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INTRODUCTION
To date, ~7,000 rare diseases are known (National Institutes 
of Health Office of Rare Diseases Research), and each specific 
genetic disease is considered to be rare. Collectively, 25–30 
 million people in the United States are estimated to be affected 
by a rare genetic disorder and up to 25% of pediatric inpatient 
admissions are attributable to these diseases.1 As a whole, rare 
genetic disorders affect a significant number of individuals and 
have a great impact on the health system.2

Elucidation of the genetic basis of a rare Mendelian disease is 
quite challenging and the majority of patients remain undiag-
nosed despite extensive workup.3 The conventional diagnostic 
process used by most medical geneticists starts with recogni-
tion of specific phenotypic features and is generally paired with 
sequential laboratory testing, contingent on previous tests being 
uninformative. A recent retrospective analysis demonstrated 
that after being referred to a medical geneticist for diagnostic 

testing, less than half (46%) of patients with clinical and family 
histories consistent with a genetic etiology received a genetic 
diagnosis.3

Whole-exome sequencing (WES) provides a one-step simul-
taneous interrogation of virtually all exonic and adjacent 
intronic sequences and has been remarkably successful both in 
a diagnostic setting (diagnostic exome sequencing (DES)) and 
as a discovery tool (research exome sequencing),4 especially for 
disorders characterized by significant genetic heterogeneity.5 
The diagnostic rate for clinical DES in unselected patients, who 
generally underwent exhaustive single-gene or gene-panel tests 
before DES, is reported to be ~25%.6,7

In this report, we analyzed 500 unselected consecutive 
cases that were referred to our laboratory for DES. The 
results demonstrate that DES is an integral tool for genetic 
diagnosis, especially for elucidating the molecular etiology of 
genetic diseases.
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Purpose: Diagnostic exome sequencing was immediately success-
ful in diagnosing patients in whom traditional technologies were 
uninformative. Herein, we provide the results from the first 500 
probands referred to a clinical laboratory for diagnostic exome 
sequencing.

Methods: Family-based exome sequencing included whole-exome 
sequencing followed by family inheritance−based model filtering, 
comprehensive medical review, familial cosegregation analysis, and 
analysis of novel genes.

Results: A positive or likely positive result in a characterized gene 
was identified in 30% of patients (152/500). A novel gene finding 
was identified in 7.5% of patients (31/416). The highest diagnostic 
rates were observed among patients with ataxia, multiple congenital 
anomalies, and epilepsy (44, 36, and 35%, respectively). Twenty-three 

percent of positive findings were within genes characterized within 
the past 2 years. The diagnostic rate was significantly higher among 
families undergoing a trio (37%) as compared with a singleton (21%) 
whole-exome testing strategy.
Conclusion: Overall, we present results from the largest clinical 
cohort of diagnostic exome sequencing cases to date. These data 
demonstrate the utility of family-based exome sequencing and analy-
sis to obtain the highest reported detection rate in an unselected 
clinical cohort, illustrating the utility of diagnostic exome sequencing 
as a transformative technology for the molecular diagnosis of genetic 
disease.
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MATERIALs AND METHODs
Terminology
Characterized gene. A gene known to be associated with 
a clinical phenotype based on the Human Gene Mutation 
Database (HGMD) or OMIM-Morbid database or the medical 
literature.

Novel gene. A gene that is not currently known to underlie a 
Mendelian genetic condition.

Trio. Three individuals from a family, consisting of the proband 
plus two first-degree relatives, most commonly the biological 
mother and father.

Whole-exome sequencing. Library capture and sequencing of 
virtually all the coding exons within the genome. WES includes 
the collective of research and DES.

Diagnostic exome sequencing. WES performed in the clinical 
setting in a Clinical Laboratory Improvement Amendments–
certified diagnostic laboratory for single-patient diagnostic 
purposes.

Research exome sequencing. WES in the research setting. 
Research exome sequencing often entails a study design that 
includes multiple families with a similar phenotype and uses 
bioinformatics to narrow down a common disease gene.

Patients/study population
Patients were ascertained sequentially through clinical sam-
ples sent to Ambry Genetics Laboratory for DES beginning in 
September 2011. Clinicians were encouraged to refer all first-
degree and affected second- or third-degree family members 
along with the proband for testing. Patient identifiers were 
removed. Solutions’ Institutional Review Board determined 
the study to be exempt from the Office for Human Research 
Protections Regulations for the Protection of Human Subjects 
(45 CFR 46) under category 4. Retrospective data analysis of 
anonymized data exempted the study from the requirement to 
receive consent from patients.

The clinical and test histories, along with a full pedigree pro-
vided by the referring physician(s), for each case were care-
fully summarized and tabulated by a molecular geneticist or a 
genetic counselor. The following data points were included: age 
of the proband at date of sample receipt; gender; consanguin-
ity; previous clinical and/or differential diagnoses; a short clini-
cal synopsis; family history; an 18-category organ system(s) 
involvement categorization; and whether the proband had intel-
lectual disability, a positive brain magnetic resonance imaging 
result, multiple congenital anomalies, seizures/epilepsy, ataxia, 
autism spectrum disorder, or psychiatric disease (Table 1).

Whole-exome sequencing
Genomic deoxyribonucleic acid was isolated from whole 
blood from all the probands and accompanying relatives. For 

many families, the whole exomes of the trio samples were pre-
pared. Enrichment was performed using the SureSelect Target 
Enrichment System (Agilent Technologies, Santa Clara, CA) or 
SeqCap EZ VCRome 2.0 (Roche NimbleGen, Madison, WI).8

Characterized and novel gene databases
Internal gene databases were created based on two main classes 
of genes: characterized and novel (Supplementary Figure S1 
online). The characterized and disease-causing (ChAD) gene 
database included genes that are associated with syndromes 
listed in the HGMD9 and the OMIM database. Modifier genes, 
disease association risk alleles (such as genes in which the only 
reported variants are common disease alleles that modify risk 
by less than twofold), and genes in which only somatic altera-
tions are reported were excluded from the ChAD database. 
Novel genes were defined as those not known to underlie a 
Mendelian condition at the time of data analysis and were not 
included in the analysis of 84 cases based on specifications of 
the clinical order. Any RefSeq gene not included in the ChAD 
database was included in the novel gene database. The data-
bases featured a dynamic design for shuffling genes between the 
ChAD and novel gene database in real time and were curated 
on a weekly basis to incorporate the latest discoveries.

Bioinformatics annotation, filtering of variants, and FIND
The sequence data were aligned to the reference human genome 
(GRCh37), and variant calls were generated using CASAVA 
(Consensus Assessment of Sequence And Variation, Illumina) 
and Pindel.10 The HGMD,9 the Single Nucleotide Polymorphism 
database,11 the 1000 Genomes Project,12 HapMap data,13 and 
online search engines (e.g., PubMed) were used to search for 
previously described gene mutations and polymorphisms. Data 
were annotated with the Ambry Variant Analyzer tool, includ-
ing nucleotide and amino acid conservation, biochemical nature 
of amino acid substitutions, population frequency (Exome 
Variant Server (National Heart, Lung, and Blood Institute 
Grand Opportunity Exome Sequencing Project: http://evs.
gs.washington.edu/EVS/) and the 1000 Genomes Project),12 and 
predicted functional impact (including PolyPhen14 and SIFT15 in 
silico prediction tools). Sequence alignments of the reads were 
viewed using IGV (Integrative Genomics Viewer) software.16

Stepwise filtering included the removal of common SNPs, 
intergenic and 3′/5′ UTR variants, non–splice related intronic 
variants, and synonymous variants (except those at the first 
and last nucleotide position of an exon) (Figure 1). The filter-
ing pipeline protected all variants annotated within the HGMD 
and/or the OMIM databases. Variants were then filtered further 
based on family history and possible inheritance models using 
the “Family History Inheritance-Based Detection” (FIND) 
bioinformatics program. FIND uses the affected status of each 
family member whose exome was sequenced and compares the 
proband’s genotype of each detected alteration to the genotype 
of the family members (most commonly parents). Alterations 
survive the filtering if they are consistent with Mendelian inher-
itance models and the affected status of each family member. 
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A minimum of four inheritance models were executed for each 
family (autosomal dominant (AD), autosomal recessive (AR), 
X-linked recessive, X-linked dominant, and Y-linked in male 
probands). For increased sensitivity of potential phenocopies 
and genes associated with reduced penetrance, autosomal and 
X-linked “proband-only” models were also generated for each 
proband that captured heterozygous, homozygous, compound 
heterozygous, and hemizygous alterations irrespective of cose-
gregation based on family members’ genotypes.

PRECIsE and potentially causal alterations
Each candidate mutation was assessed by a molecular geneti-
cist to identify the most likely causative mutation(s) using 
the “Personalized Medical Review with Enhanced and 
Comprehensive Assessment” (PRECISE) analysis method 
(Figure 1). To further increase sensitivity despite potential 
phenocopies or genes associated with reduced penetrance, 
and for families in which there is uncertainty regarding the 
affected status among members of the trio, additional FIND 

Table 1 Clinical characteristics of 152 probands with positive results among the 500 probands tested for diagnostic exome 
sequencing

Characteristic
No. of probands with clinical indication 

(% among the 500 total probands)
No. of probands with positive 

resulta/no. of probands (%)

Organ system involvement

  Neurologic 324 (64.8) 99/324 (30.6)

  Musculoskeletal/structural 274 (54.8) 84/274 (30.7)

  Craniofacial 202 (40.4) 62/202 (30.7)

  Ophthalmologic 148 (29.6) 48/148 (32.4)

  Gastrointestinal 125 (25.0) 30/125 (24.0)

  Cardiovascular 87 (17.4) 21/87 (24.1)

  Dermatologic 87 (17.4) 15/87 (17.2)

  Allergy/immunologic/infectious 76 (15.2) 21/76 (27.6)

  Audiologic/otolaryngologic 69 (13.8) 19/69 (27.5)

  Metabolic/biochemical 67 (13.4) 13/67 (19.4)

  Renal 59 (11.8) 19/59 (32.2)

  Endocrine 55 (11.0) 12/55 (21.8)

  Genitourinary 53 (10.6) 14/53 (26.4)

  Pulmonary 49 (9.8) 12/49 (24.5)

  Hematologic 41 (8.2) 7/41 (17.1)

  Dental 23 (4.6) 6/23 (26.1)

  Oncologic 15 (3.0) 1/15 (6.7)

  Obstetric 7 (1.4) 3/7 (42.9)

Clinical specifics

  Intellectual disability and/or developmental delay 322 (64.4) 105/322 (32.6)

  Brain MRI positive 168 (33.6) 55/168 (32.7)

  Multiple congenital anomalies 141 (28.2) 51/141 (36.2)

  Seizures/epilepsy 121 (24.2) 43/121 (35.5)

  Progressive phenotype 68 (13.6) 22/68 (32.4)

  Ataxia 59 (11.8) 26/59 (44.1)

  Autism spectrum disorder 49 (9.8) 10/49 (20.4)

  Psychiatric 42 (8.4) 8/42 (19.0)

Age of proband

  Prenatalb 2 (0.4) 2/2 (100.0)

  0–3 months 12 (2.4) 6/12 (50.0)

  <1 year 36 (7.2) 7/36 (19.4)

  1–5 years 194 (38.8) 67/194 (34.5)

  5–12 years 117 (23.4) 30/117 (25.6)

  12–18 years 58 (11.6) 19/58 (32.8)

  18–40 years 45 (9.0) 14/45 (31.1)

  >40 years 36 (7.2) 5/36 (13.9)

Average age of proband (age range) 11.21 years (prenatal to 84 years)

MRI, magnetic resonance imaging.
aIncludes both positive and likely positive results. bPrenatal samples accepted only for cases of fetal demise.
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models were run using alternative combinations of affected 
and unaffected designations. Stringent criteria were imposed 
to identify potential causative alleles. Each alteration was 
evaluated for its pathogenicity (alteration classification). The 
first level of PRECISE filtering removed alterations classified as 
polymorphisms or artifacts using population frequency in the 
Exome Variant Server and the 1000 Genomes Project,12 evo-
lutionary conservation, and review of the medical literature. 
Classification of gene alterations followed Ambry’s  clinical vari-
ant classification scheme (http://www.ambrygen.com/sites/
default/files/Reclassification%20Chart.pdf). For rare missense  
changes, information regarding conservation of the corre-
sponding amino acid and predictions of PolyPhen and SIFT15 
were also used to aid in, but not determine, the interpretation 
of the variants. Each gene was then assessed for the level of 
phenotypic overlap with the proband and reported patients. 
Significant gene overlap with previously reported patients and 
consistent inheritance pattern and disease mechanism (gain 

versus loss of function) are required to classify alterations in 
known gene(s) as candidates. Data from animal models,17 pro-
tein function, gene family, corresponding pathways, and loca-
tion in a known microdeletion syndrome locus were assessed 
to prioritize an alterations in a novel gene as a likely or pos-
sible molecular etiology. Characterized genes with significant 
or uncertain phenotypic overlap were considered “candidate 
genes.” At least one American Board of Medical Genetics–
certified molecular geneticist and one genetic counselor and/
or a second molecular geneticist performed independent 
reviews for each individual case.

Variant confirmation, cosegregation analysis, and parental 
confirmation
Most candidate alterations were confirmed using automated flu-
orescence dideoxy (“Sanger”) sequencing. For selected single-
nucleotide substitutions detected from trio exome sequencing 
with high Q-score and read depth above laboratory-established 

Figure 1  Bioinformatics filtering and medical review of genes and alterations produced by exome sequencing. Bioinformatics and analysis variant 
classification schema. ACMG, American College of Medical Genetics and Genomics; AD, autosomal dominant; AR, autosomal recessive; ESP, NHLBI GO Exome 
Sequencing Project; HGMD, Human Gene Mutation Database; MAF, minor allele frequency; XLD, X-linked dominant; XLR, X-linked recessive; YL, Y-linked; 
1000 Genomes, 1000 Genomes Project.
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confidence thresholds (coverage >40×, CASAVA Q score >80, 
and mutant ratio >35% for heterozygous calls), Sanger con-
firmation was not performed.18 Amplification primers were 
designed using PrimerZ.19 Sequencing was performed on an 
ABI3730 (Life Technologies, Carlsbad, CA) using standard pro-
cedures. Cosegregation Sanger analysis was performed when 
additional family members were available and segregation data 
would assist with interpretation. In addition, for apparent de 
novo alterations, short tandem repeat testing was performed 
to confirm parentage if trio exome data were not available and 
confirmatory of parentage.

Reporting of primary results
The primary report focused on deleterious mutations or vari-
ants of unknown significance in genes related to the current 
major clinical concern (Supplementary Figure S2 online). 
For characterized gene findings, we classified the overall DES 
results into four categories based on the combined assess-
ment of the deleterious nature of the alteration and the level of 
phenotypic overlap among the proband and reported patients 
with alterations in that candidate gene: (i) positive: relevant 
alteration(s) detected; (ii) likely positive: relevant alteration(s) 
detected; (iii) uncertain: alteration(s) of uncertain clinical rel-
evance detected; (iv) negative: no relevant alterations detected 
(Supplementary Figure S2 online). If either the phenotypic 
overlap or the deleterious nature of the alterations was classified 
as uncertain, then the overall DES result category was uncer-
tain. Significant findings in clinically novel genes were inter-
preted as (i) likely positive: relevant alteration(s) detected or (ii) 
possibly positive: alteration(s) of uncertain clinical  significance 
detected. In addition, we included “notable findings” in the 
primary report. These comprised gene alterations with at least 
minimal clinical overlap but that were unlikely to contribute 
to the proband’s indicated major clinical concern. Notable 
alterations in characterized genes were classified as such based 
on one or more of the following criteria: (i) patient’s overall 
 phenotypic spectrum inconsistent with gene association; (ii) 
failure to cosegregate with affected status; (iii) one allele in an 
AR condition; and (iv) alteration is most likely benign based on 
frequency, conservation, and in silico predictions. Alterations 
in novel genes excluded after cosegregation analysis were also 
listed as “notable findings.” 

REsULTs
Demographics and major reasons for referral
Consistent with previous reports,6 the most frequent refer-
ral indication for DES was for pediatric-related neurological 
conditions (65%; Table 1). Sixty-four percent of probands had 
intellectual disability and/or developmental delay, 34% had a 
positive brain magnetic resonance imaging result, 28% had 
multiple congenital anomalies, and 24% had seizures and/or 
epilepsy.

Exome sequencing strategy
DES was performed on the proband only (141 patients), 
proband plus one first-degree relative (21 patients), or trio 
families (338 patients, including 288 parents–proband trios) 
(Supplementary Table S1 online). Mean coverage of the cap-
tured region was 107× per sample, with ~92% covered with at 
least 10×, an average of ~88% with base call quality of Q30 or 
greater, and an overall average mean quality score of approxi-
mately Q35 (Supplementary Table S2 online).

Rates of diagnosis
Overall, 30.4% (152/500) of patients undergoing DES had 
a positive gene finding in a characterized gene (Table 2). 
Approximately one-quarter (130/500, 26.0%) received a defini-
tive molecular diagnosis (Supplementary Table S3 online) 
and 4.2% (22/500) received a likely positive result with relevant 
alteration(s) detected in characterized genes (Supplementary 
Table S4 online). Among the 416 patients who underwent novel 
gene analysis, 31 (7.5%) were positive for a novel gene finding 
(data not shown). The overall positive rate among all gene types 
was 38.5% (160/416). Uncertain findings in characterized genes 
were found in 8.8% of probands (44/500). Approximately half 
of all patients had no relevant gene findings (215/416, 51.7%).

Inheritance patterns among positive findings
Among the 152 positive/likely positive cases, a total of 163 gene 
molecular defects were identified, including 86 AD (52.8%), 
51 AR (31.3%), and 26 X-linked (16.0%) conditions (Table 3). 
De novo alterations accounted for approximately half of all the 
identified gene defects (80/163; 49.1%). Among positive cases 
for which both parents’ specimens were available, de novo 
alterations in AD, X-linked recessive, and X-linked dominant 

Table 2 Overall rates of positive, uncertain, novel, and negative detection rates

Result type
No. of probands with result type/
total no. of probands tested (%)

No. of probands with result type/total no. 
of probands with a nonnegative resulta (%)

Overall positive 161/416 (38.7)b 183/226 (81.0)

  Characterized gene(s) 152/500 (30.4) 152/226 (67.3)

    Likely positive 21/500 (4.2) 21/226 (9.3)

    Positive 131/500 (26.2) 131/226 (58.0)

  Novel gene(s)c 31/416 (7.5)b 31/226 (13.7)

Uncertain 43/500 (8.6) 43/226 (19.0)

Negative 215/416 (51.7)b NA
aTotal probands with a nonnegative result includes positive, uncertain, and novel results. bTotals do not include results from the 84 probands in whom “first-tier” analysis 
(analysis of characterized genes only) was ordered. cIncludes both likely positive and possibly positive results. NA, not applicable.
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diseases accounted for 90.7, 40.9, and 75.0% of the molecular 
defects, respectively. Among the 86 AD mutations, 60 arose de 
novo in the germ line, 5 probands inherited the mutation from 
a symptomatic parent, and 2 carried a mutation with indis-
putable pathogenicity in genes known to be associated with 
reduced penetrance and variable expressivity. Among the 26 
probands with X-linked findings, 13 boys were hemizygous for 
a maternally inherited mutation and 1 female patient inherited 
the mutation from an affected mother.

Dual diagnoses
Among the 152 probands with a positive or likely positive 
finding in a characterized or novel gene, 23 (15.1%) had mul-
tiple gene findings (data not shown). Among these, 11 patients 
received a dual molecular diagnosis (Supplementary Table S5 
online), in which the two significant findings are associated 
with nonoverlapping clinical presentations (patients 2, 4, 5, 6, 8, 
9, and 10) or possibly both contribute to the major phenotypes 
(patients 1, 3, 7, and 11).

Mutation types among the 211 identified mutant alleles
The 152 positive/likely positive cases are associated with 214 
mutant alleles (Supplementary Table S6 online), including 165 
(77.1%) single-nucleotide substitutions (111 missense, 37 non-
sense, and 17 affecting splicing), 45 (21.3%) small (<20 nt) dele-
tion/insertion/indels (42 frameshift and 3 in-frame deletions), 
and 4 (1.9%) large deletion/indels (ranging in size from 41 nt 
to 102 nt, confirmed by Sanger sequencing). Approximately 
half (46.7%) of the 214 mutant alleles were truncating (non-
sense, splicing, frameshift, or large deletions) and 53.3% were 
nontruncating (missense or in-frame deletions).

Genes with mutant findings within multiple patients
Mutations were identified in 141 different genes, 23 (16.3%) of 
which were found in two or more unrelated patients (i.e., “recur-
rent genes”; Table 4). Mutations in 16 genes were each identi-
fied in two patients. Mutations in five genes (ACTG2, FOXG1, 
IQSEC2, SMC1A, and DYNC1H1) were each observed in three 
patients, and mutations in two genes (ANKRD11 and KMT2A) 
were each observed in four patients. Some patients had recur-
rent clinical phenotypes with molecular defects in different 
genes. Seven patients presenting with hereditary spastic para-
plegia and/or ataxia had mutations in six genes: ALS2, CYP7B1, 
FA2H, ITPR1 (de novo mutations detected in two patients), 
KCNC3, and SPAST. Similar to a previous report,6 mutations in 
Coffin–Siris syndrome (two for ARID1B and one for ARID1A) 
and Cornelia de Lange syndrome (three for SMC1A and one for 
SMC3) genes were also seen in multiple patients.

Recently characterized genes
Interestingly, 35 probands harbored mutations in genes discov-
ered since January 2012 (23.2% of positives) (Supplementary 
Table S7 online). These included eight (5.3%) cases in which 
the gene was not yet listed in HGMD/OMIM Morbid at the 
time of analysis but was included in our internal ChAD gene 
database. An amended report was issued to reflect new gene 
discovery for four probands (2.6%).

Trio WEs
Most patients opted for the reflexive testing option, which 
entailed exome sequencing of probands and analysis of charac-
terized genes and, if negative, reflex to trio exome sequencing 
and analysis of all genes. This strategy posed an inherent bias 
toward positive findings among proband-only cases. However, 
this bias is removed when comparing trios versus proband-
only test strategies among patients opting for nonreflexive test-
ing. The positive rate observed among patients undergoing the 
trio test strategy was 37.3% (82/220), whereas the positive rate 
among the singleton test strategy was 20.6% (14/68), a statisti-
cally significant difference (P < 0.01) (Supplementary Table S8 
online).

DIsCUssION
Recent publications report a DES diagnostic rate plateau of 
~25%.6,7 Herein, we report a diagnostic rate of 30.4% among 
relevant characterized genes. In addition, alterations in novel 
genes may provide a likely or possible explanation for the 
molecular etiology in 12% of patients with no significant find-
ings in characterized genes. This rate is ~20% higher among 
characterized gene findings and 60% higher when considering 
novel gene findings as compared with those reported in similar 
clinical cohorts.6,7 The diagnostic rate for WES can depend on 
several factors, including overall gene coverage, bioinformatics 
filtering, and/or level of manual medical review. The difference 
in our detection rates could be attributed to several factors.

The use of family trio exome sequencing has been recom-
mended to reduce the rate of uncertain findings.20 Our data 

Table 3 Inheritance patterns among 163 positive/likely 
positive gene findings from 152 patients

Inheritance pattern
Number of genes 
(% of total 163)

Autosomal dominant 86 (52.8)

  De novoa 68 (41.7)a

  Inherited 7 (4.3)b

  Inherited from an affected parent 5 (3.1)b

   Mutation with undisputable pathogenicity 
(reduced penetrance)

2 (1.2)

  Unknown 11 (6.7)

Autosomal recessive 51 (31.3)

  Inherited 47 (28.8)

  Unknown, likely inherited 4 (2.5)

X-linked recessive 22 (13.5)

  De novo 9 (5.5)

  Maternally inherited 13 (8.0)

X-linked dominant 4 (2.5)

 De novob 3 (1.8)c

  Inherited from affected mother 1 (0.7)
aIncludes one patient with two de novo alterations and one family with germ-line 
mosaicism. bOne patient with one de novo AD mutation and an inherited AD 
mutation in a different gene. cSkewed X-inactivation confirmed in one patient.
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demonstrate the increased diagnostic utility of a trio WES 
strategy. In addition, trio sequencing reduces analytic cost, 
highly prioritizes de novo changes (in sporadic cases), obviates 
the need for numerous low-throughput Sanger cosegregation 
analyses, and reduces overall turnaround time. Trio sequencing 
also adds to the clinical sensitivity with regard to the interpre-
tation of clinically novel genes. Further, the diagnostic rate is 
improved by comprehensive, tailored, manual medical review 
that does not rely on preset phenotype-driven gene lists but 
rather on a carefully curated and frequently updated charac-
terized gene/phenotype database and cross-checking by at 
least one certified molecular geneticist in addition to at least 
two reviews by molecular geneticists and/or genetic counselors. 
The resultant well-defined gene/alteration list after trio filtering 
based on family history enables the possibility of a thorough lit-
erature search for each gene prioritized, further minimizing the 
chance of missing a de novo mutation and/or positive finding 
in a newly discovered locus.

The utility of a “medical exome” that specifically targets 
~4,600 medically relevant genes has recently been suggested 
as a possible alternative to the capture of all ~20,000 genes.20 
The rate of new gene characterization is accelerating rapidly; in 
the past 6 years, the number of OMIM phenotypes for which 
the molecular basis is understood has doubled.4 That approxi-
mately one-quarter of our relevant gene findings were located 
within these newly characterized genes argues against the util-
ity of gene panels or a “medical exome” with a predetermined 

list of genes. Further, the high ratio of positive findings in newly 
characterized genes underscores the importance of translating 
the most up-to-date research discoveries into clinical exome 
analysis to improve diagnostic sensitivity.

In addition to cost savings and time savings, the superiority 
of exome sequencing over single-gene tests and/or gene panels 
is exemplified by three main findings: (i) the observation of oli-
gogenic findings and/or dual diagnoses in 7% of positive cases; 
(ii) novel gene findings in ~8% of patients; and (iii) a high ratio 
of positive findings among newly characterized genes.

The 11 patients with likely dual molecular diagnoses (7% 
positive cases), the 35 patients with alterations in recently char-
acterized genes (23% of positive cases), and the 31 patients with 
novel gene findings (14% of positive cases) highlight the impor-
tance of DES in the context of complex phenotypes resulting 
from genes not yet characterized or from the combined/syn-
ergistic effect of two or more underlying pathogenic genetic 
alterations. In such cases, traditional models of single-gene 
testing would probably have proven unsuccessful in providing 
an accurate, comprehensive diagnosis.

The recurrent gene findings were most often observed 
among newly characterized genes. For example, there was 
only one report published in 2012 regarding the identification 
of de novo mutations in KMT2A (MLL) in five patients with 
Wiedemann–Steiner syndrome.21 In our first 500 unselected 
exome families, we detected mutations in this gene in four 
probands (Table 4). Similar examples included recurrent 

Table 4 Twenty-three recurrent gene findings among positive gene findings
Gene Gene Refseq33 Occurrences Associated clinical syndrome(s)

ANKRD11 NM_013275 4 KBG syndrome

KMT2A (MLL) NM_001197104 4 Wiedemann–Steiner syndrome

ACTG2 NM_001615 3 Berdon syndrome (microcolon intestinal hypoperistalsis)

FOXG1a NM_005249 3 FOXG1-related disorders/Rett syndrome, congenital variant

IQSEC2 NM_001111125 3 Mental retardation, X-linked (Rett-like)

SMC1A NM_006306 3 Cornelia de Lange syndrome 2

 DYNC1H1 NM_001376 3 Intellectual disability with neuronal migration defects

 ARID1B NM_020732 2 Coffin–Siris syndrome

ATRX NM_000489 2 Alpha-thalassemia/mental retardation syndrome, X-linked

CHD7 NM_017780 2 CHARGE (coloboma, heart anomaly, choanal atresia, retardation, genital and ear 
anomalies) syndrome

GNAO1 NM_020988 2 Hypomyelinating leukodystrophy with atrophy of the basal ganglia and cerebellum

ITPR1 NM_002222 2 Spinocerebellar ataxia 29, congenital nonprogressive

KAT6Ba NM_012330 2 Genitopatellar syndrome/SBBYSS (Say–Barber–Biesecker–Young–Simpson) syndrome

KCNQ2 NM_172107 2 Benign familial neonatal convulsions

NEB NM_004543 2 Nemaline myopathy 2, autosomal recessive

OFD1 NM_003611 2 Joubert syndrome 10/oral–facial–digital syndrome

PACS1 NM_018026 2 Mental retardation, autosomal dominant 17

SATB2 NM_015265 2 Cleft palate and mental retardation

SCN1A NM_001165963 2 SCN1A-related seizure disorders

TPP1 NM_000391 2 Ceroid lipofuscinosis, neuronal

TUBB4A NM_006087 2 Hypomyelinating leukodystrophy 6

UBE3B NM_130466 2 Blepharophimosis–ptosis–intellectual disability syndrome

VPS13B NM_017890 2 Cohen syndrome
aOne patient had de novo mutations in both FOXG1 and KAT6B.
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positive findings in our cohort for the newly published genes 
PACS1 (identical mutation hot spot),22 TUBB4A,23 ACTG2,24 
UBE3B,25,26 and GNAO127 (Table 4 and Supplementary Table 
S7 online). The predominance of newly characterized genes 
among the recurrent gene findings is probably due to the lack 
of available clinical tests, either by single-gene analysis or by 
a panel test, for most of these new disease loci. Therefore, 
DES is the sole possible clinical approach for a definitive 
molecular diagnosis in these families. The reanalysis of previ-
ously reported DES cases based on new publications can also 
increase clinical sensitivity of the DES test. For example, we 
made a diagnosis for GNAO1-related epileptic encephalopathy 
on the same day the corresponding article was e-published in 
the American Journal of Human Genetics,27 and we then identi-
fied another de novo mutation in this gene in another patient 
through retrospective data mining.

Interestingly, the results also uncovered some unexpected 
modes of inheritance. The initial assumption for a rare genetic 
syndrome in a consanguineous family is that the disease is 
caused by a homozygous variant inherited through both par-
ents. However, such an assumption may mislead the molecu-
lar diagnostic efforts and mask the real underlying inheritance 
pattern. In our cohort, a de novo missense mutation in TRPS1 
was identified in a patient with a family history of consanguin-
ity presenting with atypical trichorhinophalangeal syndrome.28 
A de novo frameshift mutation in CHD7 was detected in a pro-
band whose parents are first cousins, and the gene finding is 
consistent with his clinical presentation. In another family, the 
presence of two siblings of opposite genders, both with mega-
cystis and echogenic bowel, led to a suspicion of AR inheritance 
of the disorder. DES performed on the proband−parents trio 
was unrevealing based on the AR model; however, the AD fil-
ter prioritized an apparently de novo novel change, c.770G>A 
(p.R257H), in the ACTG2 gene. Cosegregation analysis by 
targeted Sanger sequencing confirmed the DES findings and 
demonstrated that the affected sister also carried this heterozy-
gous alteration. These results indicate both pathogenicity and a 
possible gonadal mosaic origin of this mutation (Tuzovic et al., 
personal communication). This broad spectrum of results illus-
trates how DES analysis based on all applicable inheritance 
patterns provides an unbiased scheme to pin down the real 
causative mutations.

Laboratories face a difficult dilemma when reporting DES 
diagnostic rates. Striving to increase the sensitivity of exome 
sequencing could be misconstrued as “overinterpretation.” In 
fact, a recent report shows that up to one-third of positive cases 
may be attributable to overinterpretation.20

Following a systematic and comprehensive variant classifi-
cation scheme reduces this risk. However, the analysis of the 
phenotypic overlap among the patient and previously reported 
patients is more complicated. Despite this, it is difficult to argue 
against some level of contribution of a bona fide mutation in a 
well-characterized gene. The uncertainty arises with the more 
poorly described genes. However, our data add to the obser-
vations emerging from exome sequencing that the current 

understanding about the phenotypic spectrum of even well-
described syndromes is expanding. This observation has impli-
cations for the interpretation of exome results and may argue 
against the notion of overinterpretation. Overall, a careful 
evaluation of both the alteration (“analytic validity”)29 and the 
overlap of the patient’s clinical features with those associated 
with the gene (“clinical validity”)29 both during DES analysis 
and after reporting is essential.

The rapid pace of new disease gene discovery, the significant 
ratio of positive findings in new disease genes, and the recur-
rence of many of the newly characterized loci illustrated in our 
cohort accentuate the importance of curating an up-to-date 
disease gene database. Our observations also highlight the util-
ity of family-based exome sequencing, including trio exome 
sequencing, familial cosegregation analysis, inheritance-
based model filtering, and comprehensive medical review. 
Furthermore, the data demonstrate the clinical sensitivity of 
DES over gene panels, especially with respect to conditions of 
genetic heterogeneity. Ongoing efforts to enhance the gene cov-
erage of current DES platforms may further justify DES as the 
first-tier test.

Finally, the high diagnostic rate of DES clearly highlights the 
potential medical–economic savings to patients and insurance 
companies paying for testing. Almost 40% of patients analyzed 
in this cohort had a positive finding, more than doubling the 
rate of diagnosis achieved following a traditional molecular 
testing approach.3 Reaching a diagnosis results in an end to 
the expensive, time-consuming, and potentially invasive diag-
nostic odyssey that poses a heavy burden both for families and 
the health-care system.30–32 The high diagnostic rate of DES, 
the implication for patient care after a diagnosis, and the clear 
cost savings make exome sequencing well suited to become the 
standard of care in diagnostic medicine.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper 
at http://www.nature.com/gim.
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