoveries — from 

improving data analysis in linkage studies to more precisely identifying  

mutations associated with cancer and other diseases. 

Our in-solution hybridization capture technology, which enables scientists  

to easily enrich genomic regions of interest prior to sequencing, was first 

developed in collaboration with the Broad Institute of MIT and Harvard  

University and subsequently published in Nature Biotechnology. Less than 

two years later, there are already more than 25 publications from groups that 

have been using this technology, and the number continues to grow. We’ve 

included here some of these key studies.

This is just a sample of how Agilent’s SureSelect portfolio can help your  

research speed into breakthrough findings. Stay tuned, as we are  

increasing our product portfolio to expand your opportunities for targeted 

scientific discovery.

We make it, you make it happen!

Sincerely,

The Agilent SureSelect group
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Highlights  
from the Compendium

Mendelian Diseases Discovery

Linkage studies have been very popular in the field of Mendelian diseases, but although those studies point out specific 
genomic regions associated with the diseases, they do not allow the identification of the causal mutation. 

Researchers have shown that whole exome sequencing is a very effective approach for discovering the causal  
mutations for Mendelian diseases. By using SureSelect Human All-Exon kits, compatible with all major next-generation 
sequencing platforms, scientists can capture and sequence up to 50Mb of exon sequences making it easier to find the 
causal mutation. This can be done by sequencing the exome of as little as one single affected sample, as done in the 
studies from Byun et al., 2010 and Haack et al., 2010. Up to now, SureSelect has enabled research into the discovery of 
the causes of almost 10 different Mendelian disorders, such as Sensenbrenner syndrome (Gilissen et al., 2010),  
Complex I deficiency (Haack et al., 2010), Robin’s syndrome (Johnston et al., 2010), Mabry syndrome (Krawitz et al., 
2010), and Terminal Osseous Dysplasia (Sun et al., 2010).

Exome sequencing has also enabled scientists to identify de novo mutations that cause diseases such as mental  
retardation (Vissers et al., 2010) and Schinzel-Giedion syndrome (Hoischen et al., 2010).

Unlocking the Cancer Genome 

Targeted resequencing is also being successfully applied in the field of cancer research. Vlierberghe et al. (2010) used 
Agilent’s SureSelect Human X Chromosome kit to identify genetic mutations and deletions associated with T-cell acute 
lymphoblastic leukemia, an aggressive hematological malignancy with an increased incidence in males. Jones et al. 
(2010) used SureSelect to identify mutations associated with ovarian clear cell carcinoma.

The Power of Custom Designs

Walsh et al. (2010) developed a custom SureSelect assay to capture, sequence and detect mutations in 21 genes  
relevant for predisposition to breast and ovarian cancers, including BRCA1 and BRCA2. In this study, published in 
PNAS, they show that this assay enables the identification of single-nucleotide substitutions, small insertions and 
deletions and large structural variations. 

The development of custom designs for disease research go beyond cancer, as we can see in the studies from  
Bonnefond et al. (2010), focused on neonatal diabetes mellitus, and from Shearer et al. (2010), who developed a design 
to investigate hereditary hearing loss. 

For Research Use Only. Not for use with diagnostics procedures.



Contents Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Highlights from the Compendium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 

Articles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-54

 A de novo paradigm for mental retardation . . . . . . . . . . . . . . . . . . . . . . . . . . 5

 De novo mutations of SETBP1  

 cause Schinzel-Giedion syndrome . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

 Exome Sequencing Identifies WDR35 Variants 

 Involved in Sensenbrenner Syndrome . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .13

 Frequent Mutations of Chromatin Remodeling  

 Gene ARID1A in Ovarian Clear Cell Carcinoma . . . . . . . . . . . . . . . . . . . . . 19

 PHF6 mutations in T-cell acute lymphoblastic leukemia . . . . . . . . . . . . . . 23

 Comprehensive genetic testing for hereditary  

 hearing loss using massively parallel sequencing . . . . . . . . . . . . . . . . . . . 30

 Exome sequencing identifies ACAD9  

 mutations as a cause of complex I deficiency . . . . . . . . . . . . . . . . . . . . . . . 36

 Molecular Diagnosis of Neonatal Diabetes Mellitus  

 Using Next-Generation Sequencing of the Whole Exome . . . . . . . . . . . . . 41

 Identity-by-descent filtering of exome  

 sequence data identifies PIGV mutations in  

 hyperphosphatasia mental retardation syndrome . . . . . . . . . . . . . . . . . . . . 46

 Unexpected Allelic Heterogeneity and  

 Spectrum of Mutations in Fowler Syndrome  

 Revealed by Next-Generation Exome Sequencing . . . . . . . . . . . . . . . . . . . 49

Reference List / Abstracts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

2100 Bioanalyzer Reference List . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . 71

3





©
20

10
 N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

Nature GeNetics  ADVANCE ONLINE PUBLICATION �

l e t t e r s

The per-generation mutation rate in humans is high. 
De novo mutations may compensate for allele loss due to 
severely reduced fecundity in common neurodevelopmental 
and psychiatric diseases, explaining a major paradox 
in evolutionary genetic theory. Here we used a family 
based exome sequencing approach to test this de novo 
mutation hypothesis in ten individuals with unexplained 
mental retardation. We identified and validated unique 
non-synonymous de novo mutations in nine genes. Six of 
these, identified in six different individuals, are likely to be 
pathogenic based on gene function, evolutionary conservation 
and mutation impact. Our findings provide strong experimental 
support for a de novo paradigm for mental retardation. 
Together with de novo copy number variation, de novo point 
mutations of large effect could explain the majority of all 
mental retardation cases in the population.

Recent studies1,2 have indicated that humans have an exceptionally 
high per-generation mutation rate of between 7.6 × 10−9 and 2.2 × 
10−8. An average newborn is calculated to have acquired 50 to 100 
new mutations in his or her genome, resulting in approximately 0.86 
new amino-acid–altering mutations2. Spontaneous germline muta-
tions can have serious phenotypic consequences when they affect 
functionally relevant bases in the genome. In fact, their occurrence 
may explain why diseases with a severely reduced fecundity remain 
frequent in the human population, especially when the mutational 
target is large and comprised of many genes. This would explain a  
major paradox in the evolutionary genetic theory of mental dis-
orders3,4. In agreement with this hypothesis, de novo copy number 
variations (CNVs) are a known cause of schizophrenia, autism and 
mental retardation5,6. Much less is known about the frequency and 
impact of de novo point mutations in these common diseases. Whole 
genome or exome sequencing now permits the study of these muta-
tions and their role in disease in a systematic genome-wide manner.  
This approach has recently been used to identify causative genes in 
several rare syndromes1,7–10. In addition, targeted resequencing of the 
coding exons of the X chromosome revealed nine genes associated with 
X-linked forms of mental retardation11, showing the strength of these 
analyses in common diseases. In this study, we used a family based  

whole-exome–sequencing approach to test the de novo mutation hypo-
thesis in an unselected cohort of individuals with mental retardation.

We sequenced the exomes of ten case-parent trios. All cases, eight 
males and two females, had moderate to severe mental retardation 
and a negative family history. Clinical evaluation did not lead to a 
syndromic or etiologic diagnosis (Supplementary Note). Prior 
cytogenetic analysis showed normal chromosomes, and array-based 
genomic profiling did not reveal de novo or other CNVs associated 
with mental retardation. In addition, fragile X syndrome was excluded 
by FMR1 repeat expansion analysis. On average, we obtained 3.1 Gb  
of mappable sequence data per individual after exome enrichment  
(37 Mb of genomic sequence targeting ~18,000 genes) and sequenc-
ing on one quarter of a SOLiD sequencing slide (Online Methods and 
Supplementary Table 1). Color space reads were mapped to the refer-
ence genome. On average, 79.6% of the bases originated from the tar-
geted exome, with 90% of the targeted exons covered at least ten times. 
The median exon coverage was 42-fold, indicating that the majority 
of variants present in each exome could be robustly detected using a 
custom bioinformatic analysis pipeline (Supplementary Fig. 1).

On average, we identified 21,755 genetic variants per individual with 
high confidence (Table 1 and Supplementary Fig. 2). We developed an 
automated prioritization scheme to systematically identify all candidate 
dominant de novo mutations in each affected individual (Fig. 1). We 
first excluded all nongenic, intronic and synonymous variants other 
than those occurring at canonical splice sites. This first step reduced 
the number of candidates to an average of 5,640 non-synonymous 
and canonical splice site variants per affected individual. We further 
reduced this number to 143 by excluding all known, likely benign, 
variants by comparison with data from dbSNP database v130 and our 
in-house variant database. Next, we used the exome data from each 
case’s parents to exclude all remaining inherited variants. This resulted 
in an average of five (with a range of two to seven) candidate de novo 
non-synonymous mutations per affected individual (Table 1).

For all 51 candidate mutations (Supplementary Table 2), we per-
formed Sanger sequencing to (i) validate the mutations observed in 
the probands and (ii) validate the absence of the mutations in the 
parental DNA. Thirty-eight candidates could not be validated in the 
proband (covered by a median of five variant reads in the exome 
sequencing experiment), but 13 candidates could be validated 

A de novo paradigm for mental retardation
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(covered by a median of 17 variant reads). Parental analysis validated 
the de novo occurrence for 9 of these 13 mutations, detected in seven 
different individuals (Table 2 and Supplementary Figs. 3 and 4). 
We did not identify these mutations in a total of 1,664 control chro-
mosomes, nor did we see other likely pathogenic mutations identi-
fied in the affected genes in these control chromosomes, indicating 
that the population frequency of these types of de novo mutations in 
these genes will be lower than 0.22% (power = 0.95, α = 0.05). Eight 
of the de novo mutations were present in a heterozygous state on  
the autosomes and one was present in a hemizygous state on the  
X chromosome. All de novo mutations occurred in different genes, 
including two genes recently implicated in mental retardation 
(Table 2). In addition to using a dominant disease model, we also 
 analyzed the data for recessive forms of mental retardation. In the 
affected male of trio 10, we identified a maternally inherited non-
synonymous variant in JARID1C (Table 2), which is a well-described 
X-linked mental retardation gene12. Subsequent analysis of this vari-
ant in DNA obtained from the affected individual’s grandparents indi-
cated that the mutation had occurred de novo in the mother of this 
proband. No conclusive evidence for autosomal recessive inheritance, 
either homozygous or compound heterozygous, was obtained for the 
other affected individuals.

Next, we evaluated the function of each mutated gene in relation 
to the disorder (Table 2). Three genes do not seem to play a role in 
biological pathways linked to mental retardation. BPIL3 is involved 
in the innate immune response13, whereas PGA5 is involved in pro-
tease activity in the stomach14. The function of ZNF599 is currently 
unknown. For the six other genes affected by de novo mutations, func-
tional evidence suggests a role in mental retardation. Two mutations 
occurred in genes (RAB39B and SYNGAP1) that, when disrupted, are 
known to cause mental retardation (Table 2)15,16. For the remaining  
four mutated genes, evidence for a causal link with mental retardation 
is provided by model organisms and protein-protein interaction stud-
ies. DYNC1H1 encodes a cytoplasmic dynein that acts as a motor for 
intracellular retrograde axonal transport. Heterozygous Dync1h1+/− 
mutant mice exhibit sensory neuropathy17, and studies in zebrafish 
have shown the importance of dync1h1 in correct nuclear position-
ing. Mislocalization of nuclei in the vertebrate central nervous system 
is likely to result in profound patterning defects and severely com-
promised function18. Notably, DYNC1H1 interacts with PAFAH1B1, 
the gene associated with type I lissencephaly, which involves gross 
disorganization of the neurons within the cerebral cortex19. YY1 
encodes the ubiquitously expressed transcription factor yin-yang 1 
and directs histone deacetylases and histone acetyltransferases, impli-
cating chromatin remodeling as its main function. Complete abla-
tion of Yy1 in mice results in early embryonic lethality, whereas Yy1 
heterozygous mice display growth retardation, neurulation defects 
and brain abnormalities20. Recent studies show that YY1 inter-
acts directly with MECP2; MECP2 is mutated in Rett syndrome21.  
DEAF1 encodes a transcription factor that regulates the 5-HT1A 
receptor in the human brain. Mutations in the Drosophila DEAF1 
ortholog result in early embryonic arrest, suggesting an essential role 

for the gene in early development22. Additional evidence is provided 
by Deaf1-deficient mice, which show neural tube defects including 
exencephaly23. Finally, CIC is a member of the HMG-box transcrip-
tion factor superfamily, which is associated with neuronal and glial 
development of the nervous system. CIC is predominantly and tran-
siently expressed in immature granule cells of the cerebellum, hippo-
campus and neocortex, suggesting a critical role in central nervous 
system development24.

We next examined the evolutionary conservation of affected nucleo-
tides (using the phyloP score), as well as the potential of the de novo 
mutations to affect the structure or function of the resulting proteins 
(using the Grantham score; Table 2). All de novo missense mutations 
and the inherited X-linked mutation were included in this analysis; 
no Grantham scores were available for the additional nonsense and 
frameshift mutations. Of note, de novo mutations in genes with a 
functional link to mental retardation showed a higher phyloP (mean, 
4.7) and Grantham score (mean, 135) than mutations in genes with-
out such a functional indication (mean phyloP score, −0.5 and mean 
Grantham score, 38). We also compared these scores to those for all 
non-synonymous variants in the dbSNP database as well as those 
in the Human Gene Mutation Database (HGMD). The distribution 
of phyloP scores and Grantham scores differed markedly between 
dbSNP and the HGMD (Online Methods and Supplementary Fig. 5). 
The four mutations in genes functionally linked to mental retardation 
all showed higher probability values for being observed in HGMD 

table 1 Overview of all variants detected per proband and impact of the prioritization steps for selecting candidate non-synonymous  
de novo mutations
Trio 1 2 3 4 5 6 7 8 9 10 Average

High-confidence variant calls 20,810 21,658 21,338 22,647 17,694 22,333 21,369 22,658 24,085 22,962 21,755

After exclusion of nongenic, intronic 
and synonymous variants

5,556 5,665 5,691 5,991 4,607 5,567 5,716 5,628 5,985 5,994 5,640

After exclusion of known variants 165 159 157 155 120 136 120 149 96 171 143

After exclusion of inherited variants 4 7 3 7 7 2 2 6 6 7 5

Exome data of 10 mental retardation cases
sequenced on SOLiD 3 Plus System

Read mapping and
variant calling

Default mapping settings

High-stringency variant calling
Exclude low quality

Exclude nongenic, intronic and synonymous

Exclude known SNPs and in-house database
Exclude inherited

Exclude non-validated

Exclude inherited
Test occurrence in control cohort

Mutation impactGene function

Variant analysis

Validation

Interpretation

Figure 1 Experimental work flow for detecting and prioritizing sequence 
variants. For all ten mental retardation trios, prioritization of variants 
observed in the probands was based on selection for non-synonymous 
changes of high quality only and exclusion of all variants previously 
observed in healthy individuals, together with those variants that were 
inherited from an unaffected parent. Interpretation of de novo variants 
was based on gene function and the impact of the mutation.
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(mean, 0.83) than for being observed in dbSNP (mean, 0.17). The 
three mutations in genes without a functional link to mental retar-
dation showed an average probability of 0.94 for being observed 
in dbSNP and an average probability of 0.06 for being observed in 
HGMD (Table 2). Additionally, the inherited JARID1C mutation 
showed a probability of 1.00 for being in HGMD versus 2.09 × 10−6 
for being in dbSNP.

This analysis of the mutated nucleotides and their impact on gene 
function strongly supports pathogenicity for six of the nine de novo 
mutations. Importantly, these six mutations occurred in genes with a 
functional link to mental retardation, two of which are known mental 
retardation genes. In contrast, three de novo variants in genes without 
a functional link did not appear to significantly affect protein func-
tion. Moreover, we identified a maternally inherited mutation in a 
known X-linked mental retardation gene that arose de novo in the 
proband’s mother. Although we have not provided individual func-
tional tests to prove causality, these data collectively provide strong 
evidence for a major role of de novo mutations in mental retardation. 
The identification of recurrent mutations in these genes in unrelated 
cases would provide additional proof for disease causality, but this 
may require the evaluation of thousands of affected individuals. The 
identification of subtle CNVs encompassing (part of) these genes 
may also provide additional proof for disease causality, as was shown 
recently for mutations in X-linked mental retardation genes25. As of 
yet, no such CNVs have been reported, nor have we found such CNVs 
in our diagnostic cohort of ~4,500 individuals with mental retarda-
tion (data not shown).

The discovery of nine de novo non-synonymous mutations in this 
cohort of ten affected individuals is concordant with the recently 

estimated background mutation rate of 0.86 amino-acid–altering 
 mutations per newborn in controls2, but it will be important to com-
pare this result to similar data from healthy control trios when avail-
able. Notably, after applying the same systematic filtering approach 
and Sanger sequencing, we could only validate a single de novo syn-
onymous mutation, which occurred in GRIN1 (c.351C>T, seen in 
trio 10). This base pair is not conserved through evolution (phyloP 
score = −3.2) and does not seem to alter splicing, suggesting that 
this mutation is an unlikely candidate for causing mental retarda-
tion. Of note, the individual carrying this mutation also carries the 
JARID1C mutation. The observed ratio of non-synonymous to syn-
onymous de novo mutations is far greater than would be expected 
for protein-coding genes under purifying selection and indicates  
that many of these mutations will result in a reproductive dis-
advantage. In contrast, the average non-synonymous to synonymous 
ratio reported in dbSNP for the six genes with predicted pathogenic 
mutations is significantly lower than that of the three genes with 
mutations reflecting the background mutation rate (Fisher’s Exact 
test, P = 0.0016), which is to be expected for disease genes in the 
normal population.

In summary, our results suggest that de novo mutations are  
a major cause of unexplained mental retardation. These muta-
tions can readily be identified using a family based exome 
sequencing approach and require only limited follow-up by 
Sanger sequencing. Our findings have implications for preven-
tive and diagnostic strategies in mental retardation. Systematic 
genome-wide resequencing in parent-child trios may uncover 
further examples of this de novo paradigm for other human  
neurodevelopmental disorders.

table 2 Overview of all de novo variants identified by exome sequencing in ten individuals with unexplained mental retardation

Gene Trio Sexa NM number
cDNA level  

change
Protein level  

change
PhyloP  
score

Grantham  
score

Probability of  
being observed in  

dbSNPb

Probability of  
being observed  

in HGMDb Gene function

De novo mutations
DYNC1H1 1 M NM_001376 c.11465A>C p.His3822Pro 5.5 77 0.20 0.80 Retrograde axonal transporter; 

 interacts with PAFAH1B1 
(mutation of which causes 
 lissencephaly, a neurodevel-
opmental disorder)

ZNF599 1 M NM_001007248 c.532C>T p.Leu187Phe –1.5 22 1.00 2.65 × 10−4 Unknown

RAB39B 2 M NM_171998 c.557G>A p.Trp186X 4.8 – – – Known X-linked mental 
 retardation gene

YY1 3 M NM_003403 c.1138G>T p.Asp380Tyr 6.9 160 2.27 × 10−6 1.00 Ubiquitously expressed 
transcription factor; mouse 
knockdown results in growth 
retardation, neurulation defects 
and brain abnormalities; 
interacts with MECP2, a known 
mental retardation gene

BPIL3 3 M NM_174897 c.887G>A p.Arg269His 0.5 29 0.97 0.03 Innate immune response

PGA5 4 F NM_014224 c.1058T>C p.Val353Ala 0.7 64 0.84 0.16 Precursor of pepsin

DEAF1 5 M NM_021008 c.683T>G p.Ile228Ser 4.9 142 0.01 0.99 Transcription factor; regulator 
of 5-HT1A receptor in the 
brain; mouse knockout causes 
neural tube defects

CIC 6 M NM_015125 c.1474C>T p.Arg492Trp 2.6 101 0.46 0.54 Granule cell development in 
central nervous system

SYNGAP1 8 F NM_006772 c.998_999del p.Val333AlafsX 3.3 – – – Known autosomal dominant 
mental retardation gene

X-linked inherited mutations
JARID1C 10 M NM_001146702 c.1919G>A p.Cys640Tyr 5.1 194 2.09 × 10−6 1.00 Known X-linked mental 

 retardation gene
aSex of proband, with M for male and F for female. bVisual representation of probabilities are provided in supplementary Figure 5. Grantham scores for nonsense (in RAB39B) and frameshift 
 mutations (in SYNGAP1) could not be calculated.
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URLs. 1000 Genomes Project, http://www.1000genomes.org; dbSNP, 
http://www.ncbi.nlm.nih.gov/projects/SNP/; HGMD, http://www.
hgmd.cf.ac.uk/ac/index.php; R, http://www.r-project.org/.

MeTHOdS
Methods and any associated references are available in the online 
 version of the paper at http://www.nature.com/naturegenetics/.

Accession codes. The genomic reference sequence for DYNC1H1 
can be found under the GenBank accession number NM_001376; 
for ZNF599 under NM_001007248; for RAB39B under NM_171998; 
for YY1 under NM_003403; for BPIL3 under NM_174897; for PGA5 
under NM_014224; for DEAF1 under NM_021008; for CIC under 
NM_015125; for SYNGAP1 under NM_006772; for JARID1C under 
NM_001146702; and for GRIN1 under NM_021569.2.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINe MeTHOdS
Subjects. Ten individuals with unexplained moderate to severe mental retar-
dation (with normal karyotypes and genomic profiles obtained using 250K 
SNP arrays) were selected for exome sequencing (Supplementary Note). 
Family history for mental retardation was negative for all cases. Nongenic 
causes for mental retardation, including pre-, peri- and post-natal infection 
and perinatal injury, were excluded. DNA was obtained from peripheral blood 
from the ten probands as well as from their unaffected parents. DNA isola-
tion was performed using QIAamp DNA Mini Kit (QIAGEN), according to 
the instructions of the manufacturer. This study was approved by the Medical 
Ethics Committee of the Radboud University Nijmegen Medical Centre, and 
all participants signed written informed consent.

Library generation. Exome enrichment required 3 μg of genomic DNA, and 
an AB SOLiD Optimized SureSelect Human Exome Kit (Agilent) was used for 
enrichment, containing the exonic sequences of ~18,000 genes and covering a 
total of ~37 Mb of genomic sequence, as specified by the company. We followed 
the manufacturer’s instructions (version 1.5) for enrichment with a minor 
modification, which was the reduction of the number of post-hybridization 
ligation-mediated PCR cycles from 12 cycles to 9 cycles.

SOLiD sequencing. The enriched exome libraries were subsequently used for 
emulsion PCRs, following the manufacturer’s instructions (Life Technologies), 
based on a library concentration of 1 picomolar (pM) (version March 2010). 
For each sample, one-quarter of a sequencing slide (Life Technologies) was 
used on a SOLiD 3 Plus System.

Mapping of variants. Color space reads were mapped to the hg18 reference 
genome with the SOLiD bioscope software v1.2, which utilizes an iterative 
mapping approach. Single-nucleotide variants were subsequently called by 
the diBayes algorithm26 using high stringency settings, requiring calls on each 
strand. Small insertions and deletions were detected using the SOLiD Small 
Indel Tool. We assumed a binomial distribution with a probability of 0.5 of 
sequencing the variant allele at a heterozygous position. Under this assump-
tion, at least ten reads are required to obtain a 99% probability that at least 
two reads contain the variant allele. Variants and indels were selected using 
strict quality control settings, which included the presence of at least four 
unique variant reads (that is, having different start sites), as well as the variant 
being present in at least 15% of all reads. All called variants and indels were 
combined and annotated using a custom analysis pipeline (resulting in HCDiff 
files for each individual).

Custom bioinformatic analysis pipeline. All variants reported in the HCDiff 
files were filtered to ensure an optimal prioritization process. For this, we 
first excluded all nongenic, intronic (other than canonical splice sites) and 
synonymous variants, reducing the number of variants to an average of 5,640 
per individual. Second, all known variants were excluded by comparison 
with data from dbSNP v130 as well as from our in-house variant database. 
At the time of this study, this in-house database contained variants from  
(i) 78 in-house performed ‘exomes’, contributing 515,480 variants, and  
(ii) the 1000 Genomes Project (see URLs) and published data from various 
other studies27–29, contributing 3,059,835 variants, thereby bringing the 
number of variants in the in-house database to 3,525,278. Of note, if the variant 
observed in the proband occurred at a genomic position known in dbSNP v130, 
but the change present was different in the two (for example, A/C in dbSNP 
but A/T in the proband), the variant was not excluded from analysis. The fil-
tering step using this data further reduced the average number of variants to  
143 per proband.

Next, for a dominant model of disease, we used the exome data from accom-
panying parents to exclude all inherited variants. This step further reduced the 

number of potential de novo variants to an average of 33 per proband. As not 
all variants identified in the exomes of the probands may have been sequenced 
at sufficient coverage in the parental samples, we checked all remaining vari-
ants in the exome data from the accompanying parents. In brief, even if only 
a single read showed the variant allele in one of the parental exome samples, 
the variant was excluded for validation in the proband. Simultaneously, we 
checked all remaining potential de novo indels for annotation differences in 
each child-parent trio and excluded those that were found to be identical vari-
ants in both parent and child. After this final check, an average of five potential 
de novo variants per proband remained for further validation.

To evaluate the presence of recessive mutations, variant filtering was 
essentially performed as described above, with the main difference being that 
uniquely inherited parental variants were not excluded here. The remaining 
variants were evaluated for the presence of compound heterozygous variants, 
as well as variants that were present in >80% of all reads. Subsequently, parental 
exome data were used for segregation analysis of the variants identified.

dbSNP and HGMD. To explore the pathogenicity of our de novo variants, the 
genomic evolutionary conservation score (phyloP) and the amino-acid change 
(Grantham) were compared to those scores present in dbSNP (build 130) and 
the HGMD (see URLs). All non-synonymous changes reported in dbSNP and 
HGMD were retrieved, and overlap between databases was removed from both 
datasets. In addition, non-synonymous variants in dbSNP with an OMIM 
disease entry, suggestive for a Mendelian phenotype, were omitted from the 
dbSNP dataset.

Next, quadratic discriminant analysis30 was performed on these two datasets 
to determine the significance of the phyloP and Grantham scores as discrimi-
nating factors. Statistical tests were performed using the R statistics package 
(see URLs). The assumption of normality in the data required for the model 
was determined using Lilliefors (Kolmogorov-Smirnov) normality testing31:

PhyloP D = 0.0626, P < 2.2 × 10−16; Grantham D = 0.0828,  P < 2.2 × 10−16; 
PhyloP × Grantham D = 0.1395, P < 2.2 × 10−16. D represents the maximum 
absolute difference between the empirical and hypothetical cumulative dis-
tribution function.

The combination of both scores together yielded the highest power to dis-
criminate the two datasets, and as such, the combined value was used to calcu-
late probabilities for our de novo variants to be observed in either database.

Validation experiments. Validation and de novo testing for candidate de novo 
mutations was performed using standard Sanger sequencing approaches. 
Primers were designed to surround the candidate mutation, and PCR reac-
tions were performed using RedTaq Readymix PCR reaction mix (Sigma-
Aldrich). Primer sequences and PCR conditions are available upon request. 
For all de novo mutations identified, an additional control cohort of 75 ethni-
cally matched controls was tested for the presence of the same mutation by 
Sanger sequencing. Together with the results from 679 control individuals 
from the 1000 Genomes Project as well as the 78 ‘exomes’ present in our in-
house database, the control cohort for the de novo mutations encompassed 
1,664 control chromosomes.

26. Marth, G.T. et al. A general approach to single-nucleotide polymorphism discovery. 
Nat. Genet. 23, 452–456 (1999).

27. Ng, S.B. et al. Targeted capture and massively parallel sequencing of 12 human 
exomes. Nature 461, 272–276 (2009).

28. Pushkarev, D., Neff, N.F. & Quake, S.R. Single-molecule sequencing of an individual 
human genome. Nat. Biotechnol. 27, 847–852 (2009).

29. Wang, J. et al. The diploid genome sequence of an Asian individual. Nature 456, 
60–65 (2008).

30. Venables, W.N. & Ripley, B.D. Modern Applied Statistics with S (Springer,  
4th edn., New York, New York, USA, 2002).

31. Lilliefors, H. On the Kolmogorov–Smirnov test for normality with mean and variance 
unknown. J. Am. Stat. Assoc. 62, 399–402 (1967).
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Schinzel-Giedion syndrome is characterized by severe 
mental retardation, distinctive facial features and multiple 
congenital malformations; most affected individuals die 
before the age of ten. We sequenced the exomes of four 
affected individuals (cases) and found heterozygous  
de novo variants in SETBP1 in all four. We also identified 
SETBP1 mutations in eight additional cases using Sanger 
sequencing. All mutations clustered to a highly conserved 
11-bp exonic region, suggesting a dominant-negative or 
gain-of-function effect.

Schinzel-Giedion syndrome (MIM%269150) is a highly recogniz-
able syndrome (Fig. 1a) characterized by severe mental retarda-
tion, distinctive facial features, multiple congenital malformations 
(including skeletal abnormalities, genitourinary and renal malfor-
mations, and cardiac defects) and a higher-than-normal preva-
lence of tumors, notably neuroepithelial neoplasia1,2. In almost 
all subjects, the disease phenotype occurs sporadically, suggest-
ing heterozygous de novo mutations in a single gene as the under-
lying mechanism. Rare recurrences of this syndrome may be due 
to gonadal mosaicism. Traditional disease-gene identification 
approaches have so far failed to identify the gene associated with 
this disease or those responsible for the majority of this class of 
rare sporadic disorder. Microarray-based copy number variation 
screening has been successful for a number of disorders3, but this 
method may fail unless the underlying disease mechanism is haplo-
insufficiency. Recently, whole-exome sequencing was shown to 
be effective for disease-gene identification4 and was successfully 
used to determine the genetic basis of Miller syndrome, a recessive  
Mendelian disorder5.

We sequenced the exomes (37 Mb of genomic sequence, targeting 
~18,000 genes) of four unrelated individuals with Schinzel-Giedion 
syndrome to a mean coverage of 43-fold (Supplementary Table 1, 
Supplementary Figs. 1 and 2). The exomes of all four individuals were  
enriched using the SureSelect human exome kit (Agilent) and were 
subsequently sequenced using one quarter of a SOLiD sequencing 
slide (Life Technologies). A total of 2.7–3.0 gigabases of mappable 
sequence data were generated per individual, with 65–72% of bases 
mapping to the targeted exome (Supplementary Table 1). On average, 
85% of the exome was covered at least tenfold, and 21,800 genetic vari-
ants were identified per individual, including 5,351 nonsynonymous 
changes. A number of prioritization steps were applied to reduce this 
number and to identify the potentially pathogenic mutations, similar 
to the methods used in previous studies4,5 (Supplementary Table 2). 
A comparison with the NCBI dbSNP build 130 as well as with recently 
released SNP data from other groups and in-house SNP data (see 
Supplementary Note) showed that >95% of all variants investigated 
here were previously reported SNPs and cannot explain a genetically 
dominant disease. We focused on the 12 genes for which all four 
individuals studied carried variants and found that only two genes 
showed variants at different genomic positions, strengthening the 
likelihood that these variants are causative and not simply unidenti-
fied SNPs. One of these two candidate genes, CTBP2, was excluded 
from further analysis because it contained numerous variants found 
during different in-house exome sequencing experiments (data not 
shown), which may be due to highly homologous sequences from 
other genomic loci.

The second candidate was SETBP1, which encodes SET binding 
protein 1. Validation of all four variants in this gene by Sanger 
sequencing confirmed that these variants were indeed present in a 
heterozygous state in all four affected individuals (Supplementary 
Fig. 3). Moreover, we tested the DNA of the parents of the affected 
individuals, which showed that all mutations occurred de novo. 
Using Sanger sequencing, we also identified SETBP1 mutations in 
eight out of nine additional individuals with a clinical diagnosis 
of Schinzel-Giedion syndrome. In total, all 13 affected individu-
als fulfilled previously suggested diagnostic criteria2 (Table 1 and 
Supplementary Table 3); all are of European descent, living in 
various regions: Europe (n = 7), New Zealand (n = 3), Australia 
(n = 2) and the United States (n = 1). For six of the eight follow-
up cases, parental DNA was available, and the mutations present 
in the affected individuals were again shown to have occurred  
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de novo. Parentage was confirmed by simple tandem repeat marker 
analysis in all available case-parent trios. None of the SETBP1 
mutations were found in the 188 control chromosomes. The pres-
ence of a second mutation in SETBP1 was excluded by sequencing 
all of the coding exons of this gene in the cases. The altered base 
pairs seen here are located among the most highly conserved posi-
tions in the human genome (having phyloP 44 species conserva-
tion scores of up to 7.129). This is in agreement with our earlier 
observation that base pair conservation can be used for variant pri-
oritization6. Notably, all changes occurred in a genomic stretch of 
only 11 nucleotides (chromosome position 40,789,905–40,789,915 
at nucleotides 2,602–2,612), affecting three of four consecutive 
amino acids (868–871: aspartate, serine, glycine and isoleucine). 
Two mutations were recurrent: G2602A and T2612C, present in 
four and five cases, respectively.

There are two indications that the mutations seen here may 
either result in a gain-of-function effect or have a dominant-
negative effect. First, a gain-of-function mechanism has been 
described for other syndromes, such as Noonan syndrome7, that 
have very similar mutation clustering in PTPN11 and SOS1; the 
FGFR3 mutation clustering in achondroplasia also results in a 

gain-of-function effect. Second, the pheno-
type of individuals with partial chromo-
some 18q deletions which affect SETBP1 
(ref. 8) does not resemble Schinzel- 
Giedion syndrome.

SETBP1 shows ubiquitous expression9, 
which is consistent with the multisystemic 
defects in individuals with Schinzel-Giedion 
syndrome. Relatively little is known about 
the function of SETBP1 except that it binds 
to SET domains. This domain is named after 
three Drosophila proteins involved in epige-
netic processes, Su(var), E(z) and trithorax10,  
and is known to be involved in the meth-
ylation of lysine residues on histone tails. We 
note, however, that all observed mutations 
are located outside of the SET interacting 
domain and that they do not affect the DNA 
binding domains. The protein sequence in 
which the mutations cluster is highly con-
served throughout evolution (Fig. 1b).  
A glycosaminoglycan attachment site was 
predicted at this position in the SETBP1 
protein (amino acids 815–818: serine, gly-
cine, isoleucine and glycine)11. For one type 
of glycosaminoglycan, the keratan sulfates, 
an important role in bone development has 
been described12. Of note, skeletal mal-
formations are one of the major features 
of Schinzel-Giedion syndrome. Notably, 
the mutation cluster examined here over-
laps with a region that shows homology to 
the oncogene SKI (located at amino acids 
706–917; Fig. 1c). It has been speculated 
that SETBP1 might be involved in the regu-
lation of Ski-Ski homodimer and/or Ski- 
SnoN heterodimer formation, which both 
cause cellular transformation13. High 
levels of SETBP1 expression have been 
described in cancer cell lines, and SETBP1 

has been identified in a specific pediatric acute T-cell lympho-
blastic leukemia14 as a chromosomal translocation partner of 
NUP98. Whether this relates to the elevated risk for neuroepithe-
lial neoplasia and sacrococcygeal teratomas in individuals with 
Schinzel-Giedion syndrome (Supplementary Table 3) requires  
further investigation.

In conclusion, our study represents the first elucidation, to 
our knowledge, of a dominant Mendelian disorder using exome 
sequencing, illustrating the potential of this technique for disease-
gene identification. It is highly likely that the mutations examined 
here cause disease through either a dominant-negative or a gain-of-
function effect. Exome sequencing is particularly useful for iden-
tifying these types of mutations for which no other genome-wide 
approach is applicable. One limitation of this approach is the cur-
rent inability of exome sequencing to reliably identify structural 
genomic variation associated with disease. We therefore recom-
mend combining exome sequencing with microarray-based copy 
number variation detection. De novo mutations and structural vari-
ations may be a frequent cause of sporadic conditions with reduced 
fecundity, such as congenital malformations, mental retardation and 
psychiatric disorders.
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figure 1 Identification of SETBP1 mutations in individuals with Schinzel-Giedion syndrome. 
Photos showing individuals 1, 3 and 4 (from left to right) (a). Note the characteristic facial 
features, prominent forehead, bi-temporal narrowing, mid-face retraction, hypertelorism, deep 
groove under the eyes, short upturned nose and low-set abnormal ears. We obtained written 
consent to publish photographs of all individuals shown. Evolutionary conservation of the 
SETBP1 region that harbors amino acid residues affected in Schinzel-Giedion syndrome (marked 
by asterisks above human protein sequence) (b). All affected residues (Asp868, Gly870 and 
Ile871) are completely conserved throughout evolution. Residues identical in all sequences 
are shown as black on a white background; different amino acids are shown as black on a gray 
background. Schematic overview of the SETBP1 protein (c). Known and predicted protein 
domains are shown in relation to the mutation cluster observed in 12 individuals with Schinzel-
Giedion syndrome. Affected amino acid positions are marked with asterisks; each asterisk 
represents a single case.
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metHoDs
Methods and any associated references are available in the online  
version of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.

ACKNOWLEDGMENTS
We thank the subjects and their parents for participation in this study. We thank  
S. Keijzers-Vloet, J. de Ligt, N. Leijsten and personnel from the Sequencing Facility 
Nijmegen for technical assistance and I. Saleem for referring patient 3 to us. This 
study was financially supported by the Netherlands Organization for Health 
Research and Development (ZonMW grants 917-66-36 and 911-08-025 to J.A.V. 
and 917-86-319 to B.B.A.d.V.), the EU-funded TECHGENE project (Health-F5-
2009-223143 to P.A. and J.A.V.) and the AnEUploidy project (LSHG-CT-2006-
37627 to A.Hoischen, B.W.M.v.B., H.G.B., B.B.A.d.V. and J.A.V.).

AUTHOR CONTRIBUTIONS
A. Hoischen, B.W.M.v.B., C.G., H.G.B., B.B.A.d.V. and J.A.V. conceived the project 
and planned the experiments. B.W.M.v.B., H.G.B. and B.B.A.d.V. performed review 
of phenotypes and sample collection. G.M., K.D., M.Z.A., N.R., A.K., M.B., A.T., 
J.S., C.O., A. Henderson, I.M.H. and E.M.T. clinically characterized the Schinzel-
Giedion syndrome cases and collected blood samples. A. Hoischen, P.A. and B.v.L. 
performed next-generation sequencing experiments. M.S. and P.d.V. performed 
validation experiments. C.G., R.d.R. and N.W. analyzed and interpreted the data. 

A. Hoischen, B.W.M.v.B., C.G. and J.A.V. prepared the draft manuscript. All 
authors contributed to the final manuscript.

COMPETING fINANCIAL INTERESTS
The authors declare no competing financial interests. 

Published online at http://www.nature.com/naturegenetics/.  
Reprints and permissions information is available online at http://npg.nature.com/
reprintsandpermissions/.

1. Schinzel, A. & Giedion, A. Am. J. Med. Genet. 1, 361–375 (1978).
2. Lehman, A.M. et al. Am. J. Med. Genet. A. 146a, 1299–1306 (2008).
3. Vissers, L.E. et al. Nat. Genet. 36, 955–957 (2004).
4. Ng, S.B. et al. Nature 461, 272–276 (2009).
5. Ng, S.B. et al. Nat. Genet. 42, 30–35 (2010).
6. Hoischen, A. et al. Hum. Mutat. 31, 494–499 (2010).
7. Tartaglia, M. & Gelb, B.D. Annu. Rev. Genomics Hum. Genet. 6, 45–68 (2005).
8. Buysse, K. et al. Am. J. Med. Genet. A. 146a, 1330–1334 (2008).
9. Su, A.I. et al. Proc. Natl. Acad. Sci. USA 101, 6062–6067 (2004).
10. Varez-Venegas, R. & Avramova, Z. Gene 285, 25–37 (2002).
11. Krueger, R.C. Jr., Fields, T.A., Hildreth, J. & Schwartz, N.B. J. Biol. Chem. 265, 

12075–12087 (1990).
12. Nieduszynski, I.A. et al. Biochem. J. 271, 243–245 (1990).
13. Minakuchi, M. et al. Eur. J. Biochem. 268, 1340–1351 (2001).
14. Panagopoulos, I. et al. Br. J. Haematol. 136, 294–296 (2007).
15. Minn, D. et al. Am. J. Med. Genet. 109, 211–217 (2002).

table 1 major clinical findings in 13 individuals with schinzel-Giedion syndrome and summary of mutations identified in exon 4 of SETBP1
Individual ID 1 2 3 4 5 6 7 8 9 10 11 12 13

Gender F M F M M F F F M F M M M

neurodevelopmental anomalies

Developmental delay + + + + + + + + + + u* + u*

Seizures + + + + + + + + + + − + +

Vision impairment + + + u u + + + + u + − u

Hearing impairment + + + u u + − + + u + + +

craniofacial features

Large anterior 
 fontanelle

− + u + + + − + + + + + +

Prominent forehead + + + + + + + + + − + + +

Mid-face retraction + + + + + + + + + + + + +

Hypertelorism + + + + + + + + + + − + +

Short, upturned nose + + + + + + + + + + + + +

Low-set ears + + + + + + + + + + + + −

structural anomalies

Genital + + + + + + + + + + + + +

Hydronephrosis or 
vesicoureteral reflux

+ + + + + + + + + + + + +

Cardiac defect − + + − − + + + + − + − −

Characteristic 
 skeletal  
malformations

u u + + + + + + + + + + +

Choanal stenosis + − + − − + − − − − − + −

mutations identified

Genomic position (bp) 
(hg18, NCBI36)

40,785,915 40,785,905 40,785,905 40,785,912 40,785,905 40,785,905 40,785,906 40,785,911 40,785,915 40,785,915 40,785,915 40,785,915 none

cDNA position T2612C G2602A G2602A G2609A G2602A G2602A A2603C G2608A T2612C T2612C T2612C T2612C −

Protein 
 consequences

I871T D868N D868N G870D D868N D868N D868A G870S I871T I871T I871T I871T −

PolyPhen  
prediction

Possibly 
damaging

Possibly 
damaging

Possibly 
damaging

Possibly 
damaging

Possibly 
damaging

Possibly 
damaging

Probably 
damaging

Possibly 
damaging

Possibly 
damaging

Possibly 
damaging

Possibly 
damaging

Possibly 
damaging

−

SIFT Not tolerated Not tolerated Not tolerated Not tolerated Not tolerated Not tolerated Not tolerated Not tolerated Not tolerated Not tolerated Not tolerated Not tolerated −

De novo Yes Yes Yes Yes Yes Yes u Yes Yes u Yes Yes −

phyloP cons. score 
(44 species)

5.13 7.13 7.13 7.13 7.13 7.13 5.65 7.13 5.13 5.13 5.13 5.13 −

U, unknown; u*, subject died shortly after birth; SIFT (sorting intolerant from tolerant), amino acid substitution prediction method; not tolerated, variants predicted to have a phenotypic effect.  
Table adapted from ref. 15.
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REPORT
Exome Sequencing Identifies WDR35 Variants
Involved in Sensenbrenner Syndrome

Christian Gilissen,1,3 Heleen H. Arts,1,3 Alexander Hoischen,1,3 Liesbeth Spruijt,1 Dorus A. Mans,1

Peer Arts,1 Bart van Lier,1 Marloes Steehouwer,1 Jeroen van Reeuwijk,1 Sarina G. Kant,2

Ronald Roepman,1 Nine V.A.M. Knoers,1 Joris A. Veltman,1 and Han G. Brunner1,*

Sensenbrenner syndrome/cranioectodermal dysplasia (CED) is an autosomal-recessive disease that is characterized by craniosynostosis

and ectodermal and skeletal abnormalities. We sequenced the exomes of two unrelated CED patients and identified compound hetero-

zygous mutations inWDR35 as the cause of the disease in each of the two patients independently, showing that it is possible to find the

causative gene by sequencing the exome of a single sporadic patient. With RT-PCR, we demonstrate that a splice-site mutation in exon 2

ofWDR35 alters splicing of RNA on the affected allele, introducing a premature stop codon. WDR35 is homologous to TULP4 (from the

Tubby superfamily) and has previously been characterized as an intraflagellar transport component, confirming that Sensenbrenner

syndrome is a ciliary disorder.
Cranioectodermal dysplasia (CED; MIM 218330), also the hg18 reference genome with SOLiD BioScope software

ce
known as Sensenbrenner syndrome, is an autosomal-reces-

sive disease that is characterized by sagittal craniosynosto-

sis and facial, ectodermal, and skeletal anomalies.1,2

A proportion of cases have nephronophthisis, hepatic

fibrosis, retinitis pigmentosa, and brain anomalies.3 This

phenotype shows remarkable overlap with the ciliopa-

thies, a spectrum of disorders associated with dysfunc-

tion of the cilium, a microtubule-based organelle that pro-

trudes from the membrane in many vertebrate cell types.4

Furthermore, it has recently been shown that defects in

the ciliary gene IFT122 (intraflagellar transport 122; MIM

606045) can be a cause of CED.5

Here we report on two unrelated Sensenbrenner patients

with remarkably similar phenotypes (Figure 1; Table 1).

These cases were previously screened diagnostically by

using Affymetrix 250k arrays. Because neither pathogenic

copy-number variants nor large homozygous regions

were identified, we decided to use a different approach to

identify the cause of disease in these two patients, hereafter

referred to as patients 1 and 2. The current study was

approved by the Medical Ethics Committee of the Rad-

boud University Nijmegen Medical Centre. Written

informed consent to participate in the study was obtained

for both patients (and all other ciliopathy patients

described in this paper), as well as informed consent to

publish clinical photos for patients 1 and 2.

We applied a genome-wide approach and sequenced the

exomes (targeting ~18,000 genes) of both patients. We

obtained 3.6 Gb and 3.4 Gb of mappable sequence data

per patient by using a SureSelect human exome kit (Agi-

lent, Santa Clara, CA, USA) in combination with one

quarter of a SOLiD sequencing slide (Life Technologies,

Carlsbad, CA, USA). Color space reads were mapped to
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version 1.0, which utilizes an iterative mapping approach.

In total, 89% and 86% of bases originated from the tar-

geted exome, resulting in a mean coverage of 67- and 59-

fold (see Table S1 available online). Single-nucleotide vari-

ants were subsequently called by the DiBayes algorithm

with a conservative call stringency. The DiBayes SNP caller

requires at least two variant reads to call a SNP.We assumed

a binomial distribution with probability 0.5 of sequencing

the variant allele at a heterozygous position. At least ten

reads are then required to obtain a 99% probability of

having at least two reads containing the variant allele.

More than 89% of the targeted exons were covered more

than ten times. Small insertions and deletions were de-

tected by using the SOLiD Small InDel Tool. Called SNP

variants and indels were then combined and annotated

by using a custom analysis pipeline.

On average, 12,736 genetic variants were identified

per patient in the coding regions or the canonical dinucle-

otide of the splice sites, including 5,657 nonsynonymous

changes (Table S2). A prioritization scheme was applied

to identify the pathogenic mutation in each patient sepa-

rately, similar to a recent study.6 We excluded known

dbSNP130 variants as well as variants from our in-house

variant database, reducing the number of candidates

by more than 98%. The in-house database consists of

data from in-house exome resequencing projects of

patients with rare syndromes (548,103 variants), the

1000 Genomes Project, and published data from various

studies7–9 (2,535,563 variants). For a recessive disease, it

is possible that heterozygous variants found in healthy

individuals have been reported as benign polymorphisms

within dbSNP or our internal variant database. However,

given the rare incidence of CED, it is almost impossible

s and Institute for Genetic and Metabolic Disorders, Radboud University Nij-
f Clinical Genetics, Leiden University Medical Center, 2333 ZC Leiden, The

Genetics. All rights reserved.
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that heterozygous mutations occur at a reasonable fre-

Under the assumption of an autosomal-recessive dis-

Figure 1. Two Patients with Sensenbrenner Syndrome for
Whom Exome Sequencing Was Performed
(A) Patient 1: small thorax, pectus excavatum, rhizomelic short-
ening of limbs.
(B) Shortening of proximal second phalanx. The proximal
phalanx is indicated by ‘‘P’’; the middle phalanx is indicated by
‘‘M.’’
(C) Syndactyly 2-3 right foot, 2-3-4 left foot.
(D) Hypertelorism, unilateral ptosis of left eye, low-set ears,
everted lower lip.
(E) Patient 2: small thorax, pectus excavatum, rhizomelic short-
ening of limbs.
(F) Short, broad hands.
(G) Bilateral sandal gap between first and second toe.
(H) Hypertelorism, low-set simple ears, thin hair.
quency in the healthy population, and thus it is unlikely

that they have been included in dbSNP.
The American

1

easemodel,we foundthreecandidategeneswithcompound

heterozygous variants in patient 1 (FLG, MFRP, and

WDR35). The inheritance of the variants in the three candi-

date genes was determined by Sanger sequencing, showing

that the two WDR35 and the two MFRP variants were in-

herited from different parents (Table S3). Based on evolu-

tionary conservation score,10 both variants in WDR35

ranked at the top position among all variants of the three

candidate genes (Table S3). Moreover, WDR35 was the

only candidate with a ciliary function according to the

Ciliary Proteome database11 (cutoff e value 30; 2,127

entries). In patient 2, we identified four candidate genes

that harbored two or more variants. Sanger validation

excluded two of these as candidate genes because the vari-

ants were inherited from a single parent. The remaining

candidates, USH2A (MIM 608400) and WDR35, both had

a putative ciliary function. The two conserved variants in

USH2Awere both inherited paternally, whereas a third non-

conserved variant was not inherited paternally, which

makes USH2A an unlikely candidate for CED. Furthermore,

this patient had no signs of retinitis pigmentosa (MIM

608000) or Usher syndrome (MIM 276901). The WDR35

variants were inherited from both parents and affected

base pairs with high evolutionary conservation (Table S3).

In conclusion, we independently identified WDR35 as the

most likely candidate disease gene in both patients.

In patient 1, we identified a canonical splice-site muta-

tion 2 bp upstream of exon 2 (c.25-2A>G [p.I9TfsX7])

and a missense mutation in exon 17 (c.1877A>G

[p.E626G]) (Figure 2; Figure S1). With RT-PCR, we demon-

strated that splicing ofWDR35 RNA (derived from Epstein-

Barr virus cell lines) was indeed altered in patient 1 com-

pared to an unrelated control individual (Figure 2).

Sequencing of the bands revealed that the affected allele

contained a 58 bp insertion that introduced a premature

stop codon. The missense mutation in exon 17 was pre-

dicted to be ‘‘probably damaging’’ by PolyPhen.12 The

mutated amino acid is highly conserved up to insects

and nematodes (Figure S2). Because the C. elegans protein

WDR35 ortholog (IFTA-1) is most distantly related to the

human WDR35 protein (only 44.2% similar and 28.4%

identical), the conservation of the glutamine provides

a strong indication of the importance of this amino acid

for WDR35/IFTA-1 function.

In patient 2, a deletion of a C nucleotide in exon 25

predicts a frameshift and a premature stop (1:c.2891 delC

[p.P964LfsX15]) (Figure S1). On the second allele, a substi-

tution in exon 23 (c.2623G>A [p.A875T]) leads to the

change of a highly conserved alanine to a threonine

(Figures S1 and S2). The amino acid substitution was clas-

sified as ‘‘potentially damaging’’ by PolyPhen. It is remark-

able that the variants in both patients are a combina-

tion of a missense and a truncating mutation. In ciliary

diseases, phenotypical severity is often determined by

the combination of missense and nonsense mutations.13

This phenomenon could be used in the prioritization of
Journal of Human Genetics 87, 418–423, September 10, 2010 419
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variants from exome sequencing of other (ciliary) diseases,

Table 1. Clinical Details of Two Patients with Cranioectodermal
Dysplasia

Patient 1 2

Mutations DNA c.1877A>G,
c.25-2A>G

1:c.2891delT,
c.2623G>A

Mutations protein p.E626G,
p.I9TfsX7

p.P964LfsX15,
p.A875T

Age at diagnosis 7 9

Height <2.5 standard
deviations

<2.5 standard
deviations

Dolichocephaly þ þ

Craniosynostosis surgically
corrected at age 1

surgically
corrected at age 1

Frontal bossing þ þ

Macrocephaly � �

Sparse, fine hair � þ

Narrow palpebral fissure þ þ

Telecanthus þ þ

Hypermetropia þ �

Nystagmus � �

Ptosis unilateral �

Hypertelorism þ þ

Strabism þ �

Low-implanted ears þ þ

Simple ears þ þ

Everted lower lip þ þ

Micrognathia þ �

Widely spaced teeth þ þ

Hypoplastic teeth þ þ

Fused teeth þ þ

Short neck þ þ

Narrow thorax þ þ

Pectus excavatum þ þ

Short limbs þ þ

Brachydactyly þ þ

Webbing of fingers þ þ

Postaxial polydactyly þ �

Restricted flexion
of fingers

þ �

Syndactyly 2-3 (fourth) toe þ �

Bilateral sandal gap � þ

Joint laxity þ þ

Inguinal hernia (bilateral) þ þ

Renal disease � �

Hepatic disease � �

Recurrent lung infections þ �

Table 1. Continued

Patient 1 2

Intelligence normal normal

Behavior happy, friendly happy, friendly

420 The American Journal of Human Genetics 87, 418–423, Septemb
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which in this case would have immediately identified

WDR35.

None of the four identified variants in WDR35 were

detected in 210 control alleles, indicating that the identi-

fied variants are uncommon in the Dutch population

from which the patients originated, further supporting

the thought that the WDR35 variants are pathogenic.

Furthermore, complete loss of WDR35 function leads to

a severe short-rib polydactyly syndrome, another ciliop-

athy (P.J. Lockhart, personal communication).

WDR35 contains 28 coding exons that encode at least

four known protein isoforms (as determined in Ensembl).

The WDR35 protein, which is part of the WD-repeat

protein family, was first characterized in the green alga

Chlamydomonas reinhardtii14. The Chlamydomonas ortho-

log (IFT121) is part of the intraflagellar transport com-

plex A, together with at least five other proteins. One

of them, IFT122/WDR10, also contains N-terminal WD

repeats and has recently been shown to be involved in

CED as well.5 Like other IFT-A proteins, WDR35 is instru-

mental for retrograde IFT (from the ciliary tip to the basal

body) in mice.15 Studies in Drosophila and C. elegans also

have demonstrated that these species’ WDR35 orthologs

(Oseg4 and IFTA-1, respectively) localize to the cilium

and act in IFT.16 It is thus most likely that cilium dysfunc-

tion due to disrupted (retrograde) IFT is underlying the

CED phenotype of patients with mutations in WDR35.

To evaluate whethermutations inWDR35 are a common

cause of CED, we performed mutation analysis in six addi-

tional CED patients. These patients presented with addi-

tional clinical phenotypes and did not show the striking

phenotypic similarity observed between patients 1 and 2.

In three of these patients, mutations in IFT122 had been

excluded, whereas in two other patients, linkage regions

were identified that did not contain IFT122 (or IFT121).

We did not find any causative mutations in WDR35 in

these patients. Thus, only 25% of our cohort (2 out of 8

CED patients) carried mutations in WDR35, further con-

firming that CED is a genetically heterogeneous disorder

similar to other ciliopathies.5,13

Our results are consistent with the previously demon-

strated importance of IFT in bone development; mutations

in IFT80 (MIM 611177) and DYNC2H1 (MIM 603297)

have been associated with Jeune syndrome (MIM 208500),

a disorder with significant clinical overlap with CED.17,18

Based on this and the fact that many ciliary disease genes

are associated with multiple ciliopathy syndromes,13 we

screened WDR35 for mutations in 15 Jeune syndrome

patients. No mutations were found in these patients,
er 10, 2010
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indicating that mutations inWDR35 are not a major cause It should be noted that theoretically we could have
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of Jeune syndrome. So far, Sensenbrenner syndrome is the

only ciliopathy that includes a craniosynostosis pheno-

type. Because conditional IFT knockout mouse models

indicate that Sonic and Indian Hedgehog signaling is

regulated by cilia during skeletal development, we hypoth-

esize that disrupted ciliary Hedgehog signaling due to dis-

rupted IFT is involved in the skeletal features, including

craniosynostosis, in our CED patients. Wdr35 knockout

mice do indeed display Hedgehog defects during limb

development.15

By using several bioinformatic tools (i.e., the phyloge-

netics tree database TreeFam, Gene Tree from Ensembl,

and NCBI BLAST), we found that TULP4 (a member of the

Tubby superfamily) is homologous to WDR35. Although

little is known about the function of TULP4, it is of interest

that the Tubby familymember Tulp3 is known tomodulate

Shh signaling during early embryonic development of the

mouse,19 like WDR3515 and other IFT proteins. Moreover,

because the phenotype of Tulp3 knockout mice as well as

other mutants from the Tubby family shares features with

the phenotypes of CED and other ciliopathies, we conclude

that TULP4 is an excellent candidate gene for such disor-

ders.19–23 Together, these findings also suggest that the IFT

proteins and some members of the Tubby family of

proteins, in particular TULP4, are functionally related.

In our study, the availability of two independent cases

with a strikingly similar phenotype was obviously very

useful for identifying the causative gene. For both indi-

vidual patients, we identified only a small number of

candidate disease genes. In each of the two cases, this

was further reduced to a single candidate (WDR35) by

segregation analysis and additional evidence on evolu-

tionary conservation and the ciliome database. The

finding that WDR35 is mutated in a family with short-rib

polydactyly syndrome (MIM 263510) confirms that

WDR35 is indeed involved in ‘‘skeletal’’ ciliopathies (P.J.

Lockhart, personal communication). Interestingly, both

patients presented with sagittal craniosynostosis, a birth

defect characterized by premature closure of the skull

sutures that occurs in 1.5 per 10.000 newborns. Familial

recurrences and occasional concordant twins indicate the

presence of genetic factors underlying sagittal synostosis,

but these remain largely unknown. The involvement of

WDR35 in this phenotype might provide insight into the

underlying biology of sagittal craniosynostosis.
Figure 2. Splice-Site Mutation in Patient 1
(A) Gene and protein structure of WDR35. WD domains are indicat
(B) Sequencing reads showing the heterozygous splice-site mutatio
polymorphism (rs1060742).
(C) Maternal inheritance of the splice-site mutation in patient 1 sho
(D) Effect of the splice-site mutation on the RNA shows two differen
upper and lower band, respectively). Lane 2 shows the product of an
(E) Sequence of the two WDR35 RT-PCR products from Figure 2D
present in the normal spliced product as a C (Figure 2D, lane 1, arrow a
lane 1, arrow b). The sequence of the RT-PCR product of an unrelated
as a control (Figure 2D, lane 3, arrow c).
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missed additional variants that are relevant for the disease.

Only high-quality whole-genome sequencing could have

fully excluded disease-related genomic variants or modi-

fiers. However, we believe that the combined genetic and

functional data undoubtedly show the involvement of

WDR35 in CED. In summary, our data indicate that for

a rare recessive condition, it is possible to find the causative

gene by sequencing the exome of a single sporadic patient.

This is consistent with the results of a recent study of

Perrault syndrome (MIM 233400) that also found the caus-

ative gene by sequencing the exome of a single affected

individual.24
Supplemental Data include two figures and five tables and can be

found with this article online at http://www.cell.com/AJHG.
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tolerance to freezing (e.g., tomato, maize, and
rice), suggesting that SFR2 function is not re-
stricted to freezing protection (9). There is a large
overlap in the mechanisms required for freezing
tolerance and dehydration because of water
deficit or high salinity (3, 4), and SFR2 orthologs
in these species may act on membrane stabiliza-
tion during other abiotic stresses that cause cellu-
lar dehydration. Indeed, infiltration of Arabidopsis
leaves with any osmotically active compound
tested induced GGGT activity (table S1).

Our hypothesis for the requirement of SFR2-
dependent galactolipid remodeling in freezing
tolerance centers on the prevention of membrane
fusion from the formation of non-bilayer HII-type
structures brought about by dehydration. During
dehydration, non-bilayer structures are formed at
the interface of apposed membranes and are
believed to initiate at the chloroplast envelope
membranes during freezing (1, 2, 8). This results in
fusion between bilayers (27), particularly when
membranes are enriched in glycerolipid species
with relatively small head groups (e.g., MGDG
and phosphatidylethanolamine), because these
show a higher propensity for transition to the HII

phase in vitro. Previously, sfr2 mutants showed
extensive chloroplast and tonoplast rupture in
leaves during freezing recovery, which was
proposed to arise from fusion of destabilized
membranes (9). Here, we have shown that SFR2
partially converts MGDG to DGDG and oligoga-
lactolipids, the latter of which are not prone to
form HII phases in vitro. In addition to the pre-
vention of non-bilayer–type structures, accumula-
tion of oligogalactolipids results in an increased
average thickness of the head-group domain of the
bilayers and an increase in the localized concen-

tration of hydroxyl groups per unit surface area,
which enhance the repulsive hydration force
between apposed bilayers during freeze-induced
dehydration (28). Together, these factors could
promote a sufficient distance between apposed
bilayers that preventsmembrane fusion. The over-
all phenomenon is analogous to the UDP-glucose–
dependent modulation of mono- to diglucolipid
ratios observed in Acheloplasma laidlawii under
different abiotic stress conditions (29). One
distinction is that DAG is produced by SFR2
and is further metabolized to TAG and possibly
other lipid species, thereby preventing the accu-
mulation of DAG, which can form nonlamellar
phases. In this regard, the action of SFR2 provides
amechanism bywhich polar membrane lipids and
excess membrane are removed by conversion to
nonpolar lipids (e.g., TAGs) to accommodate a
shrinking organelle after freezing or, more gener-
ally, osmotic stress.
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Frequent Mutations of Chromatin
Remodeling Gene ARID1A in Ovarian
Clear Cell Carcinoma
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Ovarian clear cell carcinoma (OCCC) is an aggressive human cancer that is generally resistant to therapy. To
explore the genetic origin of OCCC, we determined the exomic sequences of eight tumors after immunoaffinity
purification of cancer cells. Through comparative analyses of normal cells from the same patients, we identified
four genes that weremutated in at least two tumors. PIK3CA, which encodes a subunit of phosphatidylinositol-3
kinase, and KRAS, which encodes a well-known oncoprotein, had previously been implicated in OCCC. The
other two mutated genes were previously unknown to be involved in OCCC: PPP2R1A encodes a regulatory
subunit of serine/threonine phosphatase 2, and ARID1A encodes adenine-thymine (AT)–rich interactive
domain–containing protein 1A, which participates in chromatin remodeling. The nature and pattern of the
mutations suggest that PPP2R1A functions as an oncogene and ARID1A as a tumor-suppressor gene. In a total
of 42 OCCCs, 7% had mutations in PPP2R1A and 57% had mutations in ARID1A. These results suggest that
aberrant chromatin remodeling contributes to the pathogenesis of OCCC.

Ovarian cancers are a heterogeneous group
of diseases with distinct clinicopatho-
logical andmolecular features (1). Among

them, OCCCs, which account for 10% of epithe-
lial ovarian cancers, is one of the most aggressive
types because, unlike the high grade–serous type,

it is refractory to standard platinum-based chemo-
therapy. Previous morphological and molecular
studies have indicated that OCCC develops in a
stepwise fashion from a common disease progen-
itor state, in many cases endometriosis, and then
proceeds to frankmalignancy (2–6). Activatingmu-
tations in PIK3CA (7) and genomic amplification
of chr20q13.2 (8) are the most common molec-
ular genetic alterations so far identified in OCCC.

To explore the genetic basis of this tumor type,
we have determined the sequences of the ~18,000
protein-encoding genes listed in the RefSeq data-
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base in tumors from eight patients (table S1). Be-
cause these tumors are composed of a mixture of
cancer and stromal cells, we purified the cancer
cells using epithelial cell target antibodies attached
to magnetic beads (9). Staining of the cells bound
to the beads revealed that >90% of them were
OCCC cells. This procedure thereby maximized
the sensitivity of the sequencing analyses by elim-
inating most of the contaminating normal cells
(containing normal genomes) from the sample.
DNA from the purified cells, as well as from
normal cells obtained from the blood or unin-
volved tissues of the same patients, were used to
generate libraries suitable for massively parallel
sequencing by synthesis (9). After capture of the
coding sequences of the targeted genes with a
SureSelect Enrichment System, the DNA was
sequenced using an Illumina GAIIx platform.
The average coverage of each base in the targeted
regions was 84-fold, and 92.7% of these bases
were represented in at least 10 reads (table S2).

Using stringent criteria for analysis of these
data (9), we identified 268 somatic mutations in
253 genes among the eight tumors. The range of
mutations per tumor was 13 to 125 alterations. Of
these, 237 (88%) mutations were confirmed by
Sanger sequencing (table S3). The tumor with
125 mutations (OCC06PT) was from a patient
with recurrent disease that had previously been
treatedwith chemotherapy. ExcludingOCC06PT,
there was an average of 20 mutations per tumor
(tables S2 and S3). The mutation spectrum was

enriched for C to T transitions at 5′-CG base pairs,
similar to those of other tumors whose exomes
have been sequenced (10–14). Only four genes
were mutated in more than one of the eight
tumors studied: PIK3CA, KRAS, PPP2R1A, and
ARID1A. The mutations in each of these four
genes, and their somatic nature, were confirmed
by Sanger sequencing of theDNA from the tumor
and normal tissues of the corresponding patients
(examples in Fig. 1). The sequences of these four
genes were then determined in the tumor and
normal tissues of an additional 34 OCCC cases
using polymerase chain reaction amplification and
Sanger sequencing with the primers listed in table
S4. In total,PIK3CA,KRAS,PPP2R1A, andARID1A
mutations were identified in 40%, 4.7%, 7.1%,
and 57% of the 42 tumors, respectively (Table 1).

Cancer cell lines with mutations in genes in-
volved in cancer development provide valuable
tools for further research. To this end,we extended
the analysis of these four genes in seven OCCC
cell lines that were derived from tumors inde-
pendent of those described above. Five of the
seven cell lines had mutations in ARID1A (nine
mutations total), three had PPP2R1A mutations,
one had a KRAS mutation, and four had PIK3CA
mutations (table S5).

The nature of the somatic mutations in tumors
can often be used to classify them as oncogenes
or tumor suppressor genes (15). In particular, all
bona fide oncogenes aremutated recurrently (that
is, at the same codon or clustered at a few adja-

cent codons in different tumors), and the muta-
tions are nearly always missense. In contrast, all
bona fide tumor suppressor genes are mutated at
a variety of positions throughout the coding re-
gion of the gene, and the mutations often truncate
the encoded protein through production of a stop
codon by a base substitution, an out-of-frame
insertion or deletion (indel), or a splice site muta-
tion. Moreover, tumor suppressor gene mutations
generally affect both alleles, whereas mutations
in oncogenes commonly affect only one allele.

Based on this logic, we can speculate about
the likely function of the four genes in OCCC.
PIK3CA and KRAS are well-studied oncogenes,
and the 19 mutations identified in OCCC were
heterozygous and clustered; fourteen of the 17
mutations in PIK3CA were at codons 542, 545,
546, or 1047, whereas both mutations in KRAS
were at codon 12 (Table 1). The three mutations
in PPP2R1A were similarly heterozygous and
clustered, suggesting that it functions, when mu-
tated, as an oncogene (Table 1). In contrast, the
32 mutations in ARID1Awere distributed through-
out the coding region, and all were predicted to
truncate the protein through a base substitution
resulting in a stop codon (9 mutations) or an out-
of-frame insertion or deletion (23 mutations)
(Table 1). In 11 of the 24 tumors with ARID1A
mutations, both ARID1A alleles were affected
through either a mutation in one allele and loss
of heterozygosity of the other allele, or through
two mutations that were presumably biallelic.
Thus, we hypothesize that ARID1A functions as
a tumor suppressor gene and that somatic muta-
tions inactivate the gene product.

The serine/threonine protein phosphatase PP2A
represents a family of holoenzymes with various
activities. The holoenzyme contains a core com-
posed of a heterodimer of a catalytic subunit
(PPP2CA or PPP2CB) and a constant regulatory
subunit (PPP2R1AorPPP2R1B). PPP2R1Aserves
as a scaffold to coordinate the interaction of the
core enzyme with one of more than 15 regulatory
subunits to form the heterotrimeric holoenzyme
(16, 17). Somatic mutations in PPP2R1A are not
listed in the Cancer Gene Census of the Cata-
logue of SomaticMutations in Cancer (COSMIC)
database, although a few alterations in this gene
have been previously reported (18). Functional
studies have shown that PP2A is involved in the
control of cell growth and division. Specifically,
this protein is required for proper chromosome
segregation through its interactions with Bub1
and Sgo1 (19). The two arginine residues that
were somatically mutated in OCCC are highly
conserved and reside within one of the Hunting-
ton, elongation factor3, PP2A, TOR (HEAT) do-
mains of PPP2R1A that are involved in binding
regulatory subunits.

The protein encoded by ARID1A can bind to
AT-rich DNA sequences and is a component of
the adenosine triphosphate–dependent chromatin
modeling complex switch/sucrose-nonfermentable
(SWI/SNF). The SWI/SNF chromatin-remodeling
complex mobilizes nucleosomes and functions as

Fig. 1. Sequence chromatograms showing somatic ARID1A and PPP2R1A mutations. The lower panels
(C and D) show the tumor, and the upper panels (A and B) show the matched normal control.
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Table 1. Mutations in ARID1A, KRAS, PIK3CA, and PPP2R1A in human ovarian clear cell carcinomas.*

Sample† Gene Transcript
accession

Nucleotide
(genomic)‡

Nucleotide
(cDNA)

Amino acid
(protein)

Mutation
type

OCC01PT ARID1A CCDS285.1 g.chr1:26972561_26972562insA c.3854_3855insA fs Indel
OCC02PT ARID1A CCDS285.1 g.chr1:26896034C>T c.553C>T p.Q185X Nonsense
OCC02PT ARID1A CCDS285.1 g.chr1:26978879-26978880dupGT c.5903_5904dupGT fs Indel

OCC03PT ARID1A CCDS285.1
g.chr1:26972009_26972034delTGATGGGGCG
CATGTCCTATGAGCCA (hom)

c.3659_3684delTGATGGGGCG
CATGTCCTATGAGCCA fs Indel

OCC07PT ARID1A CCDS285.1 g.chr1:26896066C>A c.585C>A p.Y195X Nonsense
OCC08PT ARID1A CCDS285.1 g.chr1:26970389delC c.3391delC fs Indel
OCC10PT ARID1A CCDS285.1 g.chr1:26972790_26972792dupGCA (hom) c.4001_4002dupGCA (hom) fs Indel
OCC10PT ARID1A CCDS285.1 g.chr1:26979804_26979805delTG (hom) c.6828_6829delTG(hom) fs Indel
OCC11PT ARID1A CCDS285.1 g.chr1:26930334_26930335insCCTAC c.1451_1455insCCTAC fs Indel
OCC13PT ARID1A CCDS285.1 g.chr1:26974233_26974234insTGGC c.4926_4927insTGGC fs Indel
OCC14PT ARID1A CCDS285.1 g.chr1:26972886_26972887_delTT (hom) c.4011_4012delTT (hom) fs Indel
OCC15PT ARID1A CCDS285.1 g.chr1:26973940G>A c.4635G>A p.W1545X Nonsense
OCC15PT ARID1A CCDS285.1 g.chr1:26978178T>A c.5202T>A p.Y1734X Nonsense
OCC16PT ARID1A CCDS285.1 g.chr1:26895967_26895973delCGCCGCC (hom) c.486_492delCGCCGCC (hom) fs Indel
OCC18PT ARID1A CCDS285.1 g.chr1:26971925delA c.3575delA fs Indel
OCC20PT ARID1A CCDS285.1 g.chr1:26970221delG c.3223delG fs Indel
OCC22PT ARID1A CCDS285.1 g.chr1:26979694dupG c.6718dupG fs Indel
OCC23PT ARID1A CCDS285.1 g.chr1:26896379_2689637980_insCGTC c.898_899insCGTC fs Indel
OCC23PT ARID1A CCDS285.1 g.chr1:26979686_26979687insT c.6710_6711insT fs Indel
OCC24PT ARID1A CCDS285.1 g.chr1:26930542C>T c.1663C>T p.Q555X Nonsense
OCC27PT ARID1A CCDS285.1 g.chr1:26896263_26896272delCGTCGTCTTC c.782_791delCGTCGTCTTC fs Indel
OCC27PT ARID1A CCDS285.1 g.chr1:26971984_26971994delCAGCCCAGTAT c.3634_3644delCAGCCCAGTAT fs Indel
OCC30PT ARID1A CCDS285.1 g.chr1:26931823C>T c.1873C>T p.Q625X Nonsense
OCC32PT ARID1A CCDS285.1 g.chr1:26960135C>T c.2122C>T p.Q708X Nonsense
OCC34PT ARID1A CCDS285.1 g.chr1:26931754G>T c.1804G>T p.E602X Nonsense
OCC34PT ARID1A CCDS285.1 g.chr1:26979678delT c.6702delT fs Indel
OCC36PT ARID1A CCDS285.1 g.chr1:26928932T>G c.1341T>G p.Y447X Nonsense
OCC36PT ARID1A CCDS285.1 g.chr1:26971613delC c.3442delC fs Indel
OCC39PT ARID1A CCDS285.1 g.chr1:26896364dupC c.883dupC fs Indel
OCC39PT ARID1A CCDS285.1 g.chr1:26965434delC c.2868delC fs Indel
OCC41PT ARID1A CCDS285.1 g.chr1:26931831delT c.1881delT fs Indel
OCC42PT ARID1A CCDS285.1 g.chr1:26960479_26960488delCGGCCACCCA c.2179_2188delCGGCCACCCA fs Indel
OCC04PT KRAS CCDS8703.1 g.chr12:25289551C>T c.35G>A p.G12D Missense
OCC05PT KRAS CCDS8703.1 g.chr12:25289551C>G c.35G>C p.G12A Missense
OCC01PT PIK3CA CCDS43171.1 g.chr3:180418788C>A c.1636C>A p.Q546K Missense
OCC02PT PIK3CA CCDS43171.1 g.chr3:180418776G>A c.1624G>A p.E542K Missense
OCC06PT PIK3CA CCDS43171.1 g.chr3:180418785G>A c.1633G>A p.E545K Missense
OCC08PT PIK3CA CCDS43171.1 g.chr3:180418785G>A c.1633G>A p.E545K Missense
OCC09PT PIK3CA CCDS43171.1 g.chr3:180434779A>T c.3140A>T p.H1047L Missense
OCC10PT PIK3CA CCDS43171.1 g.chr3:180434779A>G c.3140A>G p.H1047R Missense
OCC11PT PIK3CA CCDS43171.1 g.chr3:180418777A>T c.1625A>T p.E542V Missense
OCC13PT PIK3CA CCDS43171.1 g.chr3:180434779A>G c.3140A>G p.H1047R Missense
OCC15PT PIK3CA CCDS43171.1 g.chr3:180410152C>G c.1221C>G p.C407W Missense
OCC20PT PIK3CA CCDS43171.1 g.chr3:180434779A>G c.3140A>G p.H1047R Missense
OCC22PT PIK3CA CCDS43171.1 g.chr3:180434779A>G c.3140A>G p.H1047R Missense
OCC23PT PIK3CA CCDS43171.1 g.chr3:180399648_180399649insCCTCAA c.341_342insCCTCAA N114_R115insLN Indel
OCC27PT PIK3CA CCDS43171.1 g.chr3:180399638A>G c.331A>G p.K111E Missense
OCC30PT PIK3CA CCDS43171.1 g.chr3:180434779A>G c.3140A>G p.H1047R Missense
OCC35PT PIK3CA CCDS43171.1 g.chr3:180418776G>A c.1624G>A p.E542K Missense
OCC36PT PIK3CA CCDS43171.1 g.chr3:180418785G>A c.1633G>A p.E545K Missense
OCC42PT PIK3CA CCDS43171.1 g.chr3:180434779A>G c.3140A>G p.H1047R Missense
OCC05PT PPP2R1A CCDS12849.1 g.chr19:57407794C>G c.547C>G p.R183G Missense
OCC07PT PPP2R1A CCDS12849.1 g.chr19:57407794C>T c.547C>T p.R183W Missense
OCC36PT PPP2R1A CCDS12849.1 g.chr19:57407791C>T c.544C>T p.R182W Missense

*Single-letter abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S,
Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. †Samples OCC01 to OCC08 were used for the initial (discovery) screen for mutations. ‡Coordinates refer to the human reference
genome hg18 release (NCBI 36.1, March 2006).
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a regulator of gene expression and chromatin
dynamics. ARID1A is one of the two mutually
exclusive ARID1 subunits of the SWI/SNF com-
plex and is thought to provide specificity to this
complex (20). Changes in chromatin can influ-
ence the epigenetic regulation of many genes,
inducing those that play a role in cancer (20–22).
Indeed, functional studies have implicatedARID1A
in the ability of the SWI/SNF complex to inhibit
cell growth (23).Nomutations ofARID1A are listed
in the Cancer Gene Census of the COSMIC data-
base, but chromosomal translocations that in-
volve this gene have been identified in a human
breast cancer and a human lung cancer cell line
(24). Knock-down of ARID1A in a leukemia cell
line confers resistance to Fas-mediated apoptosis
(25).

The results of this study emphasize two themes
in modern cancer genetics. The first is that specific
tumor types are characterized bymutations in “com-
munal cancer genes” like KRAS and PIK3CA, as
well as in “restricted cancer genes” likePPP2R1A
and ARID1A. The communal cancer genes are
involved in a variety of cancers and have been
extensively studied. Restricted cancer genes have
been shown to contribute to specific types of
leukemias and sarcomas, mainly through trans-
locations (e.g., the ABL oncogene in chronic
myelogenous leukemia and EWS fused to a gene
encoding an ETS transcription factor family
member in Ewing’s sarcoma). With the advent
of whole exome sequencing, we are beginning to
see similar specificity with respect to point
mutations [e.g., IDH1 in gliomas (14) andGNAQ
in uveal melanomas (26)].

The second theme is that mutations of
chromatin-modifying genes are characteristic of
certain tumor types. Recent examples include the
JARID1C gene, also known as lysine (K)–specific
demethylase 5C (KDM5C), in renal cell cancers
(27), SMARCA4/BRG1 (SWI/SNF related, matrix-
associated, actin-dependent regulator of chro-
matin, subfamily a, member 4) in lung cancers
(28), and now ARID1A in OCCC. Epigenetic
changes in cancers, including methylation of de-
oxycytidine residues in DNA and a variety of
covalentmodifications of chromatin proteins, have
been extensively studied (20–22, 29). Interesting-
ly, however, the reason(s) that DNA methylation
and chromatin are different in cancer cells than in
normal cells is completely unknown. Similarly, the
relationship between the genetic alterations that
unequivocally drive tumorigenesis and the epige-
netic changes that are so widespread in tumor ge-
nomes has not been defined. Discovery of tumor
suppressor genes such as ARID1A that are mu-
tated in cancers bridge this gap, because they are
likely to directly lead to epigenetic changes in
cancer cells through specificmodifications of chro-
matin proteins. They additionally provide a poten-
tial approach to determine which of the numerous
epigenetic changes in cancers confer a selective
growth advantage and which are simply “pas-
sengers” that do not play a causal role. The
identification of the genes whose expression is

specifically modulated by ARID1A inactivation
will be the next crucial step in this line of research.
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Histone H3 Thr-3 Phosphorylation
by Haspin Positions Aurora B
at Centromeres in Mitosis
Fangwei Wang,1 Jun Dai,1 John R. Daum,2 Ewa Niedzialkowska,3 Budhaditya Banerjee,3
P. Todd Stukenberg,3 Gary J. Gorbsky,2 Jonathan M. G. Higgins1*

Aurora B is a component of the chromosomal passenger complex (CPC) required for correct
spindle-kinetochore attachments during chromosome segregation and for cytokinesis. The
chromatin factors that recruit the CPC to centromeres are unknown, however. Here we show
that phosphorylation of histone H3 threonine 3 (H3T3ph) by Haspin is necessary for CPC
accumulation at centromeres and that the CPC subunit Survivin binds directly to H3T3ph. A
nonbinding Survivin-D70A/D71A mutant does not support centromeric CPC concentration, and
both Haspin depletion and Survivin-D70A/D71A mutation diminish centromere localization of the
kinesin MCAK and the mitotic checkpoint response to taxol. Survivin-D70A/D71A mutation and
microinjection of H3T3ph-specific antibody both compromise centromeric Aurora B functions
but do not prevent cytokinesis. Therefore, H3T3ph generated by Haspin positions the CPC at
centromeres to regulate selected targets of Aurora B during mitosis.

The chromosomal passenger complex
(CPC)—which contains Aurora B, inner
centromere protein (INCENP), Survivin,

and Borealin—is found on chromosome arms in
prophase, concentrates at inner centromeres during
prometaphase, and transfers to the central spindle
at anaphase (1). Aurora B phosphorylates several
substrates at these locations, including histone H3
Ser10 (H3S10ph) on chromosome arms, mitotic
centromere-associated kinesin (MCAK) at inner
centromeres, centromere protein–A Ser7 (CENP-

AS7ph) at outer centromeres, and theKNL1/Mis12
complex/Ndc80 network at kinetochores (1–7).
Current models suggest that centromeric Aurora
B responds to lack of tension across sister kineto-
chores that are incorrectly attached to the spindle.
Bipolar kinetochore attachment forces may pull
kinetochore substrates away from inner centro-
meric Aurora B, which would lead to substrate
dephosphorylation, selective stabilization of cor-
rect microtubule attachments, and eventually sat-
isfaction of the spindle checkpoint (fig. S1) (8).
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Tumor	suppressor	genes	on	the	X	chromosome	may	skew	the	
gender	distribution	of	specific	types	of	cancer1,2.	T-cell	acute	
lymphoblastic	leukemia	(T-ALL)	is	an	aggressive	hematological	
malignancy	with	an	increased	incidence	in	males3.	In	this	study,	
we	report	the	identification	of	inactivating	mutations	and	
deletions	in	the	X-linked	plant	homeodomain	finger	6	(PHF6)	
gene	in	16%	of	pediatric	and	38%	of	adult	primary	T-ALL	
samples.	Notably,	PHF6	mutations	are	almost	exclusively	found	
in	T-ALL	samples	from	male	subjects.	Mutational	loss	of	PHF6	
is	importantly	associated	with	leukemias	driven	by	aberrant	
expression	of	the	homeobox	transcription	factor	oncogenes	
TLX1	and	TLX3.	Overall,	these	results	identify	PHF6	as	a	new	
X-linked	tumor	suppressor	in	T-ALL	and	point	to	a	strong	
genetic	interaction	between	PHF6	loss	and	aberrant	expression	
of	TLX	transcription	factors	in	the	pathogenesis	of	this	disease.

T-ALL is an aggressive malignancy in which multiple genetic defects 
collaborate in the transformation of T-cell progenitors4,5. Notably, 
T-ALL has a threefold higher incidence in males3, whereas other 
immature hematological tumors such as precursor B-lineage ALL 
are equally frequent in males and females3.

To identify a possible X-linked tumor suppressor in T-ALL, we 
performed an X-chromosome-targeted mutational analysis in tumor 
DNA samples from 12 males with T-ALL. For each sample, we per-
formed in-solution DNA capture of 7,674 regions encompassing 
3,045,708 nucleotides corresponding to 5,215 X-chromosome exons 
using the Agilent Sure Select oligonucleotide capture system6. DNA 

samples enriched for X-chromosome exons were then analyzed 
by next-generation sequencing using the SOLiD 3 platform from 
Applied Biosystems. This analysis identified 66 candidate previously 
uncharacterized nonsynonymous single-nucleotide variants and  
7 positions with high confidence calls for containing complex variants 
such as insertions or deletions (Fig. 1a). Dideoxynucleotide DNA 
sequencing of PCR products encompassing affected exons confirmed 
the presence of 92% (61/66) of these single-nucleotide variants and 
57% (4/7) of the more complex variants, including 2 insertions and 
2 deletions (Supplementary Tables 1 and 2). Sequence analysis of 
paired DNA samples obtained at the time of clinical remission showed 
that most of these variants corresponded to previously unreported 
germline polymorphisms. However, and most notably, we also identi-
fied three somatically acquired changes corresponding to two non-
synonymous single-nucleotide substitutions (A902G T300A and 
A990G H330R) and a frameshift-creating insertion of five nucleotides  
(124_125insAGGCA, H43fs) in the PHF6 gene (Fig. 1a).

In a complementary approach we analyzed X-chromosome array 
comparative genome hybridization (array-CGH) data from 246 
primary T-ALL samples (179 male and 67 female) in a multicenter 
setting. These analyses revealed the presence of recurrent deletions 
in chromosomal band Xq26 in 8 out of 246 (~3%) T-ALL samples 
(Table 1). For three del(X)(q26)-positive T-ALL samples, we per-
formed array-CGH analysis against the corresponding remission 
material, which showed that these Xq26 deletions were somatically 
acquired leukemia-associated genetic events (Table 1). Reanalysis  
of all eight del(X)(q26)-positive T-ALL samples on a custom  
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high-resolution X-chromosome oligo-
nucleotide array (Fig. 1b,c)  narrowed down 
the common minimally deleted region to 
an area of 80 kb containing the PHF6 gene. 
Consistently, quantitative PCR analysis confirmed loss of the PHF6 
locus in the del(X)(q26)-positive cases (Fig. 1d). The convergent find-
ings of our X-chromosome exon mutation analysis and analysis of 
copy number alterations by array-CGH thus identified PHF6 as a new 
tumor suppressor gene mutated and deleted in T-ALL.

PHF6 encodes a plant homeodomain (PHD) factor containing 
four nuclear localization signals and two imperfect PHD zinc-finger 
domains7 with a proposed role in controlling gene expression7. 
Notably, inactivating mutations in PHF6 cause Börjeson-Forssman-
Lehmann syndrome (MIM301900), a relatively uncommon type of 
X-linked familial syndromic mental retardation that has not been 
associated with increased incidence of T-ALL7–9. Quantitative  
RT-PCR analysis demonstrated ubiquitous expression of PHF6 tran-
scripts in human tissues, with highest levels of expression in thy-
mus, ovary and thyroid, and moderate levels of expression in spleen, 
testes and adipose tissue (Supplementary Fig. 1). Consistent with 
these results, PHF6 was readily detected by immunohistochemis-
try in mouse thymus (Supplementary Fig. 1). Finally, quantitative  
RT-PCR analysis of human thymocyte populations at different 
stages of development showed variable levels of PHF6 expression, 
with marked upregulation of PHF6 transcripts in CD4/CD8 double-
 positive cells (Supplementary Fig. 1).

Mutational analysis of PHF6 in an extended panel of pediatric and 
adult T-ALL primary samples identified truncating or missense muta-
tions in PHF6 in 38% (16/42) of adult and ~16% (14/89) of pediatric 
T-ALL samples (Fig. 2a and Table 1). In all available cases (7/30), anal-
ysis of matched buccal and/or bone marrow remission genomic DNA 
confirmed the somatic origin of PHF6 mutations (4/21 frameshift 
mutations and 3/9 missense mutations) (Fig. 2b and Table 1). Finally, 
no mutations in PHF6 were identified in DNA samples from B-lineage 
ALL (n = 62), suggesting that mutational loss of PHF6 in lymphoid 
tumors could be restricted to T-ALL.

Nonsense and frameshift mutations accounted for 70% (21/30) 
of all PHF6 mutations identified in our series and were evenly  

distributed throughout the gene. Missense mutations accounted for 
the remaining 30% (9/30) of PHF6 lesions and recurrently involved 
codon C215 and the second zinc-finger domain of the protein (Fig. 2a). 
DNA sequence analysis of PHF6 in a panel of 15 well-characterized 
T-ALL cell lines (Supplementary Table 3) showed the presence of 
truncating mutations in PHF6 in the DND41, HPB-ALL and T-ALL1 
cell lines. Protein blot analysis and immunohistochemical staining 
demonstrated robust expression and nuclear localization of PHF6 in 
PHF6 wild-type tumors and complete loss of PHF6 protein in T-ALL 
cell lines harboring mutations in PHF6 (Fig. 2c,d).

PHD finger-containing proteins have been implicated in numerous 
cellular functions, including transcriptional regulation and in some 
instances as specialized reader modules that recognize the methylation 
status of histone lysine residues10. In addition, PHF6 has been reported 
to be phosphorylated during mitosis11 and by the ATM and ATR kinases 
upon DNA damage12, which suggests a dynamic regulation of PHF6 dur-
ing cell cycle and DNA repair. Consistent with this notion, short hairpin 
RNA (shRNA) knockdown of PHF6 resulted in increased levels of phos-
phorylated H2AX (γ-H2AX), a post-translational modification associated 
with the presence of DNA double-strand breaks13 (Fig. 2e).

Sex determination in humans is controlled by differential 
 representation of the X and Y chromosomes, with the presence of 
an XY pair in males and two copies of the X chromosome in females. 
The presence of numerous genes in the nonautosomal region of the  
X chromosome could result in a genetic imbalance between male and 
female cells, which is compensated for by random chromosomal inac-
tivation of one copy of the X chromosome in female cells14. However, 
allelic-expression analysis has shown that some genes can escape  
X-chromosome inactivation in certain tissues1,2,15. To test the pos-
sibility that PHF6 could escape X-chromosome inactivation in  
T-ALL cells, we performed allelic-expression analysis of a silent SNP 
(rs17317724) located in the 3′ UTR of PHF6 in lymphoblasts from 
three informative samples from females with T-ALL. In each of these 
samples, PHF6 was monoallelically expressed, suggesting that biallelic 
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Figure 1 Next-generation sequencing and 
microarray-based comparative genomic  
hybridization (array-CGH) analysis of the  
X chromosome identifies PHF6 mutations in  
human T-cell acute lymphoblastic leukemia (T-ALL).  
(a) Overview of mutation screening approach of 
the human X-chromosome exome in a panel of 
tumor DNA samples from 12 males with T-ALL 
using oligonucleotide sequence capture and next-
generation sequencing with SOLiD 3. After filtering 
and confirmation of high-throughput sequencing 
data, analysis of corresponding remission DNA 
samples led to the identification of three somatically 
acquired changes in PHF6. (b) Schematic overview 
of the recurrent genomic deletions involving 
chromosomal band Xq26.3 in eight human  
T-ALL samples. Specific genes located in Xq26.3 
are shown. (c) Detailed view of a representative 
oligonucleotide array-CGH plot of leukemia DNA/
control DNA ratios (blue trace) versus the dye-swap 
experiment (red trace) in an individual harboring an 
Xq26.3 deletion. (d) DNA quantitative PCR analysis 
of PHF6 copy number dose in female and male 
reference genomic DNAs and two primary samples 
from males with T-ALL harboring Xq26.3 deletions.
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 expression of PHF6 is not commonly found in T-ALL (Fig. 3a). Most 
notably, we found that PHF6 mutations are almost exclusively found 
in samples from males with T-ALL. PHF6 mutations were present in 
32% (29/92) of males and in only ~2.5% (1/39) of females (P < 0.001;  

Fig. 3b and Supplementary Table 4). Moreover, all eight PHF6 
 deletions identified by array-CGH analysis were found in samples 
from males with T-ALL, and each of the three cell lines with mutations 
in PHF6 were derived from males with T-ALL.

table 1 Characteristics of 38 primary t-All samples showing PHF6 inactivation

ID Sex Age WBC (× 109 l–1) Immuno-phenotype Genetic subtype NOTCH1 Type of alteration
Deletion size or predicted 

PHF6 protein lesion
Germline or 

somatic

1 M Ped 77 Cortical TLX3 Mut Deletion 0.55 Mb NA

2 M Ped 46 Pre-T TLX3 WT Deletion 0.23 Mb NA

3 M Ped 31 Pre-T TLX3 NA Deletion 1.50 Mb NA

4 M Ped 2 Pre-T Unknown NA Deletion 0.27 Mb NA

5 M Ped NA Cortical HOXA NA Deletion 1.90 Mb Somatic

6 M Ped NA Cortical Unknown NA Deletion 0.20 Mb Somatic

7 M Ped NA Cortical TLX1 NA Deletion 0.08 Mb Somatic

8 M Adult NA Pre-T Unknown NA Deletion 0.11 Mb NA

9 M Ped 185 Cortical TLX3 WT Nonsense G122X NA

10 M Ped 417 Pre-T TLX3 Mut Nonsense R116X NA

11 F Ped 280 Pre-T TLX1 Mut Frameshift F172fs NA

12 M Ped 405 Pre-T TLX3 Mut Frameshift Y303fs NA

13 M Ped 159 Pre-T TLX1 Mut Nonsense K235X NA

14 M Ped 500 Pre-T TLX3 Mut Frameshift A41fs NA

15 M Ped 347 Cortical HOXA Mut Nonsense K274X NA

16 M Ped 129 Cortical Unknown Mut Frameshift D333fs NA

17 M Ped 174 Cortical TLX3 Mut Nonsense R225X NA

18 M Ped 27 Cortical TLX1 WT Nonsense R116X NA

19 M Ped 310 Cortical TAL1 Mut Missense C283R NA

20 M Ped 189 Cortical TAL1 Mut Frameshift C28fs NA

21 M Adult 170 Cortical TLX3 WT Frameshift H44fs NA

22 M Adult 21 Cortical TLX1 Mut Frameshift H43fs Somatic

23 M Adult NA Pre-T TLX3 Mut Frameshift T98fs Somatic

24 M Adult 14 Pre-T TLX3 WT Frameshift Y105fs NA

25 M Adult 28 Mature TLX3 WT Frameshift S158fs NA

26 M Adult NA Cortical TLX3 Mut Missense C215Y NA

27 M Adult NA Pre-T Unknown Mut Missense C215F NA

28 M Adult 31 Cortical Unknown Mut Missense C215Y NA

29 M Adult NA Mature TLX3 Mut Missense T300A Somatic

30 M Adult 21 Cortical TLX1 WT Missense A311P NA

31 M Adult 30 Mature Unknown WT Missense C280Y NA

32 M Adult 23 Cortical Unknown WT Missense H329R Somatic

33 M Ped NA NA TAL1 NA Nonsense R257X Somatic

34 M Ped NA NA TLX1 NA Frameshift S191fs Somatic

35 M Adult NA NA TLX1 NA Missense C215F Somatic

36 M Adult NA NA TLX1 NA Nonsense Y303X NA

37 M Adult NA NA Unknown NA Nonsense R274X NA

38 M Adult NA NA Unknown NA Frameshift H135fs NA

Mb, megabases; Mut, mutated; NA, not available; Ped, pediatric; WT, wild-type; X, stop codon.
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Figure 2 PHF6 mutations and expression in 
T-cell acute lymphoblastic leukemia (T-ALL) 
lymphoblasts. (a) Structure of the PHF6 
protein, including four nuclear localization 
signals (NLSs) and two imperfect plant 
homeodomain (PHD) zinc-finger domains. 
Overview of all PHF6 mutations identified 
in primary T-ALL samples and T-ALL cell 
lines. Filled circles represent nonsense and 
frameshift mutations, whereas missense 
mutations are depicted as open circles. The 
circle filled in gray indicates the mutation 
identified in a sample from a female with  
T-ALL. aa, amino acids. (b) Representative 
DNA sequencing chromatograms of paired 
diagnosis and remission genomic T-ALL DNA 
samples showing a somatic mutation in exon 7 
of PHF6. (c) Protein blot analysis of T-ALL cell lines revealed complete loss of PHF6 protein expression in the PHF6-mutated T-ALL cell lines.  
(d) PHF6 immunostaining in the Jurkat and HPB-ALL, wild-type and mutant T-ALL cell lines, respectively. (e) Protein blot analysis of PHF6 and  
γ-H2AX expression in HEK293T cells upon PHF6 short hairpin RNA knockdown. Actin concentrations are shown as a loading control.
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Immunohistochemical analysis of PHF6 
expression in wild-type primary T-ALL sam-
ples showed positive PHF6 immunostaining 
(n = 5; three males and two females), whereas 
cases with PHF6-truncating mutations  
(n = 4) (Fig. 3c) or a point mutation in C215 
(C215F) were negative for PHF6 protein 
expression (Fig. 3c). In contrast, primary  
T-ALL cells harboring a PHF6 point muta-
tion in the PHD2 domain (T300A) were posi-
tive for PHF6 protein expression (Fig. 3c). 
Overall, these results suggest that truncat-
ing mutations and point mutations in C215 
impair PHF6 expression, whereas amino acid 
substitutions in the PHD2 domain of PHF6 
may selectively impair the tumor suppressor 
function of this protein.

Leukemic transformation of immature 
thymocytes is the result of a multistep pro-
cess involving numerous genetic abnormali-
ties, which can be associated with different clinical features, including 
age and prognosis. Notably, PHF6 mutations were significantly more 
prevalent in adult T-ALL patients (16/42; 38%) than in pediatric 
patients (14/89; 16%) (P = 0.005; Fig. 4a). Detailed genetic infor-
mation was available for T-ALL cases treated in Dutch Childhood 
Oncology Group (DCOG) clinical trials (n = 65) (Supplementary 
Table 5). In this cohort, PHF6 mutations were significantly associ-
ated with the aberrant expression of TLX1 and TLX3 (P < 0.005;  
Fig. 4b and Supplementary Table 5), two related oncogenes activated 
by chromosomal translocations in T-ALL16–18. No significant associa-
tions were observed between PHF6 mutations and NOTCH1, FBXW7 
or PTEN mutations in either pediatric (n = 65) or adult (n = 34) 
T-ALL cohorts (Supplementary Tables 5 and 6). Overall survival in 
PHF6 wild-type children with T-ALL treated on DCOG protocols19 

was 65% (33/51) vs. 71% (10/14) for PHF6-mutated cases (log-rank 
P = 0.71) (Fig. 4c). Overall survival in PHF6 wild-type adults with  
T-ALL treated in the Eastern Cooperative Oncology Group ECOG-2993  
clinical trial was 36% (7/12) vs. 58% (8/22) for PHF6-mutated  
samples (log-rank P = 0.24) (Fig. 4d).

Overall, these results identify PHF6 as a new X-linked tumor sup-
pressor gene and imply a specific interaction between the oncogenic 
programs activated by aberrant expression of TLX transcription  
factors and mutational loss of PHF6 in the pathogenesis of T-ALL.

MeThOds
Methods and any associated references are available in the online 
 version of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINe	MeThOds
Clinical samples and cell lines. Leukemic DNA and cryopreserved lympho-
blast samples were provided by collaborating institutions in the United States 
(ECOG), The Netherlands (DCOG), France (Hôpital Saint-Louis, Paris), 
Austria (Children’s Cancer Research Institute, St. Anna Kinderkrebsforschung, 
Vienna) and Belgium (Department of Pediatric Hemato-Oncology, Ghent 
University Hospital, Ghent; Department of Hematology, Hospital St.-Jan, 
Bruges). All samples were collected in clinical trials with informed consent 
and under the supervision of local institutional review board committees. 
The subjects’ parents or their legal guardians provided informed consent to 
use leftover material for research purposes according to the Declaration of 
Helsinki. T-cell phenotype was confirmed by flow cytometry. Survival analysis 
was performed in pediatric T-ALL samples from DCOG trials ALL7, ALL8 
and ALL9 (ref. 19) and from adults with T-ALL treated in the ECOG2993 
clinical trial20.

Jurkat and PF382 cells were obtained from the American Type Culture 
Collection. The ALL-SIL, HPB-ALL and T-ALL-1 cell lines were from the 
DSMZ repository (the German national resource center for biological mate-
rial). The DND41 cell line was a gift from A.T. Look (Dana-Farber Cancer 
Institute). T-ALL cell lines were cultured in RPMI 1640 medium supplemented 
with 10% fetal bovine serum, 100 U/ml penicillin G and 100 µg/ml strepto-
mycin at 37 °C in a humidified atmosphere under 5% CO2.

X chromosome exome capture and next-generation sequencing. Libraries of 
synthetic biotinylated RNA oligonucleotides (baits) targeting the X-chromosome  
exons were obtained from Agilent Technologies. The targeted region includes 
5,217 exons for a total of 3 megabases and is designed to capture 85% of 
the exons on the human X chromosome. Fragment libraries using 2–4 µg of 
genomic DNA as starting material were prepared following the SOLiD stand-
ard library preparation protocol with some modifications, including the use 
of shortened adaptors and a precapture amplification for six cycles. A total of 
500 ng of captured library were hybridized with the baits for 42 h, washed and 
eluted using the protocol provided by Agilent. The resulting captured DNA was 
amplified using Herculase II Fusion DNA polymerase (Agilent) for 18 cycles. 
Enrichment in the targeted regions was calculated by real-time PCR quantifi-
cation of single exons within four X-chromosome loci (ARSF, OTC, NAP1L3 
and SOX3), which showed an average enrichment of 400- to 1,200-fold for 
the different loci across the 12 different samples. After library quantification 
by real-time PCR, the amplified captured libraries were subjected to emulsion 
PCR and sequenced following standard SOLiD 3 protocols by depositing 10–15 
million beads per sample using an eight-region mask.

Data analysis SOLiD3 ultradeep sequencing. A reference genome of the cap-
tured regions was created based on the March 2006 human reference sequence 
(hg18). To map the sequence data into this reference genome, we used the 
SHRiMP algorithm with its default parameters21. SOLiD platform employs a 
two-base encoding system, where a single variation in the color space solely 
indicates a sequencing error and two consecutive variations in the color space 
point to a base change in the nucleotide-space. In our analysis we included 
only the reads with a maximum number of two color-space mismatches that 
are also uniquely mapped to the reference genome. An average 90.1% of 
the reference genome is covered in the 12 samples, where the mean depth is  
42 per base. Less restrictive filtering increases the false-positive rate of can-
didate genomic variants without improving the coverage to any great extent. 
We found 66 candidates of exonic nonsynonymous single-nucleotide varia-
tion by requiring each variation to be reported in a minimum 75% of at least 
three reads mapping to its position. These candidates exclude the previously 
reported SNPs in the human genome. Using ParMap, an algorithm specifi-
cally developed to identify small deletions and insertions (along with their 
nucleotide sequence) through statistical analysis of partially mapped reads22, 
we identified seven candidates of such complex variations. Validation of the 
next-generation sequencing results was done by Sanger sequencing of PCR 
amplified exons. Overall, 89% of all previously uncharacterized candidate 
variants were confirmed.

Microarray-based comparative genomic hybridization. Analysis of  
X-chromosome array-CGH data was performed in a multicenter setting. 

Depending on the institution of origin, array-CGH analysis was performed 
using an oligonucleotide array-CGH platform18,23 (Agilent) or a tiling path 
BAC array-CGH platform24. To determine the exact size of the recurrent Xq26 
deletions, we reanalyzed all eight del(X)(q26)-positive T-ALL cases using a 
custom high-resolution X-chromosome oligonucleotide array with an average 
resolution of 3 kb according to the manufacturer’s instructions (Agilent). Slides 
were scanned in a 2565AA DNA microarray scanner (Agilent). Microarray 
images were analyzed using Feature Extraction software (Agilent), and the data 
were subsequently imported into array-CGH Analytics software (Agilent).

Real-time quantification of DNA copy number. Chromosome Xq26.3 dele-
tions were confirmed with real-time quantitative DNA PCR using the Fast 
SYBR Green Master Mix (Applied Biosystems) and the LightCycler 480 Real-
Time PCR System (Roche Diagnostics) as described25 using TIE2 as control 
gene. Data were analyzed using the comparative ∆∆CT method (Applied 
Biosystems). The primers used for the quantitative PCR analysis of the PHF6 
locus are shown in Supplementary Table 7.

PHF6 mutation analysis. PHF6 mutations were analyzed by PCR amplification of 
PHF6 exons 2–10 followed by direct bidirectional DNA sequencing. The primers 
used for PHF6 mutation detection are summarized in Supplementary Table 7.

Protein blot and immunohistochemistry. Protein blot analysis was per-
formed using a rabbit polyclonal antibody specific to PHF6 (1:10,000; Novus 
Biologicals) recognizing a C-terminal (amino acids 315–365) epitope in PHF6; 
a mouse monoclonal antibody (1:1,000) recognizing an N-terminal (amino 
acids 120–140) PHF6 epitope26; an antibody specific to γ-H2AX (1:1,000; Cell 
Signaling Technologies) and a mouse monoclonal antibody specific to GAPD 
(1:1000; Santa Cruz Biotechnology) using standard procedures.

Immunohistochemistry analysis was performed as described following 
the standard avidin-biotin immunoperoxidase staining procedure using an 
N-terminal antibody to PHF6. Briefly, PHF6 immunostaining of formalin-
fixed paraffin-embedded tissue sections was performed after heat-induced 
epitope retrieval in a microwave in citrate buffer, pH 6.0. Subsequently,  
sections were incubated in 10% normal goat serum for 30 min, followed  
by primary antibody incubation (amino acids 1–94 of rabbit polyclonal 
 antibody to PHF6; Sigma Prestige Antibodies, dilution 1:100) overnight at  
4 °C. Next, slides were incubated with biotinylated immunoglobulins specific 
to rabbit at a 1:1000 dilution (Vector Laboratories) for 30 min, followed by 
avidin-biotin peroxidase complexes at a 1:25 dilution (Vector Laboratories) 
for 30 min. Diaminobenzidine was used as the chromogen and hematoxylin 
as a nuclear counterstain.

Quantitative real-time PCR. Thymocyte populations were isolated from 
human thymi as described before27. Total RNA was extracted using the Trizol 
method (Invitrogen) following the manufacturer’s instructions. Total RNA 
from 20 different normal human tissues was obtained from the FirstChoice 
Human Total RNA Survey Panel (Applied Biosystems). Complementary DNA 
(cDNA) was generated with the ThermoScript RT-PCR system (Invitrogen) 
and analyzed by quantitative real-time PCR using the SYBR Green RT-PCR 
Core Reagents kit (Applied Biosystems) and the 7300 Real-Time PCR System 
(Applied Biosystems). PHF6 expression levels were calculated using GAPDH 
as a reference gene. Primers used for PHF6 expression analysis are shown in 
Supplementary Table 7.

SNP genotyping. Genotyping of SNP rs17317724 located in the 3′ UTR region 
of PHF6 was performed using a TaqMan SNP Genotyping Assay (Assay ID 
C__34812972_10, Applied Biosystems) according to manufacturer’s instruc-
tions in DNA samples from females with wild-type PHF6 T-ALL. Genotyping 
was confirmed by direct DNA sequencing of PCR products encompassing 
the 3′ UTR of PHF6. Allelic expression analysis was performed in cDNA  
samples from heterozygous females with T-ALL so as to evaluate mono-
allelic and biallelic PHF6 expression. Before cDNA synthesis, RNA samples  
were treated with DNase I using the DNA-free DNase Treatment kit (Applied 
Biosystems) to remove any traces of genomic DNA. The PHF6 3′ UTR-specific 
primers used for amplification of SNP rs17317724 are also summarized in 
Supplementary Table 7.
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PHF6 shRNA knockdown. We produced lentiviral particles driving  
the expression of a shRNA directed against PHF6 (target sequence 
CAGAATTTGGAGACTTTGA) using the pGIPZ Lentiviral shRNAmir vector  
system (V2LHS_138602, Open Biosystems) as described28. We infected 
HEK293T cells with viral supernatants generated with pGIPZ PHF6 or an empty 
pGIPZ control using spinoculation in the presence of polybrene. PHF6 knock-
down was evaluated by protein blot analysis at 72 h as described above.

Statistical analysis. Fisher’s exact test was used to compare the frequency of 
PHF6 mutations between clinical and genetic groups of T-ALL. Bar graphs 
represent mean values ± s.e.m. Therapeutic outcome was analyzed in leukemia 
patients treated in DCOG trials ALL7, ALL8 and ALL9 and in ECOG trial 2993 
according to overall survival. Kaplan-Meier curves were used to assess survival, 
and differences between groups were compared by the log-rank test.
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The extreme genetic heterogeneity of nonsyndromic hearing loss
(NSHL) makes genetic diagnosis expensive and time consuming
using available methods. To assess the feasibility of target-
enrichment and massively parallel sequencing technologies to
interrogate all exons of all genes implicated in NSHL, we tested
nine patients diagnosed with hearing loss. Solid-phase (Nimble-
Gen) or solution-based (SureSelect) sequence capture, followed by
454 or Illumina sequencing, respectively, were compared. Sequenc-
ing readsweremapped using GSMAPPER, BFAST, and BOWTIE, and
pathogenic variants were identified using a custom-variant calling
and annotation pipeline (ASAP) that incorporates publicly available
in silico pathogenicity prediction tools (SIFT, BLOSUM, Polyphen2,
and Align-GVGD). Samples included one negative control, three
positive controls (one biological replicate), and six unknowns (10
samples total), in which we genotyped 605 single nucleotide
polymorphisms (SNPs) by Sanger sequencing tomeasure sensitivity
and specificity for SureSelect-Illumina andNimbleGen-454methods
at saturating sequence coverage. Causative mutations were iden-
tified in the positive controls but not in the negative control. In five
of six idiopathic hearing loss patients we identified the pathogenic
mutation. Massively parallel sequencing technologies provide
sensitivity, specificity, and reproducibility at levels sufficient to
perform genetic diagnosis of hearing loss.

deafness | genomics | Usher syndrome | diagnostics | next-generation
sequencing

Hereditary sensorineural hearing loss (SNHL) is the most
common sensory impairment in humans (1, 2). In developed

countries, two-thirds of prelingual-onset SNHL is estimated to
have a genetic etiology, of which ∼70% is nonsyndromic hearing
loss (NSHL). Eighty percent of NSHL is autosomal recessive
nonsyndromic hearing loss (ARNSHL), ∼20% is autosomal dom-
inant (AD), and the remainder is composed of X-linked and mi-
tochondrial forms (1, 3). To date, 134 deafness loci have been
identified, and 32 recessive (DFNB), 23 dominant (DFNA) and 2
X-linked (DFNX) genes have been cloned; 8 genes are associated
with both ARNSHL and ADNSHL (4).
Establishing a genetic diagnosis of NSHL is a critical compo-

nent of the clinical evaluation of deaf and hard-of-hearing persons
and their families. If a genetic cause of hearing loss is determined,
it is possible to provide families with prognostic information, re-
currence risks, and improved habilitation options. For persons
diagnosed with Usher syndrome, preventative measures including
sunlight protection and vitamin therapy can be implemented to
minimize the rate of progression of retinitis pigmentosa (5). Most
current genetic testing strategies for NSHL rely on a gene-specific
Sanger sequencing approach. Because mutations in a single gene,
GJB2 (DFNB1), account for up to 50% of ARNSHL in many
world populations (6), this approach has changed the evaluation of
patients with presumed ARNSHL. However, the mutation fre-
quency in other genes in personswithNSHL inoutbred populations
is unknown,making sequential gene screening problematic (7). The

extreme heterogeneity of NSHL also makes serial sequencing
approaches unfavorable in terms of efficiency and cost.
The advent of new technologies that target and enrich specific

regions of the genome coupled with massively parallel sequencing
offers an alternative approach to genetic testing for deafness. Al-
though genetic diagnoses can also be made by whole genome se-
quencing (8) or targeted sequence capture of the entire exome (9,
10), these approaches are expensive, and time-consuming data
analysis is required. Therefore, our aim was to develop and test
a streamlined, comprehensive genetic diagnostic platform that tar-
gets only the0.014%of thegenomecurrently associatedwithNSHL.

Results
We elected to compare the two most widely used target enrichment
approaches (NimbleGen solid-phase and SureSelect solution-
based sequence capture) and two massively parallel sequencing
technologies (454 GS FLX pyrosequencing and Illumina GAII
cyclic reversible termination sequencing) using genomic DNA
from NSHL families. The optimized platform and diagnostic
pipeline, which we refer to as OtoSCOPE (otologic sequence
capture of pathogenic exons), targets the exons of all 54 known
deafness genes (Table S1). The subjects were nine individuals with
presumed NSHL (Table 1). Sanger sequencing-based genetic
testing had been completed for GJB2 and SLC26A4 in all auto-
somal recessive (AR) cases. Positive controls had been genetically
diagnosed by Sanger sequencing prior to this study.
We performed array and solution-based targeted capture of all

exons of the 54 genes known to cause NSHL, also including Usher
syndromegenes because in infants and children,Usher syndrome is
not readily distinguishable fromARNSHL (Materials andMethods
and Table S1). Some requested target regions were not covered by
the NimbleGen and SureSelect designs (9.3% and 8.3%, re-
spectively; Table 2) due to repetitive regions. These percentages
are consistentwith other reports focusedon exon sequence capture
(11, 12). However, the proportion of protein coding regions in-
cluded in the SureSelect bait design was comparatively better than
that covered by NimbleGen (97.7 and 93.6%, respectively; Table
2), reflecting different methods for defining repetitive regions and
complementary oligonucleotide selection.
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We paired NimbleGen solid phase sequence capture with 454
GS FLX pyrosequencing (NimbleGen-454 method) and Sure-
Select solution-based sequence capture with Illumina GAII se-
quencing (SureSelect-Illumina method) to determine the efficacy
of these approaches for clinical diagnostics. Samples 1 and 2
were sequenced using both the NimbleGen-454 and SureSelect-
Illumina to provide direct comparison of these methods, whereas
samples 3–10 were examined only using SureSelect-Illumina.
The results of our study show that due to thedisparity in sequence

output between the two sequencing platforms (13), the overall se-
quence depth of coverage was on average 13-fold higher for the
SureSelect-Illuminamethod as compared with theNimbleGen-454
method (903× and 71× depth of coverage, respectively (Materials
and Methods); Table 3). However the percent of on-target reads
(i.e., capture efficiency) was significantly lower (P < 0.0001) for the
SureSelect-Illuminamethod (average19.6%) than theNimbleGen-
454 method (average 64.2%), which may reflect PCR-induced bias
during Illumina library preparation, small target size, and sequencer
oversaturation (Tables 2 and 3).
As a threshold for variant detection, we required ≥3 reads

(multidirectional) for 454 and ≥40 reads for Illumina, with the
added stipulation that the variant had to be present in at least
30% of reads to be considered high quality. Similar thresholds
have been used in other studies (14) and reflect the need for high
sensitivity in diagnostic testing (false positives are preferred over
false negatives) (15). At these thresholds, 96.0% and 95.3% of
protein coding bases were covered by the NimbleGen-454 and
SureSelect-Illumina platforms, respectively (Table 2).
To validate the platforms as diagnostic tests we genotyped 605

highly heterozygous SNPs (average heterozygosity, 0.46; average
55 SNPs per sample) in the targeted regions by Sanger se-
quencing. Homozygous-alternative allele calls (n = 149; average
14 per sample) and heterozygous allele calls (n= 199; average 18
per sample) were used as true positive variants; homozygous-
reference allele calls (n= 257; average 23 per sample) were used
as true negative variants (simulated nonvariants). Variants not

covered at variant-calling threshold for either platform were
considered false negatives.
With both the NimbleGen-454 and SureSelect-Illumina meth-

ods, we identified the causative mutations in samples 1 and 2.
Specificity was ∼98% for NimbleGen-454 and >99% for
SureSelect-Illumina (Table 3). For the SureSelect-Illumina
method, one false negative was found across all 10 samples
(sensitivity 99.72%) reflecting high coverage depth of targeted
regions. For the NimbleGen-454 method, a mean depth of cov-
erage of 71× was associated with an increased false-negative rate
(average two per sample) and a decrease in sensitivity (93.98%).
This difference may be attributable to a relatively lower quality
depth-of-coverage threshold for the NimbleGen-454 method (3×
versus 40× for SureSelect-Illumina) as mean sequence coverage
for protein-coding sequence was similar.
On the basis of data from samples 1 and 2, we analyzed the

remaining eight samples using the SureSelect-Illumina method
and a sequence analysis protocol we developed (Materials and
Methods). In total, we detected causative mutations in the three
positive controls and in five of six persons with idiopathic hearing
loss (Table 1). Analysis of controls (samples 1–4) was completed
in a blinded fashion with only the mode of inheritance known.
Sample 1 was from a family segregating ADNSHL. Of three can-
didate variants, the known hearing loss mutation in COCH
(c.151C > T, p.P51S, rs28938175; DFNA9) was the only variant
that segregated with the phenotype in this family (16). In samples
2 and 3 (biological replicates), the only candidate variant deter-
mined in each sample was the known deafness mutation in GJB2
(c.109G > A, p.V37I; DFNB1) (17). In sample 4, the negative
control, none of the nine nonsynonymous/splice site/indel var-
iations identified was predicted to be pathogenic.
Of the six persons with idiopathic hearing loss, two were from

families segregating ARNSHL. Sample 5 was from a person with
profound SNHL who was shown to carry a variant of unknown
significance (VUS) in STRC (c.4057C > T, p.Q1353×; rs2614824;
DFNB16) in 44/47 Illumina reads. This variant was not observed

Table 2. Sequence capture performance results

NimbleGen-454 SureSelect-Illumina

All regions (%)
Protein coding
regions (%) All regions (%) Protein coding regions

Number of bases requested* 421,741 bp 187,017 bp 421,741 bp 187,017 bp
Bases covered by complementary
oligonucleotides (%)

386,880 bp (91.7) 266,947 bp (93.6) 382,627 bp (90.7) 182,749 bp (97.7)

Mean sequence coverage in bases (%) 406,756 bp (96.4) 180,489 bp (96.5) 401,252 bp (95.1) 182,727 bp (97.7)
Mean sequence coverage at variant
calling threshold in bases (%)†

403,873 bp (95.8) 179,468 bp (96.0) 385,101 bp (91.3) 178,230 bp (95.3)

Values given are a mean of all samples for each method.
*The same bases were requested for targeting using either NimbleGen or SureSelect and default repetitive regions were avoided in both methods.
†Variant calling threshold: for Illumina-SureSelect, 40× coverage and >30% of reads; for 454, ≥3× reads (multidirectional) and >30% of reads.

Table 3. Sequencing results

Sequencing
method

Capture
method

Total
sequencing

reads

Uniquely
mapping
reads

% of uniquely
mapping
reads

Uniquely mapping
reads on target

(<1KB)

Mean coverage
of targeted
regions Sens/spec FN/FP

454 NimbleGen solid-
phase

303,552 293,368 96.7% 194,155 71 X 93.98%/97.92% 2/0

Illumina Agilent solution-
based

41,234,307 33,693,349 81.3% 6,941,755 903 X 99.72%/>99% 0*/0

Illumina sequencing was performed using one sample per flow cell channel; 454 sequencing was performed using one sample per quarter of a four-way
gasket. Values given are the mean of all samples for a given method: Illumina, 8 samples; 454, 2 samples. Sens, sensitivity; spec, specificity; FN, false negatives;
FP, false positives.
*One FN was found across all ten samples.
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in 100 ethnically matched controls (200 chromosomes). A hemi-
zygous deletion of ∼100 kb involving the STRC–ψSTRC region
was also detected (Fig. 1) and independently verified by PCR and
array-comparative genomic hybridization (CGH). Homozygosity
for this contiguous gene deletion is known to cause autosomal
recessive deafness–infertility syndrome (20), making this person
a compound heterozygote for a novel point mutation in STRC in
trans with a large contiguous gene deletion that includes STRC
(DFNB16). Sample 10, from a 4-y-old cochlear implant recipient
with no family history of hearing loss, was compound heterozygous
for known USH1Dmutations in CDH23 (c.1096G >A, p.A366T;
c.3293A > G, p.N1098S) (19).
The remaining four samples were from families segregating

ADNSHL. For these samples, we also used, when possible, the
computerprogramAudioGene (21) as a phenotypicfilter topredict
probable ADNSHL genotypes on the basis of audiometric criteria
through audioprofiling. Sample 6 carried two candidate variants in
MYO6 (DFNA22). The missense mutation was ruled out by seg-
regation analysis; however, the 4-bp deletion (c.862_865delACAA,
p.D288DfsX17) segregated with the phenotype and was not found
in 135 ethnically matched controls (270 chromosomes). Because
the DFNA22 locus is not represented on AudioGene, phenotypic
filtering was not applied; however, the phenotype was consistent
with reported DFNA22 audioprofiles (22). Sample 8 carried two
candidate variants—one mutation was ruled out by segregation
analysis and the other is a known ADNSHL mutation [(DFNA2)
c.842C > T, p.L281S] in KCNQ4 (18). This finding was consistent
with AudioGene analysis, which predicted DFNA2 as the most
likely cause of hearing loss in this family. Sample 9 carried two
candidate variants—both detected in MYH14—that segregated
with the phenotype in the extended family.Onemutationwas ruled
out by analysis of controls, whereas the other, a stop mutation
(c.5893G>T, p.E1965×), was not found in 119 ethnically matched
controls (238 chromosomes) and was consistent with the predicted
DFNA4 audioprofile. Four candidate variants were detected in
sample 7, all of which were ruled out by segregation analysis.
AudioGene analysis predictedKCNQ4 (DFNA2) as themost likely
cause of hearing loss in this family; however, no variants inKCNQ4
were identified in this analysis or by prior Sanger sequencing. This
finding suggests that this familymay segregate a novel genetic cause

of ADNSHL, which is possible because causative genes have not
been identified formore thanhalf of themappedADNSHL loci (4).

Discussion
In this study, we identified NSHL mutations, three of which have
not been reported, in eight of nine persons tested. Our sequencing
results are consistent with other studies reporting utility of these
technologies for diagnosis of other genetic diseases (11, 15, 23)
and suggest that massively parallel sequencing is suitable for ge-
netic testing of NSHL. A key concern for any diagnostic test is
sensitivity, as it is critical that pathogenic mutations are not missed.
This requirement could be viewedas a potential limitationof target-
enrichmentmethodologies, as a significant portionof targetedbases
in repetitive regions cannot be captured (Table 2). However, this
limitation must be weighed against the decreased cost and time in
simultaneously sequencing a large number of genes.
Multiplexing samples offers the opportunity to increase

throughput, but to maintain read depth, capture efficiency must
be increased (24, 25). Scalability and cost also must be considered
for large-scale sequencing projects. Our results show that when
adequate target coverage and depth of coverage are maintained,
both the SureSelect-Illumina and NimbleGen-454 platforms offer
relatively high specificity and sensitivity. However, the SureSelect-
Illumina method is superior in terms of scalability, cost, and in-
creased sensitivity. Our results compare very favorably with recent
reports of high-throughput diagnostic tests for NSHL that rely on
primer extension arrays (26) or targeted resequencing arrays (27),
which are appealing due to low cost but are limited in terms of
capacity (not all NSHL genes can be screened simultaneously)
and therefore sensitivity.
In summary, we have demonstrated that OtoSCOPE has the

potential to improve the efficiency of genetic testing for NSHL and
Usher syndrome. Our results show that targeted capture plus
massively parallel sequencing has a sensitivity and specificity com-
parable toSanger sequencing.Comprehensive genetic screening for
deafness using platforms like OtoSCOPE would allow clinicians to
improve patient care by providing prognostic information and ge-
netic counseling, and in cases like Usher syndrome, offer families
preventative strategies to minimize the rate of progression of reti-
nitis pigmentosa. Some of the novel habilitation options under

Fig. 1. Deletion analysis of sample 5 using massively parallel sequencing. Location on chromosome 15 is shown, with the highlighted region containing STRC;
five exons are indicated by blue bars on x axis. Gray line is average sequencing depth of coverage for nine samples (all samples excluding sample 5); thick black
line represents SD for these samples. Red line is depth of coverage for sample 5.
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development to slow progression of hearing loss are also gene and
evenmutation specific (28), suggesting that comprehensive genetic
testing will be an integral part of the care of deaf and hard-of-
hearing patients in the future.

Materials and Methods
Patients. The subjects were nine individuals with presumed NSHL (Table 1)
who provided informed consent for this study approved by the University of
Iowa International Review Board. Detailed family histories, clinical evalua-
tions, and audiograms were available for each patient.

Targeted Capture and DNA Sequencing. Genomic DNA (gDNA) was extracted
from whole blood using standard procedures (29), quality assessed on an
agarose gel and spectrophotometer, and quantified using the Qubit (Invi-
trogen) system. Three or 5 μg of gDNA were used for the SureSelect or
NimbleGen capture methods, respectively.

Exons in all isoforms of the 54 known deafness genes were identified in the
RefSeq and Ensembl databases using the University of California Santa Cruz
table browser (http://genome.ucsc.edu/). An additional 50 bp of flanking
intronic sequence were added to each exon and genomic intervals were
merged using Galaxy software (http://galaxy.psu.edu). In total, we targeted
1,258 regions comprising 421,741 bp using both NimbleGen and SureSelect
methods. The same genomic coordinates were sent to Roche for comple-
mentary oligonucleotide microarray design or uploaded to Agilent’s eArray
website for cRNA bait design.

DNA isolated using NimbleGen solid phase sequence capture was se-
quenced using 454 GS FLX pyrosequencing (454 Life Sciences); DNA obtained
from SureSelect solution-based sequence capture was subjected to Illumina
GAII sequencing (Illumina). In both cases sequencing was performed ac-
cording to manufacturer’s protocols.

Sequence Analysis. Sequencing depth of coverage was defined as the number
of sequencing reads, which had been filtered andmapped, per base. Average
depth of coverage for each sequencing method was defined as the total
depth of coverage per base, averaged over all requested bases. Depth of
coverage per variant was defined as number of reads in which a variant was
seen divided by the total depth of coverage for that base.

To prioritize a VUS, we developed a ranking algorithm that included the
variant-calling threshold for each platform, location within the targeted
region, type of change (nonsynonymous, splice-site, or frameshift deletion)
and observed population frequency if the VUS was a reported SNP (Table 4).
Other investigators have filtered variants on the basis of absence from the
dbSNP database (9, 10, 14), a criterion we did not include as several muta-
tions known to cause hearing loss have been assigned RefSNP (RS) numbers.
Instead, we filtered variants on the basis of quantitative data from
dbSNP130 such that any variant with an allele frequency >1% was consid-
ered a benign polymorphism (excluding known ARNSHL-associated variants
of GJB2), whereas any variant with an allele frequency <1% (or of unknown
frequency) was investigated further. In addition, we developed an in-house
list of nonpathogenic nonsynonymous variants located within the targeted
genes that can be excluded due to their presence in more than one non-
replicate sample or the negative control (list available upon request).

Pathogenicity of a nonsynonymous, splice-site or insertion-deletion (indel)
VUS was assessed using in silico mutation prediction software. We incor-
porated four algorithms (BLOSUM62, SIFT, PolyPhen2, and Align-GVGD) that
have the highest positive predictive value (94.6%) when concordant (30) and
we required concurrence in at least three of four prediction tools. We also
prioritized gene variants in the context of inheritance pattern (i.e., genes
known to cause ARNSHL or ADNSHL) (Table 4 and Table S1). A phenotypic
filter was applied to ADNSHL using a computer learning algorithm we have
developed called AudioGene, which predicts probable genotypes on the
basis of audiometric criteria by constructing audioprofiles (20). Candidate
mutations were verified by Sanger sequencing in the extended families and
if unreported, excluded in ethnically matched controls.
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An isolated defect of respiratory chain complex I activity is a 
frequent biochemical abnormality in mitochondrial disorders. 
Despite intensive investigation in recent years, in most 
instances, the molecular basis underpinning complex I  
defects remains unknown. We report whole-exome 
sequencing of a single individual with severe, isolated 
complex I deficiency. This analysis, followed by filtering with 
a prioritization of mitochondrial proteins, led us to identify 
compound heterozygous mutations in ACAD9, which encodes 
a poorly understood member of the mitochondrial acyl-CoA 
dehydrogenase protein family. We demonstrated the pathogenic 
role of the ACAD9 variants by the correction of the complex I  
defect on expression of the wildtype ACAD9 protein in 
fibroblasts derived from affected individuals. ACAD9 screening 
of �20 additional complex I–defective index cases led us to 
identify two additional unrelated cases and a total of five 
pathogenic ACAD9 alleles.

Exome sequencing is a new powerful strategy to discover causative 
genes in rare Mendelian disorders1, but despite its high sensitivity in 
detecting genetic variation2, downstream filtering and interpretation 
of gene variants remain challenges. Successful application of exome 
sequencing has mainly been limited so far to cohorts of unrelated, 
affected individuals with a specific phenotype3,4 and to individuals of 
consanguineous descent5. Here we demonstrate the efficacy of exome 
sequencing, in combination with a functional cell assay, to discover 
the molecular basis of a metabolic disorder.

Complex I deficiency is a frequent biochemical condition, accounting for 
about one-third of mitochondrial respiratory chain disorders6. Impairment 
of complex I activity compromises the transfer of electrons, derived from 
oxidative catabolism of carbohydrates and fatty acids, to coenzyme Q and 
downstream respiratory chain complexes (complex III and complex IV). 
Only a small proportion of complex I deficiencies have been associated with 
specific molecular abnormalities, usually in one of the genes, either mito-
chondrial or nuclear, encoding the structural subunits of the complex7.

Exome sequencing identifies ACAD9 mutations as a cause 
of complex I deficiency
Tobias B Haack1,2,11, Katharina Danhauser1,2,11, Birgit Haberberger1,2, Jonathan Hoser3, Valentina Strecker4, 
Detlef Boehm5, Graziella Uziel6, Eleonora Lamantea7, Federica Invernizzi7, Joanna Poulton8, Boris Rolinski9, 
Arcangela Iuso1, Saskia Biskup5, Thorsten Schmidt3, Hans-Werner Mewes3,10, Ilka Wittig4, Thomas Meitinger1,2, 
Massimo Zeviani7 & Holger Prokisch1,2

1Institute of Human Genetics, Helmholtz Zentrum München, German Research Center for Environmental Health, Neuherberg, Germany. 2Institute of Human Genetics, 
Technische Universität München, Munich, Germany. 3Institute of Bioinformatics and Systems Biology, Helmholtz Zentrum München, Germany Research Center for 
Environmental Health, Neuherberg, Germany. 4Molecular Bioenergetics, Medical School, Goethe-Universität Frankfurt, Frankfurt am Main, Germany. 5CeGaT GmbH, 
Tübingen, Germany. 6Unit of Child Neurology, Neurological Institute ‘Carlo Besta’-Istituto Di Ricovero e Cura a Carattere Scientifico (IRCCS) Foundation, Milan, Italy. 
7Unit of Molecular Neurogenetics, Neurological Institute ‘Carlo Besta’-IRCCS Foundation, Milan, Italy. 8Nuffield Department of Obstetrics and Gynaecology, University 
of Oxford, The Women’s Centre, John Radcliffe Hospital, Oxford, UK. 9Städtisches Klinikum München GmbH, Department Klinische Chemie, Munich, Germany. 
10Chair of Genome Oriented Bioinformatics, Center of Life and Food Science, Freising-Weihenstephan, Technische Universität München, Munich, Germany. 11These 
authors contributed equally to this work. Correspondence should be addressed to H.P. (prokisch@helmholtz-muenchen.de) or M.Z. (zeviani@istituto-besta.it).

Received 16 July; accepted 8 October; published online 7 November 2010; doi:10.1038/ng.706

l e t t e r s

table 1 Clinical, biochemical and genetic data of four individuals carrying mutations in ACAD9

Case, gender Clinical phenotype (onset at birth) Status Tissue Complex Ib
Complex II 

and IIIb Complex IVb Complex Vb
Predicted amino 
acid change

I:Aa, female Cardiorespiratory depression,  
hypertrophic cardiomyopathy,  
encephalopathy, lactic acidosis

Died at age  
46 days

Muscle 
Liver 
Fibroblasts

14% 
1% 

32%

n.r. 
n.r. 
n.r.

n.r. 
n.r. 
n.r.

52% 
38% 
n.r.

   
p.Phe44Ile 
p.Arg266Gln

I:B, male Hypertrophic cardiomyopathy, mild  
exercise intolerance, persistent  
lactic acidosis

5 years old Fibroblasts 38% n.r. n.r. Slightly  
reduced

p.Phe44Ile 
p.Arg266Gln

II, femalec Hypertrophic cardiomyopathy,  
encephalomyopathy, lactic acidosis

Died at age  
12 years

Muscle 13% n.r. n.r. n.r. p.Arg266Gln 
p.Arg417Cys

III, female Hypertrophic cardiomyopathy,  
encephalopathy, lactic acidosis

Died at age  
2 years

Muscle 26% Increased n.r. n.r. p.Ala326Pro 
p.Arg532Trp

aIndex case in which mutations were originally identified by exome sequencing. bActivities are normalized to citrate synthase and expressed as the percentage of the lowest control value of the 
referring laboratory. cNo alteration of β oxidation or radiolabeled palmitate or myristate was found in fibroblast cells. n.r., activity within the normal range.
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By screening all of the 45 structural complex I subunits and  
6 known assembly factors in 150 complex I–deficient index cases, we 
identified causative mutations in 30 individuals. We then selected 
four individuals who fulfilled the following criteria: (i) positive 
family history (18 out of 120 individuals), (ii) substantial reduc-
tion of complex I activity in tissues, including fibroblasts (defined 
as <70% of the lowest control value) (4 out of 18 individuals) and 
(iii) well-defined and documented clinical phenotype. In one indi-
vidual, termed case I:A, exome sequence analysis allowed us to find 
the responsible gene (reported here), whereas investigation on the 
remaining three cases is still underway. Case I:A was born to healthy, 
non-consanguineous parents. Soon after birth, case I:A developed 
respiratory insufficiency, cardiac failure due to hypertrophic cardio-
myopathy and lactic acidosis with severe encephalopathy. Profound 
complex I deficiency was detected in homogenates from this indi-
vidual’s liver, muscle and fibroblasts. A milder reduction was also 
found in ATPase activity (complex V), whereas other respiratory 
chain activities were normal (Table 1, for clinical and laboratory 
details, see Supplementary Note).

DNA from case I:A was used for exome capturing of 37.8 Mb of 
genomic sequence followed by sequencing on a SOLiD platform, 
which generated 3.65 Gb of high-quality sequence as single-end 
50-bp reads. Of these reads, 67.7% mapped to the human genome 
(build hg18), with 72.2% of the mapped bases being on target. 
Altogether, we captured 165,637 exons with an average coverage 
of 47.6-fold, with 82.6% of the exome being covered at least 8-fold 
(Supplementary Table 1). A total of 14,167 potential single nucleo-
tide variants (SNVs) were identified, including 4,928 splice-site 
and non-synonymous variants (SS-NSVs). Filtering against dbSNP, 
HapMap and in-house SNP data reduced this number to 533 new 
SS-NSVs (Supplementary Table 2). The proportion of known SS-
NSVs identified (89.2%) was within the range of previous studies. 
However, the false positive discovery rate was high, as indicated 
by (i) the ratio of synonymous compared to non-synonymous  
variations among all (1:1.15), known (1:1.08) and new (1:2.52) 
changes, and (ii) transition over transversion ratios in all (2.81:1), 
known (3.21:1) and new (1.21:1) variants (Supplementary Table 3).  
A heterozygous change in NDUFS2 (c.671C>T het; p.Ala224Val), also 
present in case I:A’s father but not in her affected brother (case I:B),  

was considered as a non-pathogenic, non-causative variant in the 
index case. We next identified genes carrying homozygous (23) or 
at least two new heterozygous (25) SS-NSVs. Among the 48 corres-
ponding proteins, only acyl-CoA dehydrogenase 9 (ACAD9) had 
a predicted mitochondrial localization (MitoP2 database)8. Sanger 
sequencing of the index case, her affected sibling and her parents 
confirmed the compound heterozygous state of the mutations, with 
each parent being heterozygous for one variant. High-resolution 
melting-curve analysis in 120 index cases with isolated complex I  
deficiency revealed two additional individuals carrying com-
pound heterozygous variants (Table 1) and one case harboring a 
homozygous variant. Multiple sequence alignment of ACAD9 to 
mammalian orthologs (Fig. 1) and to other human ACAD proteins 
indicated that the altered positions are highly conserved. Notably, 
the ACAD9 mutation c.1249C>T (p.Arg417Cys), found in case III, 
is identical to a mutation in the homologous region of ACADVL 
that was recently reported in an ACADVL-defective individual9. Of 
the six ACAD9 variants, only the homozygous variant (c.976G>A, 
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Figure 2 Cellular complementation experiment. We transduced case  
(a) and control (b) fibroblast cell lines with ACAD9 overexpressing 
construct and we determined respiratory chain complex I, IV (RCCI 
and IV) and citrate synthase (CS) activities. The data are based on two 
independent transduction experiments for each cell line. Activities were 
determined at three different time points and expressed in percent of 
lowest control value ± standard deviation (s.d.). *P < 0.05, **P < 0.01.  
g NCP, gram non-collagen protein.
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Figure 1 ACAD9 gene structure and conservation of affected amino acid residues of identified mutations (shown in red).
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p.Ala326Thr) was also found in the controls (14 out of 470 indi-
viduals). We therefore considered this variant as non-pathogenic. In 
addition, three heterozygous mutations of unknown pathogenicity 
were identified in three other cases (c.577C>T, p.Arg193Trp; 
c.701C>T, p.Ser234Phe; and c.907G>A, p.Gly303Ser). In order to 
test whether the mutations of the index case (case 1:A) were patho-
genic, we performed complementation assays in complex I–defective 
fibroblasts. After transduction with a lentiviral vector expressing 
wildtype ACAD9 complementary DNA (cDNA), the mutant cell 
lines showed a significant increase of complex I activity, whereas 
complex IV and citrate synthase activities remained unchanged  
(Fig. 2). This result supports the pathogenic relevance of the  
mutations found in ACAD9.

Next, we investigated whether the reduction of complex I activ-
ity was associated with reduced or abnormal complex I assembly. 
Blue native gel electrophoresis in combination with fluorescence 
labeling of mitochondrial proteins showed that the complex I 
holoenzyme was assembled in supercomplexes. The amount of 
complex I holoenzyme was substantially reduced (by 35%) in 
mutant cells, suggesting either complex I instability or impaired 
assembly. Transduction of wildtype ACAD9 increased the amount 
of complex I holoenzyme in supercomplexes up to normal levels 
(Fig. 3 and Supplementary Table 4).

All the sequence variants found in our cases are mis-sense muta-
tions in conserved amino acid residues, suggesting impaired ACAD9 
folding. Riboflavin, the vitamin precursor of the flavin adenine dinu-
cleotide (FAD) moiety, which is the catalytic cofactor of ACADs, is 
known to foster their assembly and stability10. Therefore, we tested 
the effect of riboflavin in mutant cell cultures from cases I:A and 1:B.  
Supplementation of 5.3 μM of riboflavin for 3 days resulted in a 
 significant increase of complex I activity (2.1-fold (P < 0.05) and  
1.7-fold (P < 0.05), respectively; Fig. 4), whereas the activity of 
 complex IV remained unchanged.

A function of ACAD9 in the oxidation of long-chain fatty acids 
has been shown in vitro, with an optimum activity toward unsatu-
rated species11,12. However, as for other ACADs, including, for 
instance, ACADL, the physiological function of ACAD9 in vivo 
remains poorly understood. Three previously reported cases with 
metabolic and clinical features resembling a β-oxidation defect 
had low levels of ACAD9 mRNA and protein but no mutations in 
ACAD9 (ref. 13), a result that, albeit interesting, casts doubt on the 
primary role of ACAD9 in the metabolic condition of these cases. 
On the contrary, we clearly demonstrated that mutations in ACAD9 
are associated with a mitochondrial disorder dominated by severe 
and generalized complex I deficiency. Notably, our cases had no 
biochemical abnormality of β-oxidation, based on both the absence 

of urinary and serum biomarkers (case I:B) and normal fatty acid 
β-oxidation activities in fibroblasts (case II).

How can ACAD9 impairment affect complex I activity and stability? 
A first hypothesis is that this protein plays a dual role, one role related 
to β-oxidation and the other to complex I stability. A dual role has 
indeed been demonstrated for the acyl carrier protein14, which is in 
fact part of the mitochondrial fatty acid biosynthetic pathway and is 
also a protein subunit of complex I. A direct interaction of ACAD9 
with two other complex I assembly factors, NDUFAF1 and ECSIT, 
has been shown recently15. A second hypothesis is that ACAD9 is 
involved in the biochemical dynamics of the lipid milieu in the inner 
mitochondrial membrane. Not only is complex I physically embedded 
in the inner mitochondrial membrane, but its stability and activity 
depend on the composition of the surrounding lipid compounds, 
particularly cardiolipin16.

All of our four cases with mutations in ACAD9 presented with 
 cardiomyopathy, encephalopathy and lactic acidosis. Unlike in many 
mitochondrial disorders6, we obtained a promising clinical response to 
a multivitamin scheme including daily riboflavin treatment (100 mg) in 
case I:B. Beneficial effects of riboflavin treatment have repeatedly been 
reported in individuals with mutations in genes encoding enzymes 
containing FAD and flavin mononucleotide (FMN)17,18; the identifica-
tion of pathogenic mutations in ACAD9, encoding a FAD-containing 
flavoprotein, offers a rational, mechanistic explanation of our clinical 
observation. However, follow-up data of a larger cohort of individuals 
with ACAD9 mutations is needed to establish the clinical efficacy of a 
supplementation with vitamins and cofactors.

In this study, we demonstrated that exome sequencing in 
 combination with prioritization for mitochondrial proteins and 
 cellular complementation assays, is effective in the elucidation of the 

Figure 3 Complex I assembly in fibroblasts. 
Two-dimensional blue native–SDS-PAGE 
separation and quantification of fluorescent-
labeled mitochondrial complexes from  
10 mg patient (P), patient transduced  
with wildtype ACAD9 (P-T) and control 
fibroblasts (C) are shown. Densitometric 
quantitation of supercomplex (S) fluorescence 
intensity was normalized to complex V (C,  
n = 5; P, n = 3; P-T, n = 2). Error bars  
indicate ± s.d. Gels from one typical 
experiment are shown as pseudocolors. 
Assignment of complexes: VM, monomeric 
complex V or ATP synthase; III, complex III or cytochrome c reductase; IV, complex IV or cytochrome c oxidase; S, supercomplexes composed  
of respiratory chain complexes I, III and IV. Arrows indicate the subunits that were chosen for quantification.
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Figure 4 Effect of riboflavin treatment in fibroblasts. We treated case I:A, 
I:B and control fibroblast cell lines with riboflavin (5.3 μM for 72 h) and 
we determined respiratory chain complex I, IV (RCCI and IV) and citrate 
synthase activities. Measurements were performed in three independent 
experiments. Activities are expressed in percent of lowest control value ± 
s.d. *P < 0.05, **P < 0.01. g NCP, gram non-collagen protein.
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molecular basis of complex I deficiency. This achievement is clearly 
important for the diagnosis and, eventually, the treatment of com-
plex I individuals and offers a methodological paradigm that can be 
exploited in the near future for the definition of the gene repertoire 
involved in the formation, stability and activity of complex I.

URLs. MitoP2, http://www.mitop.de:8080/mitop2/; Sequence Variant 
Analyzer (SVA), http://www.svaproject.org/; primer design, http://ihg2.
helmholtz-muenchen.de/ihg/ExonPrimer.html; sequence alignment, 
http://www.mutationtaster.org/.

MeThoDs
Methods and any associated references are available in the online 
 version of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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oNLINe MeThoDs
Cases and samples. For exome sequencing, we selected one out of two 
affected siblings of self-reported European ancestry with respiratory chain 
complex I deficiency. The index case was diagnosed at the Unit of Molecular 
Neurogenetics at the ‘C. Besta’ Neurological Institute–IRCCS Foundation.

Mutation screening was performed in a survey of index cases from various 
European centers. The biochemical diagnosis of complex I deficiency was 
mandatory for inclusion in the study. Written consent was obtained from all 
cases or their guardians, and the ethical committees of each referring center 
approved the study. Phenotypic data were collected from medical reports and 
the clinicians involved.

Targeted capture and exome sequencing. DNA was extracted from fibroblast cell 
lines of the index case using the AllPrep RNA/DNA Mini Kit (Qiagen). Targeted 
enrichment was performed with an ABI SOLiD optimized SureSelect human 
exome kit (Agilent) and 3 μg of genomic DNA. The kit is designed to enrich for 
165,637 exons (~18,000 genes) covering a total of 37-Mb genomic sequences. The 
prepared exome library was used for electronic PCRs following the manufactur-
er’s instructions (Life Technologies) based on a library concentration of 0.5 pM. 
Captured libraries were sequenced as single-end 50-bp reads. For each sample, 
one quad of a SOLiD sequencing slide (Life Technologies) was used.

Read mapping and variant analysis. Color space reads were mapped to the 
reference human genome (UCSC hg18) with the BLAT-like fast accurate 
search tool (BFAST v0.6.2a)19. SNVs were subsequently called using SAMTools 
(v0.1.7-18(r605))20 with the following quality criteria: ≥×8 coverage, at least 
three reads indicating a sequence variation detected in at least 5% on both 
strands and a Phred-like consensus quality of ≥20 (ref. 3). Variants were 
defined as ‘heterozygous’ when ≥25% of all nucleotides at the position showed 
non-reference bases and as ‘homozygous’ according to the initial SAMTools 
classification (using default parameters).

For prioritization, we omitted known variants from HapMap21 and dbSNP 
v130 (ref. 22) using the Sequence Variant Analyzer (SVA) version 1.01b. An 
additional 200 cSNVs detected in independent exome resequencing projects 
were excluded. We used SVA for the annotation of SNVs based on Ensembl 
and databases included in SVA. Based on a recessive model of inheritance3, 
non-synonymous variants were filtered for genes with more than one variant. 
Further, we prioritized genes encoding proteins with a known or predicted 
mitochondrial localization according to the MitoP2 database8.

ACAD9 mutation screening. PCR primers for the 18 ACAD9 exons were 
designed using the UCSC ExonPrimer-Primer Design Program. Restriction of 
the PCR product size to a maximum of 500 bp resulted in 17 PCR amplicons. 
Primer sequences and PCR conditions are provided on request. Mutational 
screening in ACAD9 in 120 index cases with isolated complex I deficiency was 
conducted on a LightScanner instrument (Idaho Technology) as described else-
where23. In cases of altered melting curves compared with the average of multi-
ple wildtypes, the exon was sequenced using the BigDye sequencing kit (Applied 
Biosystems). High-resolution melting-curve analysis assays were established for 
all exons except for exon 7, which was analyzed by Sanger sequencing. Only a 
heterozygous change in NDUFS2 (c.671C>T het; p.Ala224Val) was identified. 
Molecular analysis of the mtDNA revealed neither new nor known pathogenic 
mutations, nor any evidence for mtDNA deletions or depletion.

Riboflavin treatment of fibroblast cell lines. Fibroblast cell lines were grown 
under standard conditions in high-glucose Dulbecco’s Modified Eagle’s Medium 
(DMEM, Invitrogen, 41966) supplemented with 10% of FBS (Invitrogen, 
10270106), 1% penicillin/streptomycin (Invitrogen, 15070-063) and 200 μM 
uridine (Sigma, U3003), and cultivated at 37 °C in atmospheric oxygen and 5% 
CO2. Riboflavin (Sigma, R9504) was added to the culture medium to a final 
concentration of 5.3 μM. Cells were collected for analysis of respiratory chain 
complex activity and gene expression analysis after 72 h of treatment.

We determined mitochondrial respiration in case I:B in digitonin-permea-
bilized fibroblasts using high-resolution respirometry (Oroboros Oxygraph-
2k), and we used DatLab Software for data acquisition and analyses (Oroboros 
Instruments) as previously described24. Respiration rates were calculated as 

the time derivative of the oxygen concentration normalized for viable cells 
analyzed. Cell lines from case I:A were analyzed spectrophotometrically25. 
Three independent experiments were performed for each condition.

Lentiviral complementation. The feline immunodeficiency virus (FIV)–based  
lentiviral transduction was done according to the manufacturer’s protocol 
(GeneCopoeia, Lenti-Pac FIV Expression Packaging Kit, User Manual Version III).

In brief, to produce the FIV particles, HEK293T cells were plated 2 days before 
transfection in high-glucose DMEM (Invitrogen, 41966) supplemented with 
10% of heat-inactivated FBS (Invitrogen, 10270106) at 70% confluence. Without 
changing the medium, HEK293T cells were cotransfected using EndoFectin 
(Genecopoeia) with the packaging plasmids (GeneCopoeia, Lenti-Pac FIV) and 
the expression vector (Genecopoeia) containing the cDNA of ACAD9 and a 
neomycin resistance gene at a 1:1 ratio. After 12 h, the medium was replaced with 
DMEM supplemented with 2% FBS and 1% penicillin/streptomycin. The super-
natant containing the viral particles was collected 48 h after transfection, cen-
trifuged at 500g for 10 min and filtered through a 0.45 μm filter. The fibroblasts  
(60–70% confluence) were than transduced using a 1:2 dilution with DMEM 
supplemented with 10% FBS, 1% penicillin/streptomycin (Invitrogen, 15070) 
and 200 μM uridine (Sigma, U3003). Forty-eight hours after the transduction, 
the fibroblasts were selected using 3 μl/ml G418 antibiotics (Sigma, G8168) for 
2 weeks before performing biochemical analysis.

Complex I, complex IV and citrate synthase activities were determined 
 spectrophotometrically as described25 using a JASCO V-550 spectrophotometer. 
Overexpression of mutant ACAD9 did not increase complex I activity.

Electrophoresis and fluorescence labeling of mitochondrial proteins. 
Standard protocols for solubilization of cells with digitonin, one-dimensional  
BNE (blue native electrophoresis)26 and two-dimensional SDS-PAGE27 were 
modified to improve isolation of mitochondrial complexes from human 
fibroblasts. Briefly, mitochondrial protein complexes from 10 mg fibroblasts 
(wet weight) were labeled with Fluorescein and solubilized with 5 μl digi-
tonin (20%) in a buffer containing 50 mM NaCl, 50 mM imidazole, 2 mM  
aminohexanoic acid and 1 mM EDTA at pH 7. Following one-dimensional BNE 
and two-dimension SDS-PAGE, the two-dimension gels were scanned using 
a Typhoon scanner (GE Healthcare) to detect Fluorescein (excitation 488 nm, 
emission filter 520 nm). Detailed protocols for fluorescence labeling will be 
published elsewhere (Strecker, Wittig & Schägger, unpublished).

Sequence alignment. The multiple protein sequence alignment was gener-
ated using Mutation Taster28 and the following protein sequences: human  
(ENST00000308982), chimpanse (ENSPTRG00000015362), rhesus (ENSMMUG 
00000006338), cat (ENSFCAG00000008660), mouse (ENSMUSG00000027710), 
chicken (ENSGALG00000005034), Xenopus (ENSXETG00000001719), zebrafish 
(ENSDARG00000055620) and fugu (ENSTRUG00000002716).

Statistical analysis. The data are presented as means ± s.d. of at least three 
independent experiments and analyzed by Student’s t-test. P values less  
than 0.05 were considered to be statistically significant.
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Abstract

Background: Accurate molecular diagnosis of monogenic non-autoimmune neonatal diabetes mellitus (NDM) is critical for
patient care, as patients carrying a mutation in KCNJ11 or ABCC8 can be treated by oral sulfonylurea drugs instead of insulin
therapy. This diagnosis is currently based on Sanger sequencing of at least 42 PCR fragments from the KCNJ11, ABCC8, and
INS genes. Here, we assessed the feasibility of using the next-generation whole exome sequencing (WES) for the NDM
molecular diagnosis.

Methodology/Principal Findings: We carried out WES for a patient presenting with permanent NDM, for whom mutations
in KCNJ11, ABCC8 and INS and abnormalities in chromosome 6q24 had been previously excluded. A solution hybridization
selection was performed to generate WES in 76 bp paired-end reads, by using two channels of the sequencing instrument.
WES quality was assessed using a high-resolution oligonucleotide whole-genome genotyping array. From our WES with
high-quality reads, we identified a novel non-synonymous mutation in ABCC8 (c.1455G.C/p.Q485H), despite a previous
negative sequencing of this gene. This mutation, confirmed by Sanger sequencing, was not present in 348 controls and in
the patient’s mother, father and young brother, all of whom are normoglycemic.

Conclusions/Significance: WES identified a novel de novo ABCC8 mutation in a NDM patient. Compared to the current
Sanger protocol, WES is a comprehensive, cost-efficient and rapid method to identify mutations in NDM patients. We
suggest WES as a near future tool of choice for further molecular diagnosis of NDM cases, negative for chr6q24, KCNJ11 and
INS abnormalities.
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Introduction

Neonatal diabetes mellitus (NDM) is a rare monogenic form of

non-autoimmune diabetes which affects 1 in ,300,000 live births

and is diagnosed before six months of age [1,2,3]. Approximately

half of the NDM cases are transient (TNDM) but can ultimately

relapse. In contrast, permanent NDM (PNDM) cases need

continual treatment from diagnosis [1,2,3]. More than half of

both forms of NDM cases have been elucidated, so far, and it

appears that the genetic aetiologies of NDM are quite heteroge-

neous. Indeed, although the majority of TNDM cases have an

abnormality in chromosome 6q24 and the other most frequent

causes of NDM are missense mutations in the pancreatic b-cell

KATP channel genes KCNJ11 and ABCC8, and in the preproinsulin

gene, NDM has been linked to numerous other genetic causes

including point mutations in GCK, GLIS3, EIF2AK3, PDX1,

PTF1A, SLC2A2, HNF1B or FOXP3 [1,2,3].

Even if the presence of specific clinical features (e.g. relatively late

age of onset, pancreas agenesis, developmental delay, renal failure,

anaemia, thyroid disease, cardiac disorders…) or a family history of

diabetes or consanguinity may suggest potential molecular aetiolo-

gy(ies) for NDM, a molecular genetic diagnosis is crucial as it can

predict the most appropriate treatment and genuinely improve

quality of life [3]. The most striking example is seen for NDM patients

with a mutation in the KATP channel genes, who can be treated

effectively with oral sulfonylureas that directly bind the SUR1

regulatory subunit of the channel, rather than requiring life-long

insulin therapy which usually provides poor glycemic contol [4,5,6].
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Most developed countries offer DNA testing for NDM patients

to establish a personal molecular genetic diagnosis for family

counselling and to plan personalized pharmacotherapy. When

severe hyperglycaemia is detected in a neonate, it is difficult to

predict whether NDM will be transient or permanent. If the young

patient does not have extrapancreatic features or a family history

of diabetes (especially in a consanguineous context), it is suggested

to first search for a chromosome 6q24 abnormality or for a

KCNJ11 mutation, as these NDM aetiologies are the most

frequent, and then for mutations in ABCC8 and INS if the first

tests are negative [1,3]. As KCNJ11, ABCC8 and INS altogether

represent 42 coding exons, sequencing these genes using the

standard Sanger protocol is obviously tedious, long and costly. If

this first set of gene sequencing is negative, further molecular

analysis of the other NDM genes is generally not performed. This

current approach to molecular diagnosis of NDM provides only a

limited sequencing of the known NDM genes and no assessment of

possible modifier genetic loci elsewhere in the genome: a more

comprehensive cost efficient methodology to scrutinize every new

NDM case is necessary.

In the present study, we demonstrate the feasibility of next-

generation whole exome sequencing (WES) for the molecular

diagnosis of a patient with NDM without any extrapancreatic

features or family history of diabetes. Despite previous negative

Sanger sequencing of ABCC8 by a hospital laboratory, we

identified a novel non-synonymous mutation in this gene through

WES. We show that this cutting-edge novel technology is more

comprehensive, less labour intensive and thus cheaper for NDM

diagnosis than standard sequencing protocols.

Results

The patient’s clinical record reported that he has developed

severe hyperglycemia, ketoacidosis and weight loss at two months

of age. HLA typing showed neutral alleles for type 1 diabetes

mellitus susceptibility. Pancreas ultrasound scan was normal and

the patient did not show any specific extra-pancreatic clinical

features. He was firstly treated with continuous subcutaneous

insulin infusion during two years with rather low dose of insulin

(,0.5 units/kg/day) for a pretty good metabolic control (A1C

,8.5%). He was then switched with a basal-bolus scheme for

technical adverse outcome. The patient is currently 20 years old.

He is treated with 1.1 units/kg/day of insulin, with A1C values

ranging between 8 and 9%. He always had an attention disorder

and a learning disability without obvious motor symptoms or

epilepsy.

After target enrichment, the whole exome DNA library from

the patient was sequenced in 76 base-pairs (bp) paired-end reads,

using two channels of the sequencing instrument. The WES

generated 34,600,000 bp of nucleotide sequences mapping once to

the targeted exome, which achieved a mean coverage of 1226of

the target exome. WES identified 55,202 targeted DNA variants

from the reference human genome sequence NCBI36/hg18, of

which 4,463 were novel compared to the public database

dbSNP130 and the eight HapMap exomes sequenced by Ng

et al. [7] (Table 1). More specifically, we found 407 genes with one

or more novel mutations including missense coding SNPs, gains of

STOP codon and frameshift mutations (Table 1).

To validate our WES data and analysis protocol, the patient’s

DNA was genotyped using an Illumina Human1M-Duo array,

which contains 8,500 single nucleotide polymorphisms (SNPs)

located in exons captured by the Agilent SureSelect technology.

WES identified 7,969 exomic SNPs present on the genotyping

array (93.8%), and showed high concordance rates for homozy-

gous and heterozygous calls (100% and 99.5% and respectively).

By using only one channel of the sequencing instrument, the

generated sequence achieved a mean coverage of 656of the target

genome and 88.9% of the exomic SNPs present on the genotyping

array were identified. These results would suggest that our WES

based on the use of two channels of the genome analyzer has a low

Table 1. Number of mutations identified through the WES analysis of DNA sample from the PNDM patient.

Sample PNDM patient

Total targetted SNPs (Novel*) 55,202 (4,463)

Homozygous SNPs Total SNPs (Novel*) 22,030 (589)

Concordance* (%) 100

Sensitivity{ (%) 91.8

Heterozygous SNPs Total SNPs (Novel*) 33,172 (3,872)

Concordance{ (%) 99.5

Sensitivity{ (%) 95.1

Synonymous coding SNPs Homozygous (Novel*) 3,262 (14)

Heterozygous (Novel*) 4,780 (277)

Missense coding SNPs (a) Homozygous (Novel*) 2,907 (18)

Heterozygous (Novel*) 4,264 (430)

Gains of STOP codon (b) Homozygous (Novel*) 16 (0)

Heterozygous (Novel*) 30 (7)

Insertions or deletions (c) Homozygous (Novel*; Novel frameshift) 1,748 (951; 0)

Heterozygous (Novel*; Novel frameshift) 409 (284; 0)

Genes with one or more (a),(b) or (c) mutations (Novel*) 4,495 (407)

*Novel: a novel mutation means that it is not present in the public database dbSNP130 and the eight HapMap exomes sequenced by Ng et al. [7].
{Concordance: % of similar allele assignment among exomic mutations detected on the Illumina Human1M-Duo array and those discovered by WES.
{Sensitivity: % of exomic mutations present on the Illumina Human1M-Duo array that have been discovered by WES.
doi:10.1371/journal.pone.0013630.t001
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false negative rate for detecting exomic mutations, which is

necessary to achieve accurate molecular diagnosis for patients

presenting with monogenic disorders.

In 2004, single-stranded Sanger sequencing analysis of the

patient’s DNA by a hospital unit showed no evidence for coding

mutations in ABCC8. Also, no abnormalities in KCNJ11, INS and

chromosome 6q24 were reported by the molecular diagnostic

laboratory of Robert Debré Hospital (Paris, France). Since these

assessments were performed six years ago, we checked again for

mutations in these three genes as well as in all other genes known

to be involved in monogenic forms of diabetes. Unexpectedly, we

identified a novel heterozygous non-synonymous mutation

c.1455G.C/p.Q485H in the 9th exon of ABCC8. Based on this

startling result, we used a standard Sanger sequencing protocol, to

study the patient’s DNA sample available in the CNRS-

UMR8199 unit (Lille, France) as well as the sample stored at

the Robert Debré hospital (Paris, France). In both cases, we

identified the p.Q485H mutation in ABCC8, confirming our WES

results. In addition, retrospective re-examination of the data

generated six years ago indicated that the p.Q485H mutation was

present in the original ABCC8 exon 9 sequences (chromogram).

The ABCC8 p.Q485H mutation was not found in 348 French

nondiabetic individuals or in the patient’s mother, father and

young brother, all of whom are normoglycemic. The p.Q485H

mutation affects an amino acid that is located in the transmem-

brane domain 1 (TMD1) of the ABCC8/SUR1 core; and that is

highly conserved across species (Rhesus, Mouse, Dog, Rabbit,

Elephant, Opossum, Platypus, Chicken, Lizard, Stickleback,

X_Tropicalis, Tetraodon) according to the UCSC (NCBI/hg18)

comparative genomics alignment pipeline (http://www.bx.psu.

edu/miller_lab/). We evaluated the possible functional signifi-

cance of the p.Q485H mutation by the PolyPhen-2 (Polymor-

phism Phenotyping v2) software which uses sequence- and

structure-based criteria to predict the putative impact of point

mutations on the structure and function of human proteins [8]: the

p.Q485H mutation is predicted ‘probably damaging’ with a score

of 0.999 (the score of 1 indicating the most damaging mutation).

Following the identification of this ABCC8 mutation in the

patient’s DNA, a switch from insulin to oral sulfonylurea treatment

will be tried soon at Necker Hospital (Paris, France).

Discussion

In the present study, we demonstrate for the first time that WES

can be seen as a relevant alternative for molecular diagnosis of

NDM. Since an accurate molecular diagnosis for this condition

can lead to very dramatic improvements in patient care,

development of reliable and cost efficient methods for quick and

accurate DNA analysis are of major interest.

Currently, patients with NDM are evaluated using Sanger

sequencing, which is far more expensive per sequenced base-pairs

than WES. Indeed, the standard sequencing of a single PCR

fragment costs 67.50J ($82) for the only French hospital

laboratory specialized in NDM molecular diagnosis (Robert

Debré hospital, Paris). This price includes consumables, equip-

ment amortization, personnel salary and hospital overhead costs.

Therefore, the total cost for the French National Insurance for the

sequencing of KCNJ11, ABCC8 and INS alone, which requires 42

PCR fragments is 2,835J ($3,440; ,0.45J or ,$0.55 per bp). In

comparison, the all inclusive cost of WES for NDM, which will

detect mutations in KCNJ11, ABCC8 and INS as well as rarer

genetic aetiologies of NDM, is currently 3,274J ($4,146;

,,0.001J or $ per bp) per sample, by performing a sequencing

on two channels and in 76 bp paired-end configuration (CNRS-

UMR8199, Lille, France). Moreover, it is very likely that WES

cost will fall in next months towards 2,000J ($2,528) or even less.

We believe that the WES protocol is less labour intensive and

time-consuming than the standard Sanger protocol for genetically

heterogeneous disorders requiring several large genes to be

screened. A WES run involving four DNA samples can be

completed in two weeks, including the time required to analyse the

data, which is comparable to the time required by current Sanger

sequencing of ABCC8 only with its 39 exons. The p.Q485H

mutation was missed six years ago by the research assistant in

charge of the sequence reading. Although we can assume that

mutation detection bio-informatics tools were less efficient a few

years ago (the hospital laboratory used the PhredPhrap software in

2004) and that current methods are more accurate, the Sanger

protocol and specially the semi-automated reading of sequence

traces is always laborious and demanding (thus expensive), and a

double-check of sequence readings by two different persons is

performed in several French diagnostic laboratories in order to

avoid any errors in the mutation identification process.

WES method is not only a cost-effective tool for molecular

diagnosis; it should be also seen as an excellent tool for further

genetic research and identification of novel causal mutations.

Indeed, in the French NDM cohort, half of PNDM cases are still

not elucidated [9,10]. Classical linkage analyses are generally not

successful as many NDM mutations occur de novo or are not fully

penetrant. Most NDM genes have been found via candidate gene

analyses but this approach has now reached its limits [11].

However, WES typically yields thousands of ‘novel’ genetic

variants (i.e. not yet present in human genome variants databases).

Therefore, the identification of truly causal variants would be

strongly facilitated by the development of a high quality WES

database of novel mutations found in both elucidated cases or in

cases of unknown aetiology as well as in controls coming from

same ethnicity. WES would also permit the identification of

putative NDM modifier genes, a very challenging task for targeted

gene analysis.

We are quite confident that the p.Q485H mutation is likely to

be functional given the non ambiguous prediction of its putative

damaging effect. In addition, the clinical data from the patient fit

well with the features of PNDM linked to a ABCC8 mutation (e.g. de

novo mutation associated with very early-onset of the disease and

attention disorder) [4,12].

We believe that other NDM patients should be assessed with the

same protocol as DNA quality may change the WES accuracy.

Also, our DNA capture was not totally perfect as we could miss

approximately 6% of exomic SNPs present in the high-resolution

oligonucleotide genotyping array. Furthermore, the exomic

coverage was not homogeneous between NDM genes (Table 2),

thus we could suspect that the WES accuracy would not be the

same for all NDM genes. Therefore, despite high WES mean

coverage and elevated rates of both concordance and sensitivity in

mutation detection, it is also necessary to assess and to verify the

homogeneity of the target capture, specially in the genes of interest

that have to be screened for molecular diagnosis (Table 2).

Knowing that the capture technology is improving day after day

(by enriching exomic loci poorly captured with the previous kits),

our present study suggests that it will be possible to soon update the

protocols for molecular diagnosis of NDM [3,13]. We propose that

after discovery of severe hyperglycemia in a neonate who is negative

for serological markers of type 1 diabetes, a preliminary assessment

of abnormalities of chromosome 6q24 can be performed (as at this

stage, it is too early to guess NDM will be permanent or transient)

followed by the search of a mutation in both KCNJ11 and INS using

Sanger sequencing as these two genes can be easily and quickly
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sequenced. If negative, we propose a WES analysis of the patient’s

DNA which is the most comprehensive way to fully explore the

molecular causes of this NDM case.

Materials and Methods

Study participant and DNA samples
For WES, we selected a patient of European origin, diagnosed

with PNDM who was referred to the French Network for the

Study of Neonatal Diabetes Mellitus [9]. He was born from non

consanguineous parents and had no intra-uterine growth retarda-

tion (birth weight 2,900 g/birth length 50 cm at 40 gestational

weeks). He underwent a thorough clinical examination and his

medical records were reviewed. Assessment of neurological

outcome was also performed. Initial diagnostic testing for

mutations in KCNJ11, ABCC8 and INS, and for chromosome

6q24 abnormalities was negative. DNA samples from the patient’s

parents and his young brother were available for genetic testing.

Ethics Statement
The study was approved by the local ethics committees

(Assistance Publique – Hôpitaux de Paris, ClinicalTrials.gov

Identifier: NCT00610038), and both parents gave written

informed consent for the genetic testing of their child.

Targeted capture and massive parallel sequencing
Approximately 187,000 coding exons from 3 mg of genomic DNA

from the patient were captured using the Agilent SureSelect Human

All Exon kit, following the manufacturer’s protocols. Briefly, DNA

was sheared by acoustic fragmentation (Covaris) and purified using

the QIAquick PCR Purification Kit (Qiagen). The quality of the

fragmentation and purification was assessed with the Agilent 2100

Bioanalyzer. The fragment ends were repaired and adaptors were

ligated to the fragments (NEBNext DNA sample prep, New England

Biolabs). The resulting DNA library was purified using the QIAquick

PCR Purification Kit, amplified by PCR and captured by hybri-

dization to the biotinylated RNA library ‘‘baits’’ (Agilent). Bound

genomic DNA was purified with streptavidin coated magnetic Dynal

beads (Invitrogen) and re-amplified. The whole-exome DNA library

was sequenced on the Illumina Genome Analyzer IIx in 76 bp

paired-end reads and using two channels.

Read mapping, variant analysis and quality test of the
sequencing protocol

Sequence reads were mapped to the reference human genome

(UCSC NCBI36/hg18) using the ELANDv2 software (Illumina).

Variant detection was performed with the CASAVA software

(version 1.6, Illumina) and filtered to fit a CASAVA quality

threshold $10 and depth of $86CASAVA filters duplicate reads

and reads without matched pairs.

A genomic DNA sample from the patient was genotyped on the

Illumina Human 1M-Duo DNA Analysis BeadChips (with a call

rate of 99.3%) as previously described [14]. We assessed the rate of

exomic single nucleotide polymorphisms (SNPs) present on the

array that were identified by WES and we calculated the

concordance between the two methods.

Mutation validation
The p.Q485H mutation identified via WES was confirmed

using the Sanger method. Primer sequences and PCR conditions

are available upon request to authors. The PCR fragment fitting

the 9th exon of ABCC8 was sequenced using a standard protocol

and the automated 3730xl DNA Analyser (Applied Biosystems).

Electrophoregram reads were assembled and analysed with the

Variant Reporter software (Applied Biosystems).
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Table 2. Details on exomic sequencing depth in NDM genes, obtained through the WES of the PNDM patient.

NDM genes Chromosome Start End

Number
of coding
exons

Exomic
size (bp)

Number of
mapped
76 bp
exomic
reads

Mean exomic
coverage

% of sequenced exomic genes
according to several depth
thresholds

$86 $206 $506 $1006

KCNJ11 chr11 17365042 17366214 1 1173 984 57.16 100 88.7 50.5 13.6

ABCC8 chr11 17371114 17454899 39 4746 6235 90.56 94.6 85.0 54.5 31.6

INS chr11 2137658 2138777 2 333 97 24.46 87.1 65.8 0 0

GCK chr7 44164197 44159587 12 2012 1055 46.16 70.8 44.1 19.0 14.4

GLIS3 chr9 3818272 4115864 9 2328 3672 130.46 84.8 79.4 67.8 39.9

EIF2AK3 chr2 88638369 88707907 17 3351 9507 214.16 92.2 92.0 87.1 81.4

PDX1 chr13 27392276 27396838 2 852 179 27.26 40.3 24.5 3.9 0

PTF1A chr10 23521466 23522840 2 986 405 59.96 38.8 36.4 26.3 7.0

SLC2A2 chr3 172198386 172227153 11 1575 3669 170.96 99.6 99.2 88.8 69.8

HNF1B chr17 33121488 33178988 9 1674 2089 94.56 93.3 83.4 53.5 34.5

FOXP3 chrX 48994739 49001906 11 1296 402 25.66 69.7 51.9 13.8 0

doi:10.1371/journal.pone.0013630.t002
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Hyperphosphatasia mental retardation (HPMR) syndrome is an 
autosomal recessive form of mental retardation with distinct 
facial features and elevated serum alkaline phosphatase. 
We performed whole-exome sequencing in three siblings 
of a nonconsanguineous union with HPMR and performed 
computational inference of regions identical by descent in  
all siblings to establish PIGV, encoding a member of the  
GPI-anchor biosynthesis pathway, as the gene mutated in 
HPMR. We identified homozygous or compound heterozygous 
mutations in PIGV in three additional families.

Recessive mutations are relatively common in the human genome, 
but their identification remains challenging. Initial efforts at using 
exome sequencing for disease gene discovery1 analyzed small num-
bers of unrelated individuals, removed variants that are common 
or not predicted to be deleterious and then searched for genes with 
such variants in all affected individuals. The analysis of the exome 
sequences of two siblings and two further unrelated individuals 
affected by the autosomal recessive Miller syndrome led to the iden-
tification of DHODH as the disease gene2. Subsequently, researchers 
analyzed whole genome sequences of the same two siblings and their 
parents to identify chromosomal regions in which both siblings had 
inherited identical haplotypes from both parents, which allowed the 

number of gene candidates for Miller syndrome to be reduced from 
34 to 4, showing that linkage information represents a useful filter for 
genome sequence data3. These studies illustrate the utility of sophisti-
cated algorithmic analysis in reducing the candidate gene set beyond 
what can be achieved by a simple intersection filter.

HPMR, also known as Mabry syndrome (MIM%239300), was ini-
tially described as an autosomal recessive syndrome characterized by 
mental retardation and greatly elevated alkaline phosphatase levels4,5. 
Within a group of individuals with this rare syndrome, a previous 
study6 delineated a specific clinical entity characterized by a distinct 
facial gestalt including hypertelorism, long palpebral fissures, a broad 
nasal bridge and tip, and a mouth with downturned corners and a thin 
upper lip, as well as brachytelephalangy. More variable neurological 
features included seizures and muscular hypotonia6.

Here, DNA from three siblings of nonconsanguineous parents 
with this subtype of HPMR was analyzed by exome sequenc-
ing (Supplementary Figs. 1 and 2 and Supplementary Table 1). 
Whole-exome sequencing using the ABI SOLiD platform was per-
formed following enrichment of exonic sequences using Agilent’s 
SureSelect whole-exome enrichment. Called variants were filtered to 
exclude variants not found in all affected persons as well as common  
variants identified in the dbSNP130 or HapMap databases, which 
left 14 candidate genes on multiple chromosomes (Table 1 and 
Supplementary Tables 2–4).

In this work, we developed a statistical model that allowed us to 
infer regions that are identical by descent (IBD) from the exome 
sequences of only the affected children of a family in which an auto-
somal recessive disorder segregates. In consanguineous families, 
affected siblings share two haplotypes that are inherited from a single 
common ancestor at the disease locus and are thus homozygous by 
descent. In nonconsanguineous families, the affected children inherit 
identical maternal and paternal haplotypes in a region surrounding 
the disease gene, meaning that both haplotypes originated from the 
same maternal and paternal haplotype but are not necessarily from 
an identical ancestor (IBD = 2).

We developed an algorithm based on a Hidden Markov Model 
(HMM), a type of Bayesian network that is used to infer a sequence 
of hidden (that is, unobservable) states. We used the HMM algorithm 
to identify chromosomal regions with IBD = 2 in the presence of 
noisy (that is, potentially erroneous) sequence data. It is not possible 
to measure the IBD = 2 state directly; it is only possible to determine 
whether the genotypes of the siblings are compatible with identity-
by-state status, that is, whether each sibling has the same homozygous 
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or heterozygous genotype, a situation which we refer to as IBS*. In 
our model, every genetic locus was either IBD = 2 or IBD ≠ 2. The 
HMM was then used to predict the most likely sequence of IBD = 2  
or IBD ≠ 2 chromosomal segments on the basis of the observed exome 
sequences of two or more affected siblings (Supplementary Fig. 1 and 
Supplementary Methods).

HMM analysis decreased the search space to about 20% of the tran-
scribed genome, reducing the number of candidate genes with muta-
tions present in all three siblings from 14 to 2 (Table 1, Supplementary 
Table 5 and Supplementary Figs. 3–5). The two mutations, 
c.[859G>A]+[859G>A] in SLC9A1 and c.[1022C>A]+[1022C>A] 
in PIGV, were located within a 13-Mb homozygous block that was 
part of a larger 35-Mb IBD = 2 block. Runs of homozygosity of up 
to 4 Mb can occur in the European population even in individuals 
with no shared ancestors in the previous five to ten generations7. 
Both variants were confirmed with ABI Sanger sequencing and were 
not detected in 200 healthy, unrelated central European individuals. 
Further homozygous and compound heterozygous mutations were 
detected in PIGV in individuals from the families designated B8, C9 
and D10 (Supplementary Note and Supplementary Tables 6 and 7). 
All of these missense mutations affect evolutionarily highly conserved 
residues of PIGV (Fig. 1a).

PIGV, the second mannosyltransferase in the GPI anchor bio-
synthesis pathway11, appeared to be of particular interest because 
alkaline phosphatase is a GPI-anchored protein. Over 100 
 mammalian proteins are modified by a glycosylphosphatidylinosi
tol (GPI) anchor at their C terminus. The highly conserved back-
bone structure of the GPI anchor is synthesized in the endoplasmic 
 reticulum through at least nine sequential reaction steps mediated 
by at least 18 proteins. GPI-anchored proteins comprise functionally 
divergent classes including hydrolytic enzymes, receptors, adhesion 
molecules and proteins with roles in the immune system12. Little 
is known to date about the phenotypic consequences of mutations 

of the GPI pathway in mammals. Abrogation of GPI biosynthesis  
in mice by knockdown of Piga, which encodes a protein that is 
involved in the first step of GPI-anchor biosynthesis, results in 
embryonic lethality13. Somatic loss-of-function mutations in 
PIGA in hematopoietic stem cells are associated with paroxysmal 
 nocturnal hemoglobinuria14, primarily because the progeny of 
affected stem cells are deficient in the GPI-anchored complement 
regulatory proteins CD55 and CD59, leading to the intravascular 
hemolysis characteristic of the disease. A promoter mutation in 
PIGM, encoding a subunit of the complex transferring the first 
mannose, reduces PIGM expression by over 90% and leads to an 
autosomal recessive syndrome characterized by hepatic venous 
thrombosis and absence seizures15.

Defects in the GPI biosynthesis pathway can result in down-
regulation of GPI-anchored proteins but not necessarily in a uniform 
reduction of all such proteins12. We therefore examined the surface 
expression of the GPI anchor itself on leukocytes of three indivi-
duals with HPMR using Alexa488-conjugated inactivated aerolysin 
(FLAER). All three subjects showed a substantial reduction of GPI-
anchor expression. Correspondingly, expression of the GPI-anchored 
protein CD16 was markedly reduced (Supplementary Fig. 6).  
Wild-type PIGV cDNA and PIGV cDNA containing the p.Ala341Glu 
alteration were transiently transfected into PIGV-deficient Chinese 
hamster ovary (CHO) cells11 to assess their effect on protein  
expression. Cells transfected with the mutant construct did not 
restore surface expression of GPI-anchored marker proteins (Fig. 1b),  
possibly because expressed PIGV protein levels were substantially 
reduced (Fig. 1c).
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Zebrafish

Lumen

PIGV

Cytosol

NH2
p.Gln256Lys

p.Ala341Glu
p.Ala341Val

CD59 CD55

GAPDH

1 2 3
37 kD

37 kDPIGV

0.001 1.5 0.4

p.His385Pro

Q

A H

COOH

a

b c

figure 1 Identification of PIGV mutations in individuals with HPMR 
syndrome. (a) The homozygous PIGV mutation c.[1022C>A]+[1022C>A]; 
p.[Ala341Glu]+[Ala341Glu] was detected via whole exome sequencing 
in family A. Further homozygous and compound heterozygous mutations 
affecting evolutionarily highly conserved residues were found in three 
unrelated families: c.[1022C>A]+[1154A>C]; p.[Ala341Glu]+[His385Pro]  
in family B, c.[766C>A]+[766C>A]; p.[Gln256Lys]+[Gln256Lys] in  
family C, and c.[1022C>A]+[1022C>T]; p.[Ala341Glu]+[Ala341Val]  
in family D. (b) PIGV-deficient CHO cells were transiently transfected  
with wild-type (dashed lines) or p.Ala341Glu mutant (solid lines) PIGV  
cDNA in a weak expression vector or the empty vector (gray shadow).  
Wild-type PIGV efficiently restored the surface expression of CD59 (left) 
and CD55 (right), whereas p.Ala341Glu mutant PIGV induced only very 
low levels of CD59 and CD55. (c) PIGV protein levels were assessed 2 d 
after transfection of a control vector (lane 1), wild-type PIGV (lane 2) and 
PIGV with p.Ala341Glu (lane 3). The numbers beneath the gel indicate 
the relative intensity of PIGV to GAPDH expression.

table 1 number of genes with nonsynonymous variants and acceptor or donor splice site mutations
A1 A2 A3 A1 & A2 & A3

Filter Homozygous
Compound  

heterozygous All Homozygous
Compound  

heterozygous All Homozygous
Compound  

heterozygous All Homozygous
Compound  

heterozygous All

NS/SS 2,752 934 3,385 2,900 1,090 3,640 2,806 1,070 3,625 1,728 273 1,928

Not in dbSNP130 182 35 216 218 47 262 200 38 235 12 2 14

IBD = 2 16 5 21 20 5 25 17 6 23 2 0 2

Sanger validated 2 0 2

Reducing the search space to the identical by descent (IBD = 2) regions and filtering out all common variants decreased the number of genes with nonsynonymous variants and 
acceptor or donor splice site mutation to two candidate genes. NS, nonsynonymous; SS, acceptor or donor splice site mutations.
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In summary, we have identified PIGV mutations in HPMR using 
whole-exome capture and SOLiD sequencing in combination with an 
HMM algorithm to identify regions with IBD = 2 in siblings affected 
with autosomal recessive disorders. Our algorithm can be used in 
combination with other bioinformatic filters to streamline gene dis-
covery in future exome sequencing projects.

Accession codes. The mutations in this work were numbered  
according to transcripts available in GenBank under the codes  
NM_003047.3 (SLC9A1) and NM_017837.2 (PIGV).

Note: Supplementary information is available on the Nature Genetics website.
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ABSTRACT: Protein coding genes constitute approxi-
mately 1% of the human genome but harbor 85% of
the mutations with large effects on disease-related traits.
Therefore, efficient strategies for selectively sequencing
complete coding regions (i.e., ‘‘whole exome’’) have the
potential to contribute our understanding of human
diseases. We used a method for whole-exome sequencing
coupling Agilent whole-exome capture to the Illumina
DNA-sequencing platform, and investigated two unre-
lated fetuses from nonconsanguineous families with
Fowler Syndrome (FS), a stereotyped phenotype lethal
disease. We report novel germline mutations in feline
leukemia virus subgroup C cellular-receptor-family
member 2, FLVCR2, which has recently been shown to
cause FS. Using this technology, we identified three types
of genetic abnormalities: point-mutations, insertions-
deletions, and intronic splice-site changes (first patho-
genic report using this technology), in the fetuses who
both were compound heterozygotes for the disease.
Although revealing a high level of allelic heterogeneity
and mutational spectrum in FS, this study further
illustrates the successful application of whole-exome
sequencing to uncover genetic defects in rare Mendelian
disorders. Of importance, we show that we can identify
genes underlying rare, monogenic and recessive diseases
using a limited number of patients (n 5 2), in the absence
of shared genetic heritage and in the presence of allelic
heterogeneity.
Hum Mutat 31:918–923, 2010. & 2010 Wiley-Liss, Inc.

KEY WORDS: hydranencephaly–hydrocephaly; exome
sequencing; deep sequencing; FLVCR2; Fowler syndrome

Introduction

Identification of rare monogenic diseases is of substantial
interest to further our understanding of mechanisms of disease,
biological pathways, and targeted therapies. To date, less than half
of allelic variants responsible for monogenic disorders have been
uncovered. This limited success is mainly due to the small
numbers of available affected individuals for a given Mendelian
disease (substantially reduced reproductive fitness leading to
smaller pedigrees in affected families, etc.), or locus heterogeneity.
All of these factors often lessen the power of traditional positional
cloning strategies despite the advent of novel technologies,
including single nucleotide polymorphism arrays (SNP micro-
arrays). SNP arrays have been shown to help narrow areas of
interest for further directed sequencing and are mainly powered
(and thus limited) by families with shared genetic heritage (e.g.,
Mennonites, Amish, etc.) or with proven consanguinity [Laurier
et al., 2006; Nishimura et al., 2005; Paisan-Ruiz et al., 2009; Strauss
et al., 2005]. In contrast, deep resequencing of all human genes for
discovery of allelic variants could potentially identify the gene
underlying any given rare monogenic disease where a shared
genetic heritage is not readily available [Shendure and Ji, 2008].
Massively parallel DNA sequencing technologies have rendered the
whole-genome resequencing of individual humans increasingly
practical, but cost remains a key consideration. An alternative
approach involves the targeted resequencing of all protein-coding
subsequences (that is, the exome), which requires o2% of the
sequencing coverage required for the whole human genome [Choi
et al., 2009; Ng et al., 2009] and has been very recently shown to be
successful in identifying a Mendelian disorder [Ng et al., 2010].

The subject of our research, Fowler syndrome (FS), is a rare,
prenatally lethal, disease that was first described in 1972 by Fowler
et al. [1972]. There are less than 40 case reports [reviewed in
Bessieres-Grattagliano et al., 2009; Williams et al., 2010], and all
indicate a recurrent phenotype with hydrocephalus associated
with progressive destruction of central nervous system tissue as a
result of an unusual and characteristic proliferative vasculopathy.
The occurrence of FS in consanguineous families and recurrence
in both sexes is consistent with an autosomal recessive transmis-
sion. We investigated on the molecular level of two affected fetuses
from two distinct French Canadian and French nonconsangui-
neous families. Using ‘‘next generation’’ exon sequencing (whole-
exome sequencing coupling Agilent in-solution magnetic bead
capture to the Illumina DNA sequencing platform), we identified
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four separate germline alterations in the feline leukemia virus
subgroup C cellular receptor family member 2 gene (FLVCR2,
C14orf58 or FLJ20371 or MFSD7C; MIM] 610865) in the two
patients who were compound heterozygotes for this disease.
Mutations in FLVCR2 have been very recently identified in FS
[Meyer et al., 2010]. In three consanguineous families of Pakistani
origin with FS, Meyer et al. [2010] performed a more traditional
approach using autozygosity mapping (Affymetrix 250SNP arrays
and microsatellite marker genotyping) in affected individuals.
They demonstrated disease-linkage to chromosome 14q24.3,
identified germline mutations in FLVCR2 following direct
sequencing of candidate genes within the target interval in the
consanguineous cases, and further validated them in two
additional patients with no documented consanguinity [Meyer
et al., 2010]. Their approach illustrates a traditional gene mapping
process, which even with the help of modern genotyping methods
requires appropriate family structures and a sequential, usually
lengthy process, involving identification of sizable candidate
regions and systematic Sanger sequencing of a number of
candidate genes. In our study, we use a much simpler and faster
approach that makes full use of emerging technologies. We
uncover two novel genetic alterations and a previously unsus-
pected high allelic heterogeneity in this very rare disorder.
Importantly, we show that whole exome sequencing is a gene
discovery approach that has major potential in identifying
monogenic autosomal recessive disorders from a very small
number affected individuals (n 5 2) regardless of the need for
shared genetic heritage status.

Materials and Methods

Patients Included in the Study

F1 was a female offspring of an unaffected nonconsanguineous
French Canadian couple and was autopsied following pregnancy
termination at the Montreal Children’s Hospital. Pregnancy was
terminated at 23 weeks’ gestational age because of ventriculome-
galy and limb deformities on fetal ultrasound examination.
At autopsy, the fetus had features of fetal akinesia deformation
sequence (arthrogryposis multiplex), with muscular atrophy, joint
contractures, and cutaneous webbing. A 0.6-cm isolated atrial
septal defect without other visceral malformations was also
documented. Neuropathological findings showed bag-like cerebral
hemispheres, with the cerebral mantle measuring only about
1–2 mm in thickness (Fig. 1A). No internal structures, such as
basal ganglia or thalami, could be recognized (Fig. 1B). Brain stem
and cerebellum were very small. Throughout the brain parench-
yma, there were microcalcifications and hyperplastic microvessels
forming glomeruloid structures (Fig. 1C). Some of the endothelial
cells in the latter contained pale eosinophilic inclusions that
stained strongly with PAS and were diastase resistant. Electron
microscopy showed that these inclusions consisted of moderately
electron-dense floculent material present in dilated rough
endoplasmic reticulum (Fig. 1C). The residual brain parenchyma
was highly disorganized. Spinal cord showed the same alterations
and the eyes were normal. No vascular lesions were seen in any
other organ. All of these abnormalities we report in F1 have been
previously documented in the published FS cases [Al-Adnani
et al., 2009; Castro-Gago et al., 2001; Fowler et al., 1972; Halder
et al., 2003; Harper et al., 1983; Ibrahim et al., 2007; Usta et al.,
2005; Witters et al., 2002]. Moreover, parents of F1 had lost a fetus
with a phenotype of Fowler syndrome at 24 weeks of gestation 1

year prior to the termination of this pregnancy. Unfortunately, no
frozen sample was available from the product of the first
pregnancy and there were no other siblings in this family. DNA
from F3, another fetus with FS sharing a similar phenotype
(severely hypoplastic brain stem, cerebellum and spinal cord, and
a glomeruloid vascular proliferation in all the brain including the
cerebral cortex), was obtained through collaboration with a group
in Clermont-Ferrand, France. This proband was from the kindred
of family 4 described in Meyer et al. [2010]. All patient material
was obtained following written consent from the families.

Exome Capture, Sequencing, and Short-Read Alignment

A total of 3 mg of DNA was subject to the exome capture
procedure using the SureSelect Human All Exon Kit (solution
magnetic bead capture), according to manufacturer’s protocols.
The captured DNA was then sequenced using Illumina GAIIx
sequencing. We used three lanes of single-end, 76 base pair reads
per sample. Reads were first processed using ELAND2 to extract
reads that passed quality control in FASTQ format. Next, the reads
for each individual were aligned to the human genome (UCSC
hg18, NCBI build 36.1) using BWA (version 0.5.7) due to its
proven ability to identify insertions and deletions [Li and Durbin,
2009]. We found that BWA consistently had a higher or equal
proportion of mapped reads across each chromosome compared
to ELAND2. Parameters were adjusted to allow for identification
of insertions and deletions longer than four base pairs. Reads
mapping nonuniquely or to unfinished sequences (chrN_random

Figure 1. Neuropathological findings in case F1. A: Brain
suspended in formalin solution. Notice the collapsed cerebral
hemispheres. B: Coronal sections through the cerebral hemispheres.
The cerebral mantle is extremely thin and there are no internal
structures, such as basal ganglia and thalami. C: Histology. Medium
power view shows hyperplastic microvessels (single arrows) and a
glomeruloid structure (double arrow) along with an area of
calcification (asterisk). (Hematoxylin-phloxine-saffron; original magni-
fication 100� ). [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

HUMAN MUTATION, Vol. 31, No. 8, 918–923, 2010 919

50



and chrN_hap) were filtered while all remaining reads were used
for downstream variant detection.

Mapping Statistics

We obtained approximately 78.5 million reads for F1 and 62.7
million reads for F3 that passed quality control and could be
mapped to the reference genome. The exome was defined in a
similar manner as in Ng et al. [2009] based on the NCBI
Consensus Coding Sequence (CCDS) database (version
20090327), which includes the protein coding regions of well-
supported genes. Although this exome definition may miss some
poorly supported genes or exons, it ensures that the regions
included are truly protein coding. This is important because the
majority of deleterious mutations are in coding regions. By
conservatively limiting ourselves to entries with the ‘‘public’’ status
and merging exons with overlapping coordinates to account for
transcript isoforms, we generated a set of 161,778 nonoverlapping
regions covering 27.5 Mb. In total, approximately 27.2 Mb of the
exome was mappable by all of our reads. The BWA alignment
provided an average of 23.2 million and 20.1 million uniquely
mapping reads per lane for F1 and F3, respectively. In addition, 2.1
million reads in F1 and 1.7 million reads in F3 aligned to multiple
positions in the genome. These repetitive locations likely represent
gene families, such as paralogues and pseudogenes. The remaining
13.9 million reads in F1 and 17.3 million reads in F3 were
unmappable. Approximately 50% of all the mappable reads were
targeted to the exome, whereas 63% targeted to regions within
200 bp of the exons. The capture of intronic sequences directly
flanking the exons allows for detection of intronic variants that
may affect pre-mRNA splicing. Overall, using three lanes of
sequencing per sample we obtained an average coverage of 66.8�
of the CCDS exome. This depth of coverage allows confident
calling of both homozygous and heterozygous mutations.

Variant Identification

SNP and indel information was extracted from the alignment data
using the Samtools package (version 0.1.7) [Li and Durbin, 2009;
Li et al., 2009]. Thresholds of Phred-like SNP quality of 20 and 50
were used for SNPs and indels, respectively. Additional custom
filtering criteria were then imposed on SNPs to minimize the false
positive rates. Specifically, to identify a variant base the following
conditions had to be satisfied: the minimum coverage threshold was
set to four reads per base; at least 30% of covering reads had to
support the alternate base; only reads with a minimum base quality
of Phred-like score of 35 for the SNP position were considered; and,
for SNPs with sufficient coverage, the alternate base had to be
supported by reads originating from both DNA strands.

Variant Annotation

After removal of potential artifacts, the variants were function-
ally annotated using an in-house script, created by Louis
Letourneau, and SIFT 4.0.3 [Kumar et al., 2009]. Additionally,
SeattleSeq Annotation 5.00 was used to identify potential splice-
site SNPs. Using these annotations, variants were filtered first for
those that are novel (not present in dbSNP or the 1,000 Genomes
databases) and then for those that are likely deleterious. We
predicted that damaging SNPs would be either missense,
nonsense, or splice-site SNPs whereas damaging indels would be
in coding regions. The variants that met these criteria were used
for downstream analysis.

Identification of FS-Causative Gene

To find the disease-associated gene, we systematically searched
for genes in the following order: a gene with a single homozygous
mutation seen in both F1 and F3; a gene with two distinct
homozygous mutations in F1 and F3; and finally a gene for which
F1 and F3 are compound heterozygotes. Only mutations passing
all filters previously mentioned were considered in this pipeline.
Mutation numbering is based on the NM_017791.2 cDNA
sequence, with position 11 referring to the A of the ATG
initiation codon, in accordance with the journal guidelines
(www.hgvs.org/mutnomen). For protein nomenclature, codon 1
refers the initiation codon from the reference NP_060261.

Results and Discussion

Exome Sequencing Identifies FLVCR2 as Causal in FS

We sequenced exomes in a total of two unrelated fetuses with FS
(F1 and F3) from two independent kindreds using Illumina
Genome Analyzer IIx. An average of 5.3 Gb of mappable sequence
was generated per affected individual as single-end, 76-bp reads.
To distinguish potentially pathogenic mutations from other
variants, we focused on nonsynonymous (NS) variants, splice
acceptor, and donor site mutations (SS), and short coding
insertions or deletions (indels; I), anticipating that synonymous
variants would be far less likely to be pathogenic. We also
presumed that the variants responsible for FS would be rare and
therefore likely to be previously unidentified. A novel variant was
defined as one that did not exist in the databases used for
comparison, namely, dbSNP and 1000 Genomes.

As FS is a recessive disease, each proband was required to have
two inactivated copies of the same gene; that is, both fetuses are
either homozygotes or compound heterozygotes for a NS/SS/I
mutation in the disease-causing gene. To identify the causative
gene, we systematically searched for genes with a unique
homozygous mutation in both samples, genes with distinct
homozygous mutations in either sample, and genes for which
both individuals are compound heterozygotes. Each fetus was
found to have at least a single homozygous NS/SS/I variant in
�4,300 genes and at least a single heterozygous NS/SS/I variant in
�8,200 genes. Filtering these variants against the dbSNP and 1,000
Genomes databases reduced the candidate gene pool 100-fold for
homozygous mutations and 10-fold for heterozygous mutations
(Table 1).

Table 1. The Number of Genes Found in the Two Probands
with Potentially Pathogenic Variants in Various Categories

F1 F3

Homozygous

NS/SS/I 4,275 4,408

Novel 59 81

Common to both samples 0 0

Different mutations in same gene 0 0

Heterozygous

NS/SS/I 8,370 8,040

Novel 868 998

Compound heterozygotes 83 92

Common to both samples 1 1

Genes were screened for both homozygous and heterozygous variants. Each
subsequent row introduces an additional filter on the variants within the two classes
of variants. Novel variants refer to those not present in the dbSNP and 1,000
Genomes databases.
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We first searched, unsuccessfully, for a homozygous mutation
present in both probands. Similarly, no evidence was found for a
single gene harboring different homozygous mutations in the two
samples. We then proceeded to search for potentially damaging
compound heterozygous variants. Individually, 83 and 92
candidate genes were identified in F1 and F3, respectively. Taking
the intersection of these two lists revealed only one candidate
gene, FLVCR2, which encodes the feline leukemia virus subgroup
C cellular receptor family member 2 gene. Thus, comparison of
exome data from two unrelated affected individuals was sufficient
to identify FLVCR2 as the sole candidate gene for FS. This finding
is further corroborated by the recent publication by Meyer et al.
[2010] at the time of finalizing our data.

The protein FLVCR2 has 12 transmembrane domains joined by
extracellular loops (Fig. 2) and is predicted to belong to the major
facilitator superfamily [Finn et al., 2010; Hunter et al., 2009], a
class of small solute transporter proteins responsive to chemios-
motic ion gradients. Although we can identify the location of our
variants with respect to FLVCR2’s domains, further work is
required to fully understand the exact consequences of these
variants.

F1 is a compound heterozygote for two novel mutations. The
first, c.997C4T, is in exon 4 (coordinates 75169725–75169792)
and introduces an Alanine to Valine change, p.Ala326Val, at
the end of the sixth transmembrane domain. The second one is
in the 50 splice site downstream of exon 7 (coordinates
75177051–75177156): c.134112T4C. It changes the GT donor
site to GC and is the first pathogenic splice-site mutation found by
exome sequencing. This mutation most likely leads to the skipping
of exon 7 or retention of the intron following exon 7, disrupting
the tenth transmembrane domain and potentially resulting in
nonsense mediated decay, although the exact effects of this splice

site substitution cannot be determined from this data. Neither
mutation is annotated as a polymorphism in dbSNP nor 1,000
Genomes.

F3 is also a compound heterozygote. We identified the
c.1192C4G (encoding p.Leu398Val) substitution in exon 6 and
the c.329_334del6 deletion, p.Asn110_Phe112delinsIle, in exon 1
described previously by the group of Meyer et al. [2010]. This
deletion results in a frameshift and in the shortening of the first
extracellular loop in by three amino acids while the substitution is
located two amino acids upstream of the ninth transmembrane
domain. The FLVCR2 genotype of this patient is identical to case 6
in family 4 of this report.

To determine whether the wild-type amino acids that are
affected by the mutations are phylogenetically conserved, we used
phastCons scores based on a Multiz alignment of 28 vertebrates,
taken from the UCSC Genome Browser [Blanchette et al., 2004].
Scores range 0 to 1, where 1 is the most conserved. For F1,
c.977C4T has a score of 0.997375 and c.134112T4C has a score
of 0.976378. The scores of the F3 mutations are 1 and 0.992126 for
c329_334del6 and c.1192C4G, respectively. Each mutation found
affects at least one phylogenetically conserved residue, located
either within a transmembrane domain or an extracellular loop.
Altering these amino acids could result in structural changes
within these important domains potentially leading to functional
protein changes. Further functional studies are warranted and
ongoing to test the impact of these mutations on protein function.

Validation of the Novel FLVCR2 Mutations Identified in F1

We had no DNA available from the parents of F1 to document
that they were heterozygotes for the genetic changes seen in
FLVCR2. However, we tested 95 DNA samples from unaffected

Figure 2. Schematic of the mutations found in F1 and F3 in both the gene and protein views. A: The four mutations in FLVCR2 identified in F1
and F3 using whole exome sequencing as visualized using the Integrative Genomics Viewer from the Broad Institute (http://
www.broadinstitute.org/igv). Mutations are also shown in their relative position along the gene (not to scale). B: Mutations in FLVCR2 are
shown relative to the protein domains. Although the splice site mutation is not encoded, it likely results in retention of intron 7, disrupting the
10th transmembrane domain. (TM 5 transmembrane). Mutation numbering is based on the NM_017791.2 cDNA sequence, with position 11
referring to the A of the ATG initiation codon, in accordance with the journal guidelines (www.hgvs.org/mutnomen). For protein nomenclature,
codon 1 refers the initiation codon from the reference NP_060261. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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individuals with similar geographic origin and did not identify the
genetic changes seen in F1 on exons 1 and 4 of FLVCR2, further
confirming that these are causative changes and not nonpatho-
logical variants. Along with the results of Meyer et al. [2010], these
findings provide very strong evidence for the role of FLVCR2 in
FS, as well as the causative function the two new mutations
identified by our group.

FLVCR2 Mutations and the Pathogenesis of FS

We identified four different mutations in a very rare monogenic
disease: FS. In total, when combining our findings with those of
Meyer et al. [2010], seven different mutations, including five
missense variants, one nonsense mutation, and one deletion/
insertion change, will have been found in FLVCR2 and are
potentially causative of FS. The features of FS have been reviewed
in detail in two recent publications [Bessieres-Grattagliano et al.,
2009; Williams et al., 2010]. Its pathological hallmark is the
presence of hyperplastic microvessels forming glomeruloid
structures throughout the central nervouse system (CNS). Some
of these endothelial cells contain eosinophilic, PAS-positive,
diastase-resistant inclusions that on electron microscopy are
composed of moderately electron-dense floculent material present
in dilated rough endoplasmic reticulum. The microvascular
proliferation is associated with extensive necrosis and calcification
of the CNS tissue. Destruction of brain tissue leads to
hydranencephaly. The residual brain tissue is highly disorganized.
The fetuses often but not invariably have features of fetal akinesia
deformation sequence (arthrogryposis multiplex). There are no
visceral malformations and the proliferative microangiopathy has
not been described outside of the CNS. Importantly, it is unclear
whether the microvascular proliferation is the result of the brain
necrosis or its cause.

It is interesting to note that FLVCR2 expression is not restricted
to the CNS or to the vasculature (endothelium or pericytes).
However, mutations in this gene induce a defect that is mainly, if
not exclusively, restricted to the CNS and its vasculature,
reenforcing the notion that brain angiogenesis is differentially
regulated from angiogenesis in other body organs. FLVCR2
belongs to the major facilitator superfamily (MFS) of secondary
carriers that transport small solutes in response to chemiosmotic
ion gradients. It has been previously suggested that this
transporter is specific for a calcium–chelate complex, and is
involved in the regulation of growth and calcium metabolism, two
processes involved in regulating angiogenesis, and the crosstalk
between endothelial cells and pericytes. FLVCR1 (MIM] 609144),
a paralog of FLVCR2 that shares 52% amino acid sequence
identity, has been shown to be a human exporter of heme and to
serve as a receptor for feline leukemia virus subgroup C (FeLV-C).
FLVCR1 is critical for early erythropoiesis, and mutations in this
receptor induce decreased to abrogated heme export, heme
accumulation in erythroid progenitor, and their subsequent death
[Keel et al., 2008]. FLVCR1 null mice die in utero and have
reduced myeloid and lymphoid cell growth and a disruption in
early erythropoiesis with craniofacial and limb deformities [Keel
et al., 2008]. A recent study shows that alternative splicing of
FLVCR1 transcripts lead to subsequent FLVCR1 insufficiency, and
this in turn, acts as a contributing factor to the erythropoietic
defect observed in Diamond-Blackfan anemia [Rey et al., 2008].
Wild-type FLVCR2 does not function as a receptor for FeLV-C or
as a heme exporter; however, a single mutation of Asn463 to an
acidic Asp residue in FLVCR2 extracellular domain 6 is sufficient
to render it functional as an FeLV-C receptor [Brown et al., 2006].

This finding and data on FLVCR1 insufficiency secondary to a
splicing defect in the gene reenforce our mutational findings as
causative of abrogation/change of function in FLVCR2. If heme
export is the major physiological function of FLVCR1, finding
what FLVCR2 is exporting will prove crucial in understanding the
pathogenesis of FS. Further studies are needed to determine what
are the processes altered through FLVCR2 mutations that are
responsible of the exuberant vascular outgrowth and subsequent
hydranencephaly.

We identify herein the gene responsible for a rare autosomal
recessive disorder using direct whole exome resequencing on the
smallest sample size reported for the identification of a monogenic
disorder (n 5 2). To date, there is only one other report that used
this technology for the identification of a monogenic disorder. Ng
et al. [2010] performed this type of methodology on four affected
individuals including two siblings, and identified the gene
responsible for Miller disease in addition to identifying mutations
in DNAH5 causing primary ciliary dyskineasia in the affected
sibling pair. We were able, using this technology, to identify
missense mutations, in-deletions, and intronic splice-site changes
(first report using this technology to identify a pathogenic splice-
site mutation), in only two individuals who were unrelated and
who, in addition, came from kindred with no shared family
heritage. Although we help uncover high allelic heterogeneity and
mutation spectrum in a rare genetic disorder, FS, we show that
this genetic approach is a much simpler and faster approach than
traditional homozygosity mapping that makes full use of emerging
technologies and is capable of identifying rare or common
monogenic, recessive disorders. For dominant conditions, addi-
tional individuals are required, preferably from a single family
whose family structure is known. By performing a linkage analysis
prior to whole exome sequencing or resequencing, the region of
interest could be narrowed to a reasonable size. Furthermore, this
report emphasizes that it is now possible to directly identify a gene
in a recessive Mendelian disorder using as few as two unrelated
individuals and regardless of their kindred shared genetic heritage
(consanguineous families and/or specific communities or genetic
backgrounds) and in the presence of allelic heterogeneity.
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Abstract

An isolated defect of respiratory chain complex I activity is a frequent biochemical abnormality in mitochondrial dis-
orders. Despite intensive investigation in recent years, in most instances, the molecular basis underpinning complex 
I defects remains unknown. We report whole-exome sequencing of a single individual with severe, isolated complex I 
deficiency. This analysis, followed by filtering with a prioritization of mitochondrial proteins, led us to identify com-
pound heterozygous mutations in ACAD9, which encodes a poorly understood member of the mitochondrial acyl-CoA 
dehydrogenase protein family. We demonstrated the pathogenic role of the ACAD9 variants by the correction of the 
complex I defect on expression of the wildtype ACAD9 protein in fibroblasts derived from affected individuals. ACAD9 
screening of 120 additional complex I-defective index cases led us to identify two additional unrelated cases and a 
total of five pathogenic ACAD9 alleles.
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Comprehensive genetic testing for hereditary hearing loss using massively parallel sequencing.
Shearer AE, Deluca AP, Hildebrand MS, Taylor KR, Gurrola J 2nd, Scherer S, Scheetz TE, Smith RJ.

Department of Otolaryngology, Head and Neck Surgery, University of Iowa, Iowa City, IA 52242.

Abstract

The extreme genetic heterogeneity of nonsyndromic hearing loss (NSHL) makes genetic diagnosis expensive and time 
consuming using available methods. To assess the feasibility of target-enrichment and massively parallel sequenc-
ing technologies to interrogate all exons of all genes implicated in NSHL, we tested nine patients diagnosed with 
hearing loss. Solid-phase (NimbleGen) or solution-based (SureSelect) sequence capture, followed by 454 or Illumina 
sequencing, respectively, were compared. Sequencing reads were mapped using GSMAPPER, BFAST, and BOWTIE, 
and pathogenic variants were identified using a custom-variant calling and annotation pipeline (ASAP) that incorpo-
rates publicly available in silico pathogenicity prediction tools (SIFT, BLOSUM, Polyphen2, and Align-GVGD). Samples 
included one negative control, three positive controls (one biological replicate), and six unknowns (10 samples total), 
in which we genotyped 605 single nucleotide polymorphisms (SNPs) by Sanger sequencing to measure sensitiv-
ity and specificity for SureSelect-Illumina and NimbleGen-454 methods at saturating sequence coverage. Causative 
mutations were identified in the positive controls but not in the negative control. In five of six idiopathic hearing loss 
patients we identified the pathogenic mutation. Massively parallel sequencing technologies provide sensitivity, spe-
cificity, and reproducibility at levels sufficient to perform genetic diagnosis of hearing loss.
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Exome sequencing, ANGPTL3 mutations, and familial combined hypolipidemia.
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Ambrogio L, Cibulskis K, Kernytsky A, Gonzalez E, Rudzicz N, Engert JC, DePristo MA, Daly MJ, Cohen JC, Hobbs HH, Altshuler D, 
Schonfeld G, Gabriel SB, Yue P, Kathiresan S.
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Health, Boston, MA 02114, USA.

Abstract

We sequenced all protein-coding regions of the genome (the “exome”) in two family members with combined hypoli-
pidemia, marked by extremely low plasma levels of low-density lipoprotein (LDL) cholesterol, high-density lipoprotein 
(HDL) cholesterol, and triglycerides. These two participants were compound heterozygotes for two distinct nonsense 
mutations in ANGPTL3 (encoding the angiopoietin-like 3 protein). ANGPTL3 has been reported to inhibit lipoprotein 
lipase and endothelial lipase, thereby increasing plasma triglyceride and HDL cholesterol levels in rodents. Our finding 
of ANGPTL3 mutations highlights a role for the gene in LDL cholesterol metabolism in humans and shows the useful-
ness of exome sequencing for identification of novel genetic causes of inherited disorders. (Funded by the National 
Human Genome Research Institute and others.).
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Melanomas acquire resistance to B-RAF(V600E) inhibition by RTK or N-RAS upregulation.
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Abstract

Activating B-RAF(V600E) (also known as BRAF) kinase mutations occur in ∼7% of human malignancies and ∼60% of 
melanomas. Early clinical experience with a novel class I RAF-selective inhibitor, PLX4032, demonstrated an unprec-
edented 80% anti-tumour response rate among patients with B-RAF(V600E)-positive melanomas, but acquired drug 
resistance frequently develops after initial responses. Hypotheses for mechanisms of acquired resistance to B-RAF 
inhibition include secondary mutations in B-RAF(V600E), MAPK reactivation, and activation of alternative survival 
pathways. Here we show that acquired resistance to PLX4032 develops by mutually exclusive PDGFR∼ (also known 
as PDGFRB) upregulation or N-RAS (also known as NRAS) mutations but not through secondary mutations in B-
RAF(V600E). We used PLX4032-resistant sub-lines artificially derived from B-RAF(V600E)-positive melanoma cell lines 
and validated key findings in PLX4032-resistant tumours and tumour-matched, short-term cultures from clinical trial 
patients. Induction of PDGFR∼ RNA, protein and tyrosine phosphorylation emerged as a dominant feature of acquired 
PLX4032 resistance in a subset of melanoma sub-lines, patient-derived biopsies and short-term cultures. PDGFR∼-
upregulated tumour cells have low activated RAS levels and, when treated with PLX4032, do not reactivate the MAPK 
pathway significantly. In another subset, high levels of activated N-RAS resulting from mutations lead to significant 
MAPK pathway reactivation upon PLX4032 treatment. Knockdown of PDGFR∼ or N-RAS reduced growth of the re-
spective PLX4032-resistant subsets. Overexpression of PDGFR∼ or N-RAS(Q61K) conferred PLX4032 resistance to 
PLX4032-sensitive parental cell lines. Importantly, MAPK reactivation predicts MEK inhibitor sensitivity. Thus, melano-
mas escape B-RAF(V600E) targeting not through secondary B-RAF(V600E) mutations but via receptor tyrosine kinase 
(RTK)-mediated activation of alternative survival pathway(s) or activated RAS-mediated reactivation of the MAPK 
pathway, suggesting additional therapeutic strategies.

57



Nucleic Acids Res. 2010 Nov 1;38(20):6985-96. 

Targeted next-generation sequencing of DNA regions proximal to a conserved GXGXXG signaling 
motif enables systematic discovery of tyrosine kinase fusions in cancer.
Chmielecki J, Peifer M, Jia P, Socci ND, Hutchinson K, Viale A, Zhao Z, Thomas RK, Pao W.

Weill Graduate School of Medical Sciences, Cornell University, New York, NY 10021, USA.

Abstract

Tyrosine kinase (TK) fusions are attractive drug targets in cancers. However, rapid identification of these lesions has 
been hampered by experimental limitations. Our in silico analysis of known cancer-derived TK fusions revealed that 
most breakpoints occur within a defined region upstream of a conserved GXGXXG kinase motif. We therefore de-
signed a novel DNA-based targeted sequencing approach to screen systematically for fusions within the 90 human 
TKs; it should detect 92% of known TK fusions. We deliberately paired ‘in-solution’ DNA capture with 454 sequencing 
to minimize starting material requirements, take advantage of long sequence reads, and facilitate mapping of fusions. 
To validate this platform, we analyzed genomic DNA from thyroid cancer cells (TPC-1) and leukemia cells (KG-1) 
with fusions known only at the mRNA level. We readily identified for the first time the genomic fusion sequences of 
CCDC6-RET in TPC-1 cells and FGFR1OP2-FGFR1 in KG-1 cells. These data demonstrate the feasibility of this approach 
to identify TK fusions across multiple human cancers in a high-throughput, unbiased manner. This method is distinct 
from other similar efforts, because it focuses specifically on targets with therapeutic potential, uses only 1.5 µg of 
DNA, and circumvents the need for complex computational sequence analysis.

Nat Genet. 2010 Dec;42(12):1109-12. 

A de novo paradigm for mental retardation.
Vissers LE, de Ligt J, Gilissen C, Janssen I, Steehouwer M, de Vries P, van Lier B, Arts P, Wieskamp N, Del Rosario M, van Bon BW, 
Hoischen A, de Vries BB, Brunner HG, Veltman JA.

[1] Department of Human Genetics, Nijmegen Centre for Molecular Life Sciences and Institute for Genetic and Metabolic Dis-
orders, Radboud University Nijmegen Medical Centre, Nijmegen, The Netherlands. [2] These authors contributed equally to this 
work.

Abstract

The per-generation mutation rate in humans is high. De novo mutations may compensate for allele loss due to 
severely reduced fecundity in common neurodevelopmental and psychiatric diseases, explaining a major paradox in 
evolutionary genetic theory. Here we used a family based exome sequencing approach to test this de novo mutation 
hypothesis in ten individuals with unexplained mental retardation. We identified and validated unique non-synony-
mous de novo mutations in nine genes. Six of these, identified in six different individuals, are likely to be pathogenic 
based on gene function, evolutionary conservation and mutation impact. Our findings provide strong experimental 
support for a de novo paradigm for mental retardation. Together with de novo copy number variation, de novo point 
mutations of large effect could explain the majority of all mental retardation cases in the population.
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Combining target enrichment with barcode multiplexing for high throughput SNP discovery.

Cummings N, King R, Rickers A, Kaspi A, Lunke S, Haviv I, Jowett JB.

Abstract

BACKGROUND: The primary goal of genetic linkage analysis is to identify genes affecting a phenotypic trait. After lo-
calisation of the linkage region, efficient genetic dissection of the disease linked loci requires that functional variants 
are identified across the loci. These functional variations are difficult to detect due to extent of genetic diversity and, 
to date, incomplete cataloguing of the large number of variants present both within and between populations. Mas-
sively parallel sequencing platforms offer unprecedented capacity for variant discovery, however the number of sam-
ples analysed are still limited by cost per sample. Some progress has been made in reducing the cost of resequencing 
using either multiplexing methodologies or through the utilisation of targeted enrichment technologies which provide 
the ability to resequence genomic areas of interest rather that full genome sequencing.

RESULTS: We developed a method that combines current multiplexing methodologies with a solution-based target 
enrichment method to further reduce the cost of resequencing where region-specific sequencing is required. Our 
multiplex/enrichment strategy produced high quality data with nominal reduction of sequencing depth. We undertook 
a genotyping study and were successful in the discovery of novel SNP alleles in all samples at uniplex, duplex and 
pentaplex levels.

CONCLUSION: Our work describes the successful combination of a targeted enrichment method and index barcode 
multiplexing to reduce costs, time and labour associated with processing large sample sets. Furthermore, we have 
shown that the sequencing depth obtained is adequate for credible SNP genotyping analysis at uniplex, duplex and 
pentaplex levels.

Science. 2010 Oct 8;330(6001):228-31. 

Frequent mutations of chromatin remodeling gene ARID1A in ovarian clear cell carcinoma.
Jones S, Wang TL, Shih IeM, Mao TL, Nakayama K, Roden R, Glas R, Slamon D, Diaz LA Jr, Vogelstein B, Kinzler KW, Velculescu 
VE, Papadopoulos N.

Ludwig Center for Cancer Genetics and Therapeutics and Howard Hughes Medical Institute, Johns Hopkins Kimmel Cancer Center, 
Baltimore, MD 21231, USA.

Abstract

Ovarian clear cell carcinoma (OCCC) is an aggressive human cancer that is generally resistant to therapy. To explore 
the genetic origin of OCCC, we determined the exomic sequences of eight tumors after immunoaffinity purifica-
tion of cancer cells. Through comparative analyses of normal cells from the same patients, we identified four genes 
that were mutated in at least two tumors. PIK3CA, which encodes a subunit of phosphatidylinositol-3 kinase, and 
KRAS, which encodes a well-known oncoprotein, had previously been implicated in OCCC. The other two mutated 
genes were previously unknown to be involved in OCCC: PPP2R1A encodes a regulatory subunit of serine/threonine 
phosphatase 2, and ARID1A encodes adenine-thymine (AT)-rich interactive domain-containing protein 1A, which 
participates in chromatin remodeling. The nature and pattern of the mutations suggest that PPP2R1A functions as an 
oncogene and ARID1A as a tumor-suppressor gene. In a total of 42 OCCCs, 7% had mutations in PPP2R1A and 57% 
had mutations in ARID1A. These results suggest that aberrant chromatin remodeling contributes to the pathogenesis 
of OCCC.
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Molecular diagnosis of neonatal diabetes mellitus using next-generation sequencing of the whole 
exome.
Bonnefond A, Durand E, Sand O, De Graeve F, Gallina S, Busiah K, Lobbens S, Simon A, Bellanné-Chantelot C, Létourneau L, 
Scharfmann R, Delplanque J, Sladek R, Polak M, Vaxillaire M, Froguel P.

CNRS-UMR-8199, Univ Lille Nord de France, UDSL, Lille, France.

Abstract

BACKGROUND: Accurate molecular diagnosis of monogenic non-autoimmune neonatal diabetes mellitus (NDM) is 
critical for patient care, as patients carrying a mutation in KCNJ11 or ABCC8 can be treated by oral sulfonylurea drugs 
instead of insulin therapy. This diagnosis is currently based on Sanger sequencing of at least 42 PCR fragments from 
the KCNJ11, ABCC8, and INS genes. Here, we assessed the feasibility of using the next-generation whole exome 
sequencing (WES) for the NDM molecular diagnosis.

METHODOLOGY/PRINCIPAL FINDINGS: We carried out WES for a patient presenting with permanent NDM, for 
whom mutations in KCNJ11, ABCC8 and INS and abnormalities in chromosome 6q24 had been previously excluded. 
A solution hybridization selection was performed to generate WES in 76 bp paired-end reads, by using two channels 
of the sequencing instrument. WES quality was assessed using a high-resolution oligonucleotide whole-genome 
genotyping array. From our WES with high-quality reads, we identified a novel non-synonymous mutation in ABCC8 
(c.1455G>C/p.Q485H), despite a previous negative sequencing of this gene. This mutation, confirmed by Sanger 
sequencing, was not present in 348 controls and in the patient’s mother, father and young brother, all of whom are 
normoglycemic.

CONCLUSIONS/SIGNIFICANCE: WES identified a novel de novo ABCC8 mutation in a NDM patient. Compared to 
the current Sanger protocol, WES is a comprehensive, cost-efficient and rapid method to identify mutations in NDM 
patients. We suggest WES as a near future tool of choice for further molecular diagnosis of NDM cases, negative for 
chr6q24, KCNJ11 and INS abnormalities.

Nat Genet. 2010 Oct;42(10):827-9. 

Identity-by-descent filtering of exome sequence data identifies PIGV mutations in hyperphos-
phatasia mental retardation syndrome.
Krawitz PM, Schweiger MR, Rödelsperger C, Marcelis C, Kölsch U, Meisel C, Stephani F, Kinoshita T, Murakami Y, Bauer S, Isau M, 
Fischer A, Dahl A, Kerick M, Hecht J, Köhler S, Jäger M, Grünhagen J, de Condor BJ, Doelken S, Brunner HG, Meinecke P, Pas-
sarge E, Thompson MD, Cole DE, Horn D, Roscioli T, Mundlos S, Robinson PN.

Max Planck Institute for Molecular Genetics, Berlin, Germany. peter.robinson@charite.de

Abstract

Hyperphosphatasia mental retardation (HPMR) syndrome is an autosomal recessive form of mental retardation with 
distinct facial features and elevated serum alkaline phosphatase. We performed whole-exome sequencing in three 
siblings of a nonconsanguineous union with HPMR and performed computational inference of regions identical by 
descent in all siblings to establish PIGV, encoding a member of the GPI-anchor biosynthesis pathway, as the gene mu-
tated in HPMR. We identified homozygous or compound heterozygous mutations in PIGV in three additional families.
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Mutations in SCARF2 are responsible for Van Den Ende-Gupta syndrome.
Anastasio N, Ben-Omran T, Teebi A, Ha KC, Lalonde E, Ali R, Almureikhi M, Der Kaloustian VM, Liu J, Rosenblatt DS, Majewski J, 
Jerome-Majewska LA.

Department of Human Genetics, McGill University, Montreal, Quebec H3A 1B1, Canada.

Abstract

Van Den Ende-Gupta syndrome (VDEGS) is an extremely rare autosomal-recessive disorder characterized by distinc-
tive craniofacial features, which include blepharophimosis, malar and/or maxillary hypoplasia, a narrow and beaked 
nose, and an everted lower lip. Other features are arachnodactyly, camptodactyly, peculiar skeletal abnormalities, and 
normal development and intelligence. We present molecular data on four VDEGS patients from three consanguineous 
Qatari families belonging to the same highly inbred Bedouin tribe. The patients were genotyped with SNP microar-
rays, and a 2.4 Mb homozygous region was found on chromosome 22q11 in an area overlapping the DiGeorge critical 
region. This region contained 44 genes, including SCARF2, a gene that is expressed during development in a number 
of mouse tissues relevant to the symptoms described above. Sanger sequencing identified a missense change, 
c.773G>A (p.C258Y), in exon 4 in the two closely related patients and a 2 bp deletion in exon 8, c.1328_1329delTG 
(p.V443DfsX83), in two unrelated individuals. In parallel with the candidate gene approach, complete exome sequenc-
ing was used to confirm that SCARF2 was the gene responsible for VDEGS. SCARF2 contains putative epidermal 
growth factor-like domains in its extracellular domain, along with a number of positively charged residues in its intra-
cellular domain, indicating that it may be involved in intracellular signaling. However, the function of SCARF2 has not 
been characterized, and this study reports that phenotypic effects can be associated with defects in the scavenger 
receptor F family of genes.

Hum Mol Genet. 2010 Oct 15;19(20):4112-20. 

Molecular basis of a linkage peak: exome sequencing and family-based analysis identify a rare 
genetic variant in the ADIPOQ gene in the IRAS Family Study.
Bowden DW, An SS, Palmer ND, Brown WM, Norris JM, Haffner SM, Hawkins GA, Guo X, Rotter JI, Chen YD, Wagenknecht LE, 
Langefeld CD.

Department of Biochemistry, Wake Forest University School of Medicine, Winston-Salem, NC 27157, USA. dbowden@wfubmc.edu

Abstract

Family-based linkage analysis has been a powerful tool for identification of genes contributing to traits with monogen-
ic patterns of inheritance. These approaches have been of limited utility in identification of genes underlying complex 
traits. In contrast, searches for common genetic variants associated with complex traits have been highly success-
ful. It is now widely recognized that common variations frequently explain only part of the inter-individual variation in 
populations. ‘Rare’ genetic variants have been hypothesized to contribute significantly to phenotypic variation in the 
population. We have developed a combination of family-based linkage, whole-exome sequencing, direct sequencing 
and association methods to efficiently identify rare variants of large effect. Key to the successful application of the 
method was the recognition that only a few families in a sample contribute significantly to a linkage signal. Thus, a 
search for mutations can be targeted to a small number of families in a chromosome interval restricted to the link-
age peak. This approach has been used to identify a rare (1.1%) G45R mutation in the gene encoding adiponectin, 
ADIPOQ. This variant explains a strong linkage signal (LOD > 8.0) and accounts for ∼17% of the variance in plasma 
adiponectin levels in a sample of 1240 Hispanic Americans and 63% of the variance in families carrying the mutation. 
Individuals carrying the G45R mutation have mean adiponectin levels that are 19% of non-carriers. We propose that 
rare variants may be a common explanation for linkage peaks observed in complex trait genetics. This approach is 
applicable to a wide range of family studies and has potential to be a discovery tool for identification of novel genes 
influencing complex traits.
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Whole-exome sequencing-based discovery of STIM1 deficiency in a child with fatal classic Kaposi 
sarcoma.
Byun M, Abhyankar A, Lelarge V, Plancoulaine S, Palanduz A, Telhan L, Boisson B, Picard C, Dewell S, Zhao C, Jouanguy E, Feske 
S, Abel L, Casanova JL.

St. Giles Laboratory of Human Genetics of Infectious Diseases, Rockefeller Branch, The Rockefeller University, New York, NY 
10065, USA. miby769@rockefeller.edu

Abstract

Classic Kaposi sarcoma (KS) is exceedingly rare in children from the Mediterranean Basin, despite the high preva-
lence of human herpesvirus-8 (HHV-8) infection in this region. We hypothesized that rare single-gene inborn errors 
of immunity to HHV-8 may underlie classic KS in childhood. We investigated a child with no other unusually severe 
infectious or tumoral phenotype who died from disseminated KS at two years of age. Whole-exome sequencing in 
the patient revealed a homozygous splice-site mutation in STIM1, the gene encoding stromal interaction molecule 1, 
which regulates store-operated Ca(2+) entry. STIM1 mRNA splicing, protein production, and Ca(2+) influx were com-
pletely abolished in EBV-transformed B cell lines from the patient, but were rescued by the expression of wild-type 
STIM1. Based on the previous discovery of STIM1 deficiency in a single family with a severe T cell immunodeficiency 
and the much higher risk of KS in individuals with acquired T cell deficiencies, we conclude that STIM1 T cell defi-
ciency precipitated the development of lethal KS in this child upon infection with HHV-8. Our report provides the first 
evidence that isolated classic KS in childhood may result from single-gene defects and provides proof-of-principle that 
whole-exome sequencing in single patients can decipher the genetic basis of rare inborn errors.

Am J Hum Genet. 2010 Sep 10;87(3):418-23. 

Exome sequencing identifies WDR35 variants involved in Sensenbrenner syndrome.
Gilissen C, Arts HH, Hoischen A, Spruijt L, Mans DA, Arts P, van Lier B, Steehouwer M, van Reeuwijk J, Kant SG, Roepman R, Kno-
ers NV, Veltman JA, Brunner HG.

Department of Human Genetics, Institute for Genetic and Metabolic Disorders, Radboud University Nijmegen Medical Centre, The 
Netherlands.

Abstract

Sensenbrenner syndrome/cranioectodermal dysplasia (CED) is an autosomal-recessive disease that is characterized 
by craniosynostosis and ectodermal and skeletal abnormalities. We sequenced the exomes of two unrelated CED 
patients and identified compound heterozygous mutations in WDR35 as the cause of the disease in each of the two 
patients independently, showing that it is possible to find the causative gene by sequencing the exome of a single 
sporadic patient. With RT-PCR, we demonstrate that a splice-site mutation in exon 2 of WDR35 alters splicing of RNA 
on the affected allele, introducing a premature stop codon. WDR35 is homologous to TULP4 (from the Tubby super-
family) and has previously been characterized as an intraflagellar transport component, confirming that Sensenbren-
ner syndrome is a ciliary disorder.

2010 The American Society of Human Genetics. Published by Elsevier Inc. All rights reserved.
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Exome sequencing identifies MLL2 mutations as a cause of Kabuki syndrome.
Ng SB, Bigham AW, Buckingham KJ, Hannibal MC, McMillin MJ, Gildersleeve HI, Beck AE, Tabor HK, Cooper GM, Mefford HC, 
Lee C, Turner EH, Smith JD, Rieder MJ, Yoshiura K, Matsumoto N, Ohta T, Niikawa N, Nickerson DA, Bamshad MJ, Shendure J.

Department of Genome Sciences, University of Washington, Seattle, Washington, USA.

Abstract

We demonstrate the successful application of exome sequencing to discover a gene for an autosomal dominant dis-
order, 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 previ-
ously 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 pheno-
typic stratification highlighted MLL2, which encodes a Trithorax-group histone methyltransferase: 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.

Hum Mutat. 2010 Aug;31(8):918-23.

Unexpected allelic heterogeneity and spectrum of mutations in Fowler syndrome revealed by 
next-generation exome sequencing.
Lalonde E, Albrecht S, Ha KC, Jacob K, Bolduc N, Polychronakos C, Dechelotte P, Majewski J, Jabado N.

McGill University and Genome Quebec Innovation Centre, Montreal, Canada.

Abstract

Protein coding genes constitute approximately 1% of the human genome but harbor 85% of the mutations with large 
effects on disease-related traits. Therefore, efficient strategies for selectively sequencing complete coding regions 
(i.e., “whole exome”) have the potential to contribute our understanding of human diseases. We used a method 
for whole-exome sequencing coupling Agilent whole-exome capture to the Illumina DNA-sequencing platform, and 
investigated two unrelated fetuses from nonconsanguineous families with Fowler Syndrome (FS), a stereotyped phe-
notype lethal disease. We report novel germline mutations in feline leukemia virus subgroup C cellular-receptor-family 
member 2, FLVCR2, which has recently been shown to cause FS. Using this technology, we identified three types of 
genetic abnormalities: point-mutations, insertions-deletions, and intronic splice-site changes (first pathogenic report 
using this technology), in the fetuses who both were compound heterozygotes for the disease. Although revealing a 
high level of allelic heterogeneity and mutational spectrum in FS, this study further illustrates the successful applica-
tion of whole-exome sequencing to uncover genetic defects in rare Mendelian disorders. Of importance, we show that 
we can identify genes underlying rare, monogenic and recessive diseases using a limited number of patients (n=2), in 
the absence of shared genetic heritage and in the presence of allelic heterogeneity.
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Mutations in the DBP-deficiency protein HSD17B4 cause ovarian dysgenesis, hearing loss, and ataxia 
of Perrault Syndrome.
Pierce SB, Walsh T, Chisholm KM, Lee MK, Thornton AM, Fiumara A, Opitz JM, Levy-Lahad E, Klevit RE, King MC.

Department of Medicine, University of Washington, Seattle, WA 98195, USA.

Abstract

Perrault syndrome is a recessive disorder characterized by ovarian dysgenesis in females, sensorineural deafness in both 
males and females, and in some patients, neurological manifestations. No genes for Perrault syndrome have heretofore 
been identified. A small family of mixed European ancestry includes two sisters with well-characterized Perrault syndrome. 
Whole-exome sequencing of genomic DNA from one of these sisters revealed exactly one gene with two rare functional 
variants: HSD17B4, which encodes 17beta-hydroxysteroid dehydrogenase type 4 (HSD17B4), also known as D-bifunctional 
protein (DBP). HSD17B4/DBP is a multifunctional peroxisomal enzyme involved in fatty acid beta-oxidation and steroid 
metabolism. Both sisters are compound heterozygotes for HSD17B4 c.650A>G (p.Y217C) (maternal allele) and HSB17B4 
c.1704T>A (p.Y568X) (paternal allele). The missense mutation is predicted by structural analysis to destabilize the HSD17B4 
dehydrogenase domain. The nonsense mutation leads to very low levels of HSD17B4 transcript. Expression of mutant 
HSD17B4 protein in a compound heterozygote was severely reduced. Mutations in HSD17B4 are known to cause DBP 
deficiency, an autosomal-recessive disorder of peroxisomal fatty acid beta-oxidation that is generally fatal within the first 
two years of life. No females with DBP deficiency surviving past puberty have been reported, and ovarian dysgenesis has 
not previously been associated with this illness. Six other families with Perrault syndrome have wild-type sequences of 
HSD17B4. These results indicate that Perrault syndrome and DBP deficiency overlap clinically; that Perrault syndrome is ge-
netically heterogeneous; that DBP deficiency may be underdiagnosed; and that whole-exome sequencing can reveal critical 
genes in small, nonconsanguineous families.

Am J Hum Genet. 2010 Jul 9;87(1):146-53.

Terminal osseous dysplasia is caused by a single recurrent mutation in the FLNA gene.
Sun Y, Almomani R, Aten E, Celli J, van der Heijden J, Venselaar H, Robertson SP, Baroncini A, Franco B, Basel-Vanagaite L, Horii E, 
Drut R, Ariyurek Y, den Dunnen JT, Breuning MH.

Center for Human and Clinical Genetics, Leiden University Medical Center, 2300RC Leiden, The Netherlands.

Abstract

Terminal osseous dysplasia (TOD) is an X-linked dominant male-lethal disease characterized by skeletal dysplasia of 
the limbs, pigmentary defects of the skin, and recurrent digital fibroma with onset in female infancy. After performing 
X-exome capture and sequencing, we identified a mutation at the last nucleotide of exon 31 of the FLNA gene as the 
most likely cause of the disease. The variant c.5217G>A was found in six unrelated cases (three families and three 
sporadic cases) and was not found in 400 control X chromosomes, pilot data from the 1000 Genomes Project, or the 
FLNA gene variant database. In the families, the variant segregated with the disease, and it was transmitted four 
times from a mildly affected mother to a more seriously affected daughter. We show that, because of nonrandom X 
chromosome inactivation, the mutant allele was not expressed in patient fibroblasts. RNA expression of the mutant 
allele was detected only in cultured fibroma cells obtained from 15-year-old surgically removed material. The variant 
activates a cryptic splice site, removing the last 48 nucleotides from exon 31. At the protein level, this results in a loss 
of 16 amino acids (p.Val1724_Thr1739del), predicted to remove a sequence at the surface of filamin repeat 15. Our 
data show that TOD is caused by this single recurrent mutation in the FLNA gene.
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Whole exome sequencing and homozygosity mapping identify mutation in the cell polarity protein 
GPSM2 as the cause of nonsyndromic hearing loss DFNB82.
Walsh T, Shahin H, Elkan-Miller T, Lee MK, Thornton AM, Roeb W, Abu Rayyan A, Loulus S, Avraham KB, King MC, Kanaan M.

Department of Medicine, Division of Medical Genetics, University of Washington, Seattle, WA 98195, USA.

Abstract

Massively parallel sequencing of targeted regions, exomes, and complete genomes has begun to dramatically in-
crease the pace of discovery of genes responsible for human disorders. Here we describe how exome sequencing in 
conjunction with homozygosity mapping led to rapid identification of the causative allele for nonsyndromic hearing 
loss DFNB82 in a consanguineous Palestinian family. After filtering out worldwide and population-specific polymor-
phisms from the whole exome sequence, only a single deleterious mutation remained in the homozygous region 
linked to DFNB82. The nonsense mutation leads to an early truncation of the G protein signaling modulator GPSM2, 
a protein that is essential for maintenance of cell polarity and spindle orientation. In the mouse inner ear, GPSM2 is 
localized to apical surfaces of hair cells and supporting cells and is most highly expressed during embryonic develop-
ment. Identification of GPSM2 as essential to the development of normal hearing suggests dysregulation of cell polar-
ity as a mechanism underlying hearing loss.

Proc Natl Acad Sci U S A. 2010 Jul 13;107(28):12629-33. 

Detection of inherited mutations for breast and ovarian cancer using genomic capture and mas-
sively parallel sequencing.
Walsh T, Lee MK, Casadei S, Thornton AM, Stray SM, Pennil C, Nord AS, Mandell JB, Swisher EM, King MC.

Department of Medicine, University of Washington, Seattle, WA 98195, USA.

Abstract

Inherited loss-of-function mutations in the tumor suppressor genes BRCA1, BRCA2, and multiple other genes pre-
dispose to high risks of breast and/or ovarian cancer. Cancer-associated inherited mutations in these genes are 
collectively quite common, but individually rare or even private. Genetic testing for BRCA1 and BRCA2 mutations has 
become an integral part of clinical practice, but testing is generally limited to these two genes and to women with se-
vere family histories of breast or ovarian cancer. To determine whether massively parallel, “next-generation” sequenc-
ing would enable accurate, thorough, and cost-effective identification of inherited mutations for breast and ovarian 
cancer, we developed a genomic assay to capture, sequence, and detect all mutations in 21 genes, including BRCA1 
and BRCA2, with inherited mutations that predispose to breast or ovarian cancer. Constitutional genomic DNA from 
subjects with known inherited mutations, ranging in size from 1 to >100,000 bp, was hybridized to custom oligonucle-
otides and then sequenced using a genome analyzer. Analysis was carried out blind to the mutation in each sample. 
Average coverage was >1200 reads per base pair. After filtering sequences for quality and number of reads, all single-
nucleotide substitutions, small insertion and deletion mutations, and large genomic duplications and deletions were 
detected. There were zero false-positive calls of nonsense mutations, frameshift mutations, or genomic rearrange-
ments for any gene in any of the test samples. This approach enables widespread genetic testing and personalized 
risk assessment for breast and ovarian cancer.
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De novo mutations of SETBP1 cause Schinzel-Giedion syndrome.
Hoischen A, van Bon BW, Gilissen C, Arts P, van Lier B, Steehouwer M, de Vries P, de Reuver R, Wieskamp N, Mortier G, Devriendt 
K, Amorim MZ, Revencu N, Kidd A, Barbosa M, Turner A, Smith J, Oley C, Henderson A, Hayes IM, Thompson EM, Brunner HG, de 
Vries BB, Veltman JA.

Department of Human Genetics, Radboud University Nijmegen Medical Centre, Nijmegen, The Netherlands.

Abstract

Schinzel-Giedion syndrome is characterized by severe mental retardation, distinctive facial features and multiple con-
genital malformations; most affected individuals die before the age of ten. We sequenced the exomes of four affected 
individuals (cases) and found heterozygous de novo variants in SETBP1 in all four. We also identified SETBP1 muta-
tions in eight additional cases using Sanger sequencing. All mutations clustered to a highly conserved 11-bp exonic 
region, suggesting a dominant-negative or gain-of-function effect.

Am J Hum Genet. 2010 May 14;86(5):743-8. 

Massively parallel sequencing of exons on the X chromosome identifies RBM10 as the gene that 
causes a syndromic form of cleft palate.
Johnston JJ, Teer JK, Cherukuri PF, Hansen NF, Loftus SK; NIH Intramural Sequencing Center, Chong K, Mullikin JC, Biesecker LG.

National Human Genome Research Institute, National Institutes of Health, Bethesda, MD 20892-4472, USA.

Abstract

Micrognathia, glossoptosis, and cleft palate comprise one of the most common malformation sequences, Robin 
sequence. It is a component of the TARP syndrome, talipes equinovarus, atrial septal defect, Robin sequence, and per-
sistent left superior vena cava. This disorder is X-linked and severe, with apparently 100% pre- or postnatal lethality in 
affected males. Here we characterize a second family with TARP syndrome, confirm linkage to Xp11.23-q13.3, perform 
massively parallel sequencing of X chromosome exons, filter the results via a number of criteria including the linkage 
region, use a unique algorithm to characterize sequence changes, and show that TARP syndrome is caused by muta-
tions in the RBM10 gene, which encodes RNA binding motif 10. We further show that this previously uncharacterized 
gene is expressed in midgestation mouse embryos in the branchial arches and limbs, consistent with the human 
phenotype. We conclude that massively parallel sequencing is useful to characterize large candidate linkage intervals 
and that it can be used successfully to allow identification of disease-causing gene mutations.

Genome Biol. 2009;10(10):R116. 

Enrichment of sequencing targets from the human genome by solution hybridization.
Tewhey R, Nakano M, Wang X, Pabón-Peña C, Novak B, Giuffre A, Lin E, Happe S, Roberts DN, LeProust EM, Topol EJ, Harismendy 
O, Frazer KA.

Scripps Genomic Medicine, Scripps Translational Science Institute, The Scripps Research Institute, 3344 N Torrey Pines Court, La 
Jolla, CA 92037, USA. rtewhey@ucsd.edu

Abstract

To exploit fully the potential of current sequencing technologies for population-based studies, one must enrich for loci 
from the human genome. Here we evaluate the hybridization-based approach by using oligonucleotide capture probes 
in solution to enrich for approximately 3.9 Mb of sequence target. We demonstrate that the tiling probe frequency is 
important for generating sequence data with high uniform coverage of targets. We obtained 93% sensitivity to detect 
SNPs, with a calling accuracy greater than 99%.
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PHF6 mutations in T-cell acute lymphoblastic leukemia.
Van Vlierberghe P, Palomero T, Khiabanian H, Van der Meulen J, Castillo M, Van Roy N, De Moerloose B, Philippé J, González-
García S, Toribio ML, Taghon T, Zuurbier L, Cauwelier B, Harrison CJ, Schwab C, Pisecker M, Strehl S, Langerak AW, Gecz J, Son-
neveld E, Pieters R, Paietta E, Rowe JM, Wiernik PH, Benoit Y, Soulier J, Poppe B, Yao X, Cordon-Cardo C, Meijerink J, Rabadan R, 
Speleman F, Ferrando A.

Institute for Cancer Genetics, Columbia University Medical Center, New York, New York, USA.

Abstract

Tumor suppressor genes on the X chromosome may skew the gender distribution of specific types of cancer. T-cell 
acute lymphoblastic leukemia (T-ALL) is an aggressive hematological malignancy with an increased incidence in 
males. In this study, we report the identification of inactivating mutations and deletions in the X-linked plant homeo-
domain finger 6 (PHF6) gene in 16% of pediatric and 38% of adult primary T-ALL samples. Notably, PHF6 mutations are 
almost exclusively found in T-ALL samples from male subjects. Mutational loss of PHF6 is importantly associated with 
leukemias driven by aberrant expression of the homeobox transcription factor oncogenes TLX1 and TLX3. Overall, 
these results identify PHF6 as a new X-linked tumor suppressor in T-ALL and point to a strong genetic interaction 
between PHF6 loss and aberrant expression of TLX transcription factors in the pathogenesis of this disease.
reproducibility at levels sufficient to perform genetic diagnosis of hearing loss.

Nat Genet. 2010 Jan;42(1):30-5. 

Exome sequencing identifies the cause of a mendelian disorder.
Ng SB, Buckingham KJ, Lee C, Bigham AW, Tabor HK, Dent KM, Huff CD, Shannon PT, Jabs EW, Nickerson DA, Shendure J, 
Bamshad MJ.

Department of Genome Sciences, University of Washington, Seattle, Washington, USA.

Abstract

We demonstrate the first successful application of exome sequencing to discover the gene for a rare mendelian dis-
order 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 40x and sufficient depth to call variants at approxi-
mately 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 unre-
lated 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.
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Rapid quantification of DNA libraries for next-generation sequencing.
Buehler B, Hogrefe HH, Scott G, Ravi H, Pabón-Peña C, O’Brien S, Formosa R, Happe S.

Agilent Technologies, 11011 N. Torrey Pines Road, La Jolla, CA 92037, USA.

Abstract

The next-generation DNA sequencing workflows require an accurate quantification of the DNA molecules to be 
sequenced which assures optimal performance of the instrument. Here, we demonstrate the use of qPCR for quanti-
fication of DNA libraries used in next-generation sequencing. In addition, we find that qPCR quantification may allow 
improvements to current NGS workflows, including reducing the amount of library DNA required, increasing the ac-
curacy in quantifying amplifiable DNA, and avoiding amplification bias by reducing or eliminating the need to amplify 
DNA before sequencing.

Nature. 2009 Sep 10;461(7261):272-6. Epub 2009 Aug 16.

Targeted capture and massively parallel sequencing of 12 human exomes.
Ng SB, Turner EH, Robertson PD, Flygare SD, Bigham AW, Lee C, Shaffer T, Wong M, Bhattacharjee A, Eichler EE, Bamshad M, 
Nickerson DA, Shendure J.

Department of Genome Sciences, University of Washington, Seattle, Washington 98195, USA. sarahng@u.washington.edu

Abstract

Genome-wide association studies suggest that common genetic variants explain only a modest fraction of heritable 
risk for common diseases, raising the question of whether rare variants account for a significant fraction of unex-
plained heritability. Although DNA sequencing costs have fallen markedly, they remain far from what is necessary for 
rare and novel variants to be routinely identified at a genome-wide scale in large cohorts. We have therefore sought 
to develop second-generation methods for targeted sequencing of all protein-coding regions (‘exomes’), to reduce 
costs while enriching for discovery of highly penetrant variants. Here we report on the targeted capture and massively 
parallel sequencing of the exomes of 12 humans. These include eight HapMap individuals representing three popula-
tions, and four unrelated individuals with a rare dominantly inherited disorder, Freeman-Sheldon syndrome (FSS). We 
demonstrate the sensitive and specific identification of rare and common variants in over 300 megabases of coding 
sequence. Using FSS as a proof-of-concept, we show that candidate genes for Mendelian disorders can be identified 
by exome sequencing of a small number of unrelated, affected individuals. This strategy may be extendable to diseas-
es with more complex genetics through larger sample sizes and appropriate weighting of non-synonymous variants by 
predicted functional impact. 
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Solution hybrid selection with ultra-long oligonucleotides for massively parallel targeted sequencing.
Gnirke A, Melnikov A, Maguire J, Rogov P, LeProust EM, Brockman W, Fennell T, Giannoukos G, Fisher S, Russ C, Gabriel S, Jaffe 
DB, Lander ES, Nusbaum C.

Broad Institute of MIT and Harvard, 7 Cambridge Center, Cambridge, Massachusetts 02142, USA. gnirke@broad.mit.edu

Abstract

Targeting genomic loci by massively parallel sequencing requires new methods to enrich templates to be sequenced. 
We developed a capture method that uses biotinylated RNA ‘baits’ to fish targets out of a ‘pond’ of DNA fragments. 
The RNA is transcribed from PCR-amplified oligodeoxynucleotides originally synthesized on a microarray, generating 
sufficient bait for multiple captures at concentrations high enough to drive the hybridization. We tested this method 
with 170-mer baits that target >15,000 coding exons (2.5 Mb) and four regions (1.7 Mb total) using Illumina sequenc-
ing as read-out. About 90% of uniquely aligning bases fell on or near bait sequence; up to 50% lay on exons proper. 
The uniformity was such that approximately 60% of target bases in the exonic ‘catch’, and approximately 80% in the 
regional catch, had at least half the mean coverage. One lane of Illumina sequence was sufficient to call high-confi-
dence genotypes for 89% of the targeted exon space.

Leukemia. 2010 Oct;24(10):1799-804. 

Novel homo- and hemizygous mutations in EZH2 in myeloid malignancies.
Makishima H, Jankowska AM, Tiu RV, Szpurka H, Sugimoto Y, Hu Z, Saunthararajah Y, Guinta K, Keddache MA, -Putnam P, Sek-
eres MA, Moliterno AR, List AF, McDevitt MA, Maciejewski JP.

Department of Translational Hematology and Oncology Research, Taussig Cancer Institute, Cleveland Clinic, Cleveland, OH, USA

Abstract

Segmental somatic uniparental disomy (UPD) is a common defect in many cases of myelodysplastic syndrome, myelo-
proliferative neoplasms , and acute myeloid leukemia (AML). Previously, we reviewed single-nucleotide polymorphism 
arrays karyograms in a large screen of myeloid malignancies, and identified 15 patients with somatic UPD of the long 
arm of chromosome 7. In this study, we sought to identify the gene(s) that might be mutated and drive the genera-
tion of uniparental disomy UPD7 in myeloid malignancies. We generated exome chromosome 7 libraries that were 
enriched for the content of chromosome 7 coding sequences using the SureSelect capture synthetic biotinylated RNA 
probes from Agilent (Santa Clara, CA, USA), tiling all the coding regions from chromosome 7. Libraries were generated 
from two cases with UPD7q and subjected to high-throughput sequencing on an Illumina Genome Analyzer IIx (San 
Diego, CA, USA). Our study demonstrates for the first time detection of EZH2 mutations in patients with aggressive 
myeloid malignancies. Similar to previously identified mutations in UTX and ASXL1 in myeloid malignancies, EZH2 is 
a polycomb-associated gene. Our findings support an increasing possibility that mutations in these genes represent a 
new class of molecular lesions conveying a clonal epigenetic instability phenotype. Consequently, mutations involved 
in epigenetic regulation can constitute leukemogenic events.
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Exome Sequencing Reveals VCP Mutations as a Cause of Familial ALS.
Johnson JO, Mandrioli J, Benatar M, Abramzon Y, Van Deerlin VM, Trojanowski JQ, Gibbs JR, Brunetti M, Gronka S, Wuu J, Ding 
J, McCluskey L, Martinez-Lage M, Falcone D, Hernandez DG, Arepalli S, Chong S, Schymick JC, Rothstein J, Landi F, Wang YD, 
Calvo A, Mora G, Sabatelli M, Monsurrò MR, Battistini S, Salvi F, Spataro R, Sola P, Borghero G; The ITALSGEN Consortium, Galassi 
G, Scholz SW, Taylor JP, Restagno G, Chiò A, Traynor BJ.

Neuromuscular Diseases Research Group, Laboratory of Neurogenetics, Porter Neuroscience Building, NIA, NIH, Bethesda, MD 
20892, USA.

Abstract

Using exome sequencing, we identified a p.R191Q amino acid change in the valosin-containing protein (VCP) gene 
in an Italian family with autosomal dominantly inherited amyotrophic lateral sclerosis (ALS). Mutations in VCP have 
previously been identified in families with Inclusion Body Myopathy, Paget disease, and Frontotemporal Dementia 
(IBMPFD). Screening of VCP in a cohort of 210 familial ALS cases and 78 autopsy-proven ALS cases identified four 
additional mutations including a p.R155H mutation in a pathologically proven case of ALS. VCP protein is essential for 
maturation of ubiquitin-containing autophagosomes, and mutant VCP toxicity is partially mediated through its effect 
on TDP-43 protein, a major constituent of ubiquitin inclusions that neuropathologically characterize ALS. Our data 
broaden the phenotype of IBMPFD to include motor neuron degeneration, suggest that VCP mutations may account 
for ∼1%-2% of familial ALS, and provide evidence directly implicating defects in the ubiquitination/protein degradation 
pathway in motor neuron degeneration.
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Rapid, low-input, low-bias construction of shotgun fragment libraries by high-density in vitro transposition.
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