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Many new disease genes can be identified through high-throughput sequencing. Yet, variant interpretation for
the large amounts of genomic data remains a challenge given variation of uncertain significance and genes that
lack disease annotation. As clinically significant disease genes may be subject to negative selection, we devel-
oped a prediction method that measures paucity of non-synonymous variation in the human population to infer
gene-based pathogenicity. Integrating human exome data of over 6000 individuals from the NHLBI Exome
Sequencing Project, we tested the utility of the prediction method based on the ratio of non-synonymous to syn-
onymous substitution rates (dN/dS) on X-chromosome genes. A low dN/dS ratio characterizedgenes associated
with childhood disease and outcome. Furthermore, we identify new candidates for diseases with early mortality
and demonstrate intragenic localized patterns of variants that suggest pathogenic hotspots. Our results sug-
gest that intrahuman substitution analysis is a valuable tool to help prioritize novel disease genes in sequence
interpretation.

INTRODUCTION

High-throughput sequencing generates large amounts of
genomic data for clinical application and discovery of human
disease genes. Interpretation of sequence results, however,
remains a major challenge. Exome sequencing reveals variants
in many genes, and it is critical to distinguish pathogenic variants
from others. Previous gene annotation and inheritance patterns
are important for interpretation, but variants often reside in
functionally uncharacterized genes. Since sequence data from
control populations reveal significant deleterious variant
burden, understanding this variation could help in interpreting
individual gene effects and their importance in disease pheno-
types. Loss-of-function (LoF) variants, for example, are wide-
spread in populations, though the frequencies of individual
variants are rare (1–3). Effects of these variants could be tem-
pered by carrier status or by the lack of impact for the phenotype.
Missense variants are very common and pose additional chal-
lenges for exome interpretation. Although a variety of prediction
methods assess the potential effects on function (4,5), variants in
genes that lack disease annotation are often difficult to interpret.

Variants predicted to disrupt protein function could play a role in
disease or not, depending on the gene’s function. Deleterious
variants could persist in the population if they affect genes that
do not alter reproductive fitness. Additionally, they could arise
in critical genes where the variants would be subject to selection
and would not persist in the population. Few studies have exam-
ined how to rank disease genes resulting from exome analyses
for diagnostic interpretation (6). Here, we focus on interpreting
exome data particularly for severe disease states. These are par-
ticularly important to recognize for disease prediction and for
their clinical implications.

The ratio of non-synonymous to synonymous substitution
rates (dN/dS ratio) (7) has been used to indicate how evolutionary
selection pressure affects protein-coding sequence, particularly
between species (8,9). A low ratio may indicate a negative selec-
tion, whereas a high ratio may indicate a positive selection. An
interspecies ratio between human and primates has been used
to indicate selection and is used in algorithms to predict the
role of individual genes (10). Interestingly, far fewer studies
have used the substitution ratio within one species to help
predict effects (11), and this may be due to questions about
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the ratio’s applicability within species (12). However, with the
growing amount of human sequencing data, one can test the
utility of this ratio broadly.

To assess the population presence of genomic variants and po-
tentially deleterious burden, we can integrate data from control
population exome studies with each human gene–disease associ-
ation in Online Mendelian Inheritance In Man (OMIM, http://
www.omim.org) and use these data to develop a measure of
potential pathogenicity. The presence of deleterious variants in
a given population may depend on whether the particular gene
affected leads to adult or childhood disease, or whether the
variant is present in a carrier status. To test this in a scenario
where potential deleterious mutations may have a strong effect,
we analyzed X-chromosome variants and integrated OMIM
phenotypic data to understand the effects of exome variants in
the NHLBI Exome Sequencing Project (ESP). We hypothesized
that rare variants for X-linked diseases that affect reproductive
fitness may be depleted in adult populations, particularly those
causing a significant pediatric disease. LoF variants in genes
that persist in populations may be tolerated due to individual
carrier status, benign effects on protein or a gene’s low effect
on fitness. We present findings to assist in exome variant inter-
pretation using a per-gene analysis and an intragenic variant dis-
tribution pattern. We also analyze all X-chromosome coding
genes and their variants in the NHLBI ESP to identify new candi-
dates for early-onset disease-associated genes.

RESULTS

Bulk variant analysis

We examined all variants on each chromosome, combining all
6503 exome results in the NHLBI GO ESP (http://eversusgs.
washington.edu/EVS/) (1), and we analyzed predicted variant
effects. Non-synonymous (missense) variants accounted for
34.6% of the total repertoire of variants, whereas synonymous
variants accounted for 21.1% (Supplementary Material,
Table S1). Splice, frameshift and stop variants, likely important
in protein function [putative LoF variants], accounted for 2.3%,
and the remaining fraction was comprised of intronic and other
types. We examined the repertoire of these variants for each
chromosome, recognizing each chromosome has a different
size, coding gene density and region. The X-chromosome had
a low overall ratio of non-synonymous to synonymous variant
diversity relative to the autosomes (lower than all the autosomes
but chromosome 22; Fig. 1A). The ratio of LoF variants versus
synonymous variants was the lowest for the X-chromosome
compared with the autosomes (Fig. 1B). A relative depletion
of functional variants on the X-chromosome could indicate
effects of selective pressure. Since ESP data are largely from
adult individuals (1), we predicted that further variant analyses
with these individuals could help identify patterns of variant
retention and potential loss. We therefore focused our subse-
quent studies on the X-chromosome (Fig. 2).

We examined all variants in X-chromosome protein-coding
genes in the ESP database and found that synonymous, intronic
and missense variants were the most abundant and accounted
for 93.5% of the total repertoire of exome variants on
X-chromosome (Table 1). Stop, frameshift and splice-site
variants, potentially causing LoF for the affected genes, were

considered putative LoF variants (2) and were depleted on X,
comprising only 1.5% collectively, lower than the average
ratio of 2.3% for LoF variants from all the other chromosomes.
Among all the variant sites on the X-chromosome, 28.8%
(14 032 out of 48 678) occurred in OMIM disease genes, but
the vast majority of variants were in genes not characterized
for disease. Interestingly, there was a marked depletion of LoF
variants in the OMIM disease genes compared with other
variants, supporting the potential deleterious nature of LoF
variants (Table 1, x2 test, P-value ,2.2e–16).

Non-synonymous/synonymous substitution ratio for disease
gene prediction

We hypothesized that certain disease-related genes may be
undergoing strong selective pressure on the X-chromosome, par-
ticularly severe diseases that affect reproductive fitness. Such
genes would be highly constrained for functional variation,
would lack LoF mutations and would also have a relatively
lower number of non-synonymous variants in the population.
Given the large number of missense variants of unclear function
that can accompany sequence data, we tested whether the ratio of
non-synonymous to synonymous substitution rates (dN/dS) for
each gene could help identify genes under selection by human
diseases. The total number of possible synonymous and non-
synonymous sites varies for each gene. Thus, to compare
across genes, we normalized the observed number of specific
variants by the total possible number of either non-synonymous
variants or synonymous variants to generate a non-synonymous
ratio (dN) or a synonymous ratio (dS), respectively (13). Total
possible synonymous and non-synonymous sites were predicted
using DnaSP (14), and we calculated the number of non-
synonymous (N) and synonymous (S) variants for each canonical
transcript for each X-linked gene using bulk data from the
NHLBI ESP variant server. Consistent with loss of non-
synonymous versus synonymous variants, the non-synonymous
ratio (dN) distribution of genes was lower than the synonymous
ratio (dS) distribution of genes (Supplementary Material,
Fig. S1). By calculating the dN/dS per gene, where a low dN/
dS ratio could indicate increased selective pressure on a particu-
lar gene, we tested this ratio and then generated a ranked list of
potential disease candidate genes.

To test the utility of the dN/dS ratio to predict disease candidate
genes, we first compared the dN/dS ratio for OMIM-annotated
disease genes and genes lacking disease association on the
X-chromosome. We defined OMIM disease genes as genes
that have annotated disease phenotypes in the OMIM database.
All other genes that were not annotated in disease by OMIM
were defined as non-OMIM disease genes. OMIM disease
genes had a significantly lower dN/dS ratio compared with non-
disease genes (Fig. 3A, P-value ¼ 6.38e205, two-sample
Wilcoxon test), supporting the potential utility of this ratio in
gene prioritization.

To test whether the dN/dS score might indicate genes asso-
ciated with disease severity, we compared the dN/dS ratio for
genes that are associated with diseases of different onset and
death. We reasoned that diseases affecting children or adults
(and their severity) might affect the presence or absence of muta-
tions in a given sequenced population. We again considered our
dN/dS calculations from the ESP population, which almost
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entirely consists of adult variant data, and hypothesized that this
ratio would be altered further in childhood disease genes. We
considered all X-linked disease genes and the typical time for
disease onset or death for each condition. We considered child-
hood, adulthood or variable categories using data from Orphanet
(http://www.orphadata.org) (15). Genes for childhood-onset
diseases and genes for adult-onset diseases were not significantly
different in their dN/dS ratios (Fig. 3B, P-value ¼ 0.6834,
Kruskal–Wallis Rank Sum test). However, disease genes asso-
ciated with childhood death had significantly lower dN/dS com-
pared with those associated with adulthood death diseases
(Fig. 3C, P-value ¼ 0.02972, Kruskal–Wallis Rank Sum test).
These data support the potential importance of the calculated
dN/dS.

We also compared dN/dS to other currently available mea-
sures for ranking putative disease genes, including median com-
bined annotation-dependent depletion (CADD) scores (16),
median conservation scores [phyloP (17) and phastCons (18)]
and combined network scores (19). These scores use orthogonal
information, different from the population variant data used in
dN/dS analysis. Lower dN/dS is significantly associated with
higher median CADD scores, higher median conservation
scores and higher network scores, all of which indicate dN/dS
is useful in predicting disease association (Supplementary
Material, Fig. S2).

In comparing prediction methodologies, we compared the
area under the curve (AUC) from receiver operating characteris-
tic (ROC) curves of the dN/dS ratio reflecting the ability to

Figure 1. Putative LoF variants are relatively depleted on the X chromosome in exome data analysis. (A) Ratio of total non-synonymous variants versus total syn-
onymous variants for each chromosome. P-value ¼ 4.61e–05 (Wilcoxon signed ranked test). (B) Ratio of total LoF variants versus total synonymousvariants for each
chromosome. P-value ¼ 4.01e–05 (Wilcoxon signed ranked test). Variants were analyzed from ESP. X-chromosome is indicated in red and autosomes in black.
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predict X-linked OMIM disease genes with other predicting
measures. The dN/dS ratio performs better compared with
most individual scoring parameters from the gene-based com-
bined network score (19) (Supplementary Material, Fig. S3).
dN/dS, as a single score, however does not perform better than
combined score approaches, and this is expected as combined
scores result from many different individual scores (Supplemen-
tary Material, Fig. S4). Since dN/dS uses population variant data
that the other approaches do not have, it should be a helpful add-
ition to existing prediction methods.

We therefore used a logistic regression model to combine dN/
dS, CADD score and combined network score together to get an
all combined probability score (Supplementary Material, Fig. S4
and Table S2). We did not include conservation scores because
the CADD score already includes these. We found that this all
combined score performs better than any of the above scores

(Supplementary Material, Fig. S4). OMIM disease genes have
significantly higher all combined scores compared with
non-OMIM genes (Supplementary Material, Fig. S5, P-value
,2.2e–16, two-sample Wilcoxon test). The all combined
score therefore takes advantage of both orthogonal information
and the population variant data and provided the best scoring
methodology in predicting putative disease genes.

The human dN/dS calculated from a large adult population
therefore may be an indicator for selective pressure, which in
turn can help prioritize whether a particular gene is more likely
to be related to disease. We ranked all X-linked genes by the
dN/dS ratio (Supplementary Material, Table S2) and examined
the genes with a lowest dN/dS ratio and considered these candi-
date genes for potential early/severe human phenotypes
(Table 2). Of the 24 genes with the lowest ratio, one-third
(8/24) were already annotated with disease in OMIM and
included several notable conditions—cornelia de lange syn-
drome [MIM 300590] (SMC1A) (39), Ogden syndrome [MIM
300855] (NAA10) (40), Wieacker-Wolff syndrome [MIM
314580] (ZC4H2) (41) and genes implicated in intellectual dis-
ability [MIM 300161] (26), (PQBP1) (42–45). We manually
reviewed the remaining functionally uncharacterized genes for
potential disease association and found additional candidate
genes with clinical relevance. For example, CLCN4 has been
suspected in epilepsy as a de novo variant by exome sequencing
(37). Given this gene prioritization based on dN/dS and our
results, we propose that this method can assist in interpretation
of genes not yet functionally characterized for disease.

We also calculated population-specific dN/dS ratios for
African-American (dN/dS_AA) and European-American (dN/
dS_EA) populations (Supplementary Material, Table S2). We
found that both dN/dS_AA and dN/dS_EA ratio are lower
for OMIM disease genes compared with non-OMIM genes
(Supplementary Material, Fig. S6). Since many genes at the
top of Table 2 were small genes, we analyzed the relationship

Figure 2. Flow chart. All variants from ESP were filtered using all X-linked genes and by variant type, analyzed for prediction and validation.

Table 1. Variants in all genes compared with those in OMIM disease genes on
X-chromosome

Function Number of variants Ratio (%)
All genes OMIM

disease genes

Coding-synonymous 11 186 3180 28.43
Coding-other 510 179 35.10
utr-3 1113 244 21.92
utr-5 821 163 19.85
Intron 17 683 6079 34.38
Missense 16 624 4078 24.53
Stop-gained 233 12 5.15
Stop-lost 10 2 20.00
Splice-3 56 11 19.64
Splice-5 62 14 22.58
Frameshift 380 70 18.42
Total putative LoF 741 109 14.71
Total variants 48 678 140 32 28.83
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between the coding sequence length and the dN/dS ratio.
Although the median dN/dS ratio did not change with different
coding sequence length, there was greater variation for small
genes (Supplementary Material, Fig. S7) as small genes tended
to have lower numbers of synonymous/non-synonymous var-
iants. We noted this especially for coding sequences ,500 bp,
and therefore results for such small genes should be viewed
with that potential variability in mind.

Intragenic variant distribution patterns

To assess intragenic variant patterns, we assessed the distribu-
tion of the missense and synonymous variants in ESP across
the coding length of all X-linked genes. We found that many
genes have missense variants that tend to cluster around
certain coding regions and be depleted in other regions, while
synonymous variants are evenly distributed. Figure 4A shows

Figure 3. Comparison of dN/dS ratio by disease characteristics. dN/dS ratio of X-linked genes that are (A) OMIM disease genes (OMIM) or genes not yet annotated in
disease (non-OMIM). P-value ¼ 6.38e–05 (two-sample Wilcoxon test). (B) Disease genes with different average age of disease onset: childhood, adulthood and
variable. P-value ¼ 0.6834 (Kruskal–Wallis Rank Sum test). (C) Disease genes with different average age of death: childhood, adulthood and variable.
P-value ¼ 0.02972 (Kruskal–Wallis Rank Sum test).

Table 2. Genes with the lowest dN/dS ratios on X-chromosome

Gene RefSeq dN/dS OMIM disease Phenotype or potential function References

EIF1AXa NM_001412 0.000 No Implicated in uveal melanoma (20)
FAM127Aa NM_001078171 0.000 No Unknown
MTCP1a NM_001018025 0.000 No T cell proliferation; contiguous gene deletion with Moyamoya disease (21,22)
PABPC1L2A NM_001012977 0.000 No Unknown
PRPS1 NM_002764 0.000 OMIM MIM301835, 311070, 304500, 300661
RPL39a NM_001000 0.000 No Ribosomal protein, 60S subunit (23)
UBE2Aa NM_003336 0.000 OMIM MIM300860
DDX3X NM_001356 0.023 No Translation regulation (24,25)
RAB39B NM_171998 0.044 OMIM MIM3007744
ZDHHC9 NM_016032 0.052 OMIM MIM300799
EIF2S3 NM_001415 0.053 No Intellectual disability (26)
HMGB3 NM_005342 0.062 No Regulates early development and hematopoietic stem cells (27,28)
RPS4X NM_001007 0.063 No Ribosomal protein, 40S subunit (29)
NUDT11a NM_018159 0.063 No Diphosphoinositol polyphosphate phosphohydrolase, expressed in testes (30)
KLHL15 NM_030624 0.070 No Ubiquitin-proteasome system (31)
NAA10 NM_003491 0.074 OMIM MIM300855
PQBP1 NM_001032383 0.078 OMIM MIM309500
HNRNPH2 NM_001032393 0.082 No RNA-binding protein, splice regulator, affects hTERT splicing (32)
OGT NM_181672 0.091 No Glycosylation-related cell adhesion and disease (33,34)
RAB9B NM_016370 0.094 No Contiguous gene deletion with PLP1 (35,36)
CLCN4 NM_001830 0.094 No Possible epilepsy (37)
SMC1A NM_006306 0.094 OMIM MIM300590
PRPS2 NM_001039091 0.096 No Synthesis of purines and pyrimidines (38)
ZC4H2 NM_018684 0.097 OMIM MIM314580

aThese genes have a coding sequence length of ,500 bp.
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density plots of six representative disease-associated genes with
such informative distribution patterns, suggesting specific
coding regions that may be more sensitive to missense
alteration. We also plotted all the pathogenic variants from
NCBI ClinVar (http://www.ncbi.nlm.nih.gov/clinvar/) across
the coding regions of these genes (Fig. 4B). Interestingly, we
found that pathogenic variants tend to appear at coding regions
that are relatively depleted in missense variants. On the other
hand, in regions that have relatively high numbers of missense
variants, there are fewer pathogenic variants. Figure 4C shows
the protein domain structures of these genes. We found that
protein domains also correlate with the regions of fewer
missense variants in the population and with more pathogenic
variants.

Most X-linked genes lack disease annotation and variant
pathogenicity information, so we similarly examined the distri-
bution of the missense and synonymous variants in these genes
using ESP. In many genes, localized regions of missense
variant depletion were identified, and these also correlated with
protein domain prediction (Supplementary Material, Fig. S8).
From these results, we propose that specific gene regions with
fewer population missense variants are more likely to harbor
pathogenic variants and be deleterious in humans.

LoF variants

Although putative LoF mutations (e.g. stops, splice-site muta-
tions) are less common than missense variants, their presence
may indicate variant tolerance, and so we analyzed the pattern
of LoF on the X chromosome. The 744 putative LoF variants
from ESP involved genes at multiple locations on the
X-chromosome and did not depend on parameters such as
genic GC content; however, when we examined the distribution
of LoF variants by gene size, they occurred more in larger-sized
genes compared with smaller ones (data not shown). Since
variants affecting X-linked disease genes could undergo sex-
differential selection in the population, we examined the male
and female distribution of variants as well (Supplementary
Material, Table S3). Suggestive of a more detrimental phenotype

in males, males had fewer variants in four of five categories of
putative LoF variants (splice-3, splice-5, stop-gain and
stop-lost), with stop gains particularly depleted. While some of
the differences might be explained by fewer male samples
when compared with female samples in ESP, stop gains were
even further depleted (12 stop gains in females versus 3 in
males). Alternatively, in exome data, sometimes predicted
variant effects were not clear, even with putative LoF variants.
For example, by analyzing the position of variants in genes,
we found a predilection for stop-gain variants at the beginning
of genes (Supplementary Material, Fig. S9). Some of the stops
near the beginning of genes had codons that could be alternative
starts sites (2 of 4 genes, MAGT1 and NYX, have alternative start
sites), while some stops (6 of 12 genes) may not affect gene func-
tion as they would not be subject to Nonsense-mediated mRNA
decay (NMD) (46). Therefore, not all stop variants were of clear
functional consequence and would need further functional
testing. Genes with LoF variants may be tolerated in the popula-
tion if they do not affect reproduction. One would also predict
that the same genes with LoF point mutations in the population
may also be permissive to other forms of LoF such as deletion.
To test this, we assessed whether genes were deleted by struc-
tural variation by analyzing OMIM genes on the X chromosome
in the Database of Genomic Variants (DGVs, http://dgvbeta.tca
g.ca/dgv/app/home), representing structural variation in control
samples (47). About 47.4% of OMIM genes (27 of 57) with pu-
tative LoF variants were also deleted by structural variation in
controls, whereas for OMIM genes without putative LoF var-
iants, only 37.6% (44 of 117) were fully deleted (Supplementary
Material, Table S4). These results suggest that LoF variant and
deletions can overlap, and with further genomic data, additional
patterns of tolerated LoF may emerge.

Disease genes on the X chromosome could also have particu-
lar functional characteristics that could help in deciphering
genes without known function. We examined whether X-
linked disease genes tend to reside in particular annotated
pathways. To do this, we performed pathway analysis for
OMIM disease genes compared with all the genes on the
X chromosome using WebGestalt (http://bioinfo.vanderbilt.

Figure 4. Pathogenic variants occur at protein locations that have the least non-synonymous variant density. From top to bottom: (A) density plots for synonymous and
non-synonymous variants along the coding sequence of six representative genes. X-axis shows the relative position of the synonymous and non-synonymous variants
in the coding sequence. Green: synonymous. Red: non-synonymous. (B) Histograms show the pathogenic missense variants along the coding sequences. (C) Domain
structures: dark gray rectangles show the protein domains and light gray bars show the whole protein. ATRX: NM_000489; CDKL5: NM_003159; F8: NM_000132;
HCFC1: NM_005334; KDM5C: NM_004187; MECP2: NM_001110792.
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edu/webgestalt) (48). Metabolic pathways (KEGG) (49) were
the most enriched among X-linked disease genes (Supplemen-
tary Material, Table S5). Interestingly, of the 20 metabolic
pathway genes, only three genes, 15% (OTC, ALAS2 and
ALG13), had putative LoF variants in ESP. In contrast, 57 of
174 X-linked OMIM disease genes (33%) had putative LoF,
and 352 of 755 X-linked genes (47%) had putative LoF. The rela-
tive depletion of LoF variants in metabolic pathway genes
support their function in disease and suggest that future consid-
eration of other metabolic pathway genes may also reveal new
disease candidates.

In summary, we used the dN/dS ratio from ESP population
exome data as a method to prioritize putative disease causing
genes on the X-chromosome. Supplementary Material, Table S2
summarizes dN/dS scores for all the genes on X-chromosome.
We also made available an online sequence analysis dN/dS tool
at http://humangenetics.ucsf.edu/sequencing-tool/.

This allows for calculation of dN/dS for any given coding se-
quence and the number of variants within the sequence. The
output results are the total number of putative synonymous/
synonymous sites and the dN/dS ratio. The dN/dS ratio from
any coding gene or region within the gene of interest can be
queried.

DISCUSSION

Despite advances in sequencing technologies for clinical diag-
nostics, it remains challenging in exome analysis to identify
the key mutation for an underlying disease for a given patient.
De novo mutations are suggestive, but additional gene annota-
tions are needed to interpret contribution to disease, particularly
with genes not yet associated with disease. For inherited var-
iants, males tested by exome sequencing will have maternally
inherited X-chromosome variants that may be important, but
these would be of unclear functional significance without add-
itional gene annotation. We have developed a basis to prioritize
genes with a greater probability to cause disease. By studying
variation in sequenced later-aged individuals, we can learn
about genes important in earlier stages of life.

Analysis of non-synonymous to synonymous substitution rate
of all X-linked genes in NHLBI ESP revealed that OMIM-
annotated disease genes have a lower average dN/dS ratio.
More importantly, lower dN/dS ratios are correlated with dis-
eases with childhood mortality. This may be especially import-
ant for predicting serious pediatric conditions. Our study is
interesting since we demonstrated correlation of dN/dS with dis-
eases that have childhood mortality. Our data suggest that genes
with a lower dN/dS ratio are more likely to cause disease, and
these can be prioritized for study in subsequent gene discovery
studies. We also found that putative LOF variants, although
less numerous than missense variants, are depleted in disease
genes overall, but individual LOF variants may also need
further investigation for effect on function.

We also analyzed the distribution of the missense and syn-
onymous variants from ESP along the coding sequences of all
X-linked genes. We found that regions depleted in missense
variants are highly correlated with those enriched in pathogenic
variants relevant for human disease. For example, mutations in
the ATRX gene cause alpha-thalassemia/mental retardation

syndrome. Pathogenic variants are clustered in two regions,
one in an N-terminal zinc finger domain and another one in
C-terminal helicase domain (50). These two regions are depleted
for missense variants in ESP, suggesting that variant patterns in
ESP can be helpful in predicting where variants would be clinic-
ally significant. HCFC1 encodes a transcriptional regulator
implicated in X-linked mental retardation and a cobalamin
disorder. Pathogenic variants occur in the highly conserved
N-terminal Kelch domain (51). We found that the same region
is depleted for missense variants in ESP. Most X-linked genes
do not have known pathogenic variants. Thus, the distribution
of missense variants in sequenced populations could be utilized
to predict regions that would harbor new pathogenic variants in
these genes. Since whole exome sequencing often identifies
multiple candidate variants, it is often difficult to determine
pathogenicity. We demonstrate that the pattern of population
variants may also be used as a tool to predict regions more
likely to have pathogenic variants.

Our studies provide methods for prioritizing X-linked genes
that have a greater probability of causing significant disease,
and this will be useful for the interpretation of exome variants.
Using this concept, interpretation of variants can be extended
to include population-based genic variability. This can be used
in addition to information on family structure and nucleotide-
level change. In addition, as more genome-scale analyses are
performed, even for non-pediatric diseases, our ability to inter-
pret exomes for severe childhood conditions should improve.

We showed the first time that we can evaluate genes using an
intrahuman variant substitution rate calculated from 6503
samples in the NHLBI ESP. Some studies have described
approaches for evaluating variant pathogenicity by examining
sequence (9,16,52,53). The former study (9) is based on
variant data from smaller numbers of samples. Other studies
(16,52,53) used different approaches to assess variant data, but
they did not utilize intrahuman variant substitution ratio as
shown in our study nor do they assess localized regions of pro-
teins with variant depletion. For example, haploinsufficiency
scoring (52) utilized copy number variation and several factors
including interspecies conservation and did include some
X-linked genes. A dN/dS ratio is not limited by previous gene
annotation and can be calculated for any protein-coding gene.
Our intrahuman dN/dS ratio is applicable to all X-chromosome
protein-coding genes and adds direct information from
growing human single-nucleotide variability data. Piton et al.
(11) examined genes implicated in X-linked intellectual disabil-
ity and used nucleotide substitution ratios to evaluate candidates
for this phenotype. Our results provide evidence for generaliza-
tion of this concept by evaluating all coding X-linked genes and
assessing genes for multiple disease phenotypes. Our results
using ESP population data on X-linked genes provide evidence
for the importance of adult exome data for pediatric phenotypes.

These results are potentially useful for disease prediction, but
our methods have several limitations due to currently available
resources. The NHLBI ESP does include data from symptomatic
individuals, especially from people with adult diseases such as
cardiovascular disease. The ESP database does not provide
information about which variants were from healthy or diseased
individuals. However, most variants observed in a particular
gene are likely from individuals that do not have a specific
disease linked to that gene. Thus, the influence of having
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diseased individuals in the analysis will be greatly diluted, which
makes it possible to use the ESP data for the analysis. Since our
analysis is based on purifying selection, it is likely to be most
relevant for early-onset conditions and not for late-
onset diseases. Our analysis of clinical correlation used the
disease databases OMIM and Orphanet, and databases can be
incomplete given lag between gene–disease association and
annotation. To help account for this, we used PubMed searches
for the genes with the lowest substitution ratios and still found
several candidate genes that are not disease annotated, but are
expected to play an important function. The results of our
studies are likely the most useful for pediatric and other
early-onset diseases. Regarding the dN/dS ratio and clinical
outcome, annotation of disease phenotypes including onset of
disease and age of death for diseases are still incomplete; thus,
correlation between dN/dS ratio and disease due to each gene
will require further refinement with more clinical data and
exome results.

We observed a greater variability in dN/dS in small genes, and
this may reflect the limited number of variants even in ESP.
Small genes with a low dN/dS ratio may indicate disease associ-
ation or simply be due to the variability of the dN/dS value for
small genes. We cannot exclude the possibility that some
small genes with a low dN/dS ratio may not have accumulated
sufficient variant data given the limited ESP data. We expect
that the dN/dS ratio will be increasingly accurate with further
exome data. Homozygotes in ESP may also represent outliers.
Also, some known disease-associated genes might be missed
by dN/dS prioritization, possibly because they have regions
that are depleted for synonymous variants, as well as regions
that are enriched for synonymous variants (for example,
MECP2 in Fig. 4). This variation within a gene may dilute the
overall consequence of dN/dS ratio as a whole gene. For large
genes, further analysis of the dN/dS ratio in gene regions may
be of further interest.

The intrahuman dN/dS ratio can be further applied as more
variation data emerge. Our results provide evidence for the
utility of intrahuman dN/dS, although the limits need further
research (12). Future analysis of genomic data might identify
other genes with dN/dS ratios suggestive of disease. Analysis
of dN/dS is not limited to X-chromosome. It can be done for
any genes of interest using our online tool link. Genes with sug-
gestive dN/dS ratios would also be strong candidates for severe
diseases that significantly affect reproductive fitness, and these
are likely to be priority genes for detection in early disease
screening and prognostication.

MATERIALS AND METHODS

Variant data

Exome variant data were obtained from the NHLBI GO ESP (1)
[The Exome Variant Server (ESP6500SI-V2) http://eversusgs.
washington.edu/EVS/; accessed on 22 March 2013]. This
dataset includes results from 6503 exomes from 15 different
NHLBI cohorts targeting primarily adults. Predicted variant
effects were obtained from ESP using GVS Function. Effects
included non-synonymous and synonymous variants and other
exonic categories. Putative LoF variants were defined as: frame-
shift, stop gain/loss or involving 5′ or 3′ splice sites. We defined

these as putative LoF because they may need validation by
experiments. As there may be multiple transcripts for the same
gene, we calculated the number of variants in ESP data for the
canonical transcript. Canonical transcripts were retrieved from
the UCSC Table Browser (http://genome.ucsc.edu/cgi-bin/
hgTables). Variant data included 2203 African-American and
4300 European-American unrelated individuals’ samples that
were sequenced (1). The individuals had a variety of cardiac
and pulmonary conditions including cardiovascular disease,
chronic obstructive pulmonary disease, pulmonary hyperten-
sion, myocardial infarction, or they were postmenopausal
women. These sample collections include adults with many of
ages of at least 50 and 60 years of age, while some collections
included down to early-aged adults. The cystic fibrosis collec-
tion was the only one that included children. Individual pheno-
types are not released from the ESP database. All bulk variant
data from ESP were used for analyses. Chromosome positions
are based on Genome Reference Consortium Human Build 37
(GRCh37/hg19).

Substitution analyses

The intrahuman dN/dS ratio was calculated by evaluating the
number of non-synonymous (N) and synonymous (S) variants
for each gene on the X-chromosome using all the data from
EVS and accounting for the theoretical potential number of non-
synonymous and synonymous sites based on the gene sequence.
dN is the ratio of the number of non-synonymous (N) variants
divided by the number of total non-synonymous sites (N sites).
dS is the ratio of the number of synonymous (S) variants
divided by thenumber of total synonymous sites (S sites).Thedis-
tribution of dN and dS were compared for all genes, and then
dN/dS ratio was calculated for each gene and further examined.

dN

dS
= N/N sites

S/S sites

The number of total putative N sites and S sites for each gene were
calculated by DnaSP (14) using the Nei and Gojobori method (7).
Briefly, all nucleotides in the coding region of each gene were
examined to test whether the nucleotide changes would result
in synonymous substitutions (S sites) or non-synonymous substi-
tutions (N sites). The genetic code table shows that all substitu-
tions at the second nucleotide positions of codons are
non-synonymous, while a fraction of the nucleotide changes at
the first and third positions are synonymous. To calculate the
total putative synonymous sites, we assume equal nucleotide fre-
quency and random substitution. Thus, we can calculate the
number of synonymous sites (S sites) and the number of non-
synonymous sites (N sites) for each codon. For example, in the
case of codon TTA (Leu), N sites are 7/3, and S sites are 2/3.
The total putative N/S sites for a given gene are the sum of the
putative N/S sites for all the codons in the gene.

OMIM disease entries were obtained from the OMIM data-
base using MIM Number Prefix # (phenotype description and
molecular basis known). The gene list was extracted from
Gene Links associated with the disease phenotypes. Disease
onset or death was organized into three categories: childhood,
adulthood and variable based on disease onset/death data from
Orphanet (15) (http://www.orphadata.org). For each gene, its
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corresponding disease was examined for whether it typically
caused childhood death, adult death, or did not cause death or
led to death variably.

To assess genes that were deleted by structural variation in
control samples, we analyzed the DGV for all OMIM genes on
X chromosome. This database represents structural variation
identified in healthy control samples (http://dgvbeta.tcag.ca/
dgv/app/home) (47).

Pathway analysis was performed using WebGestalt (48)
(http://bioinfo.vanderbilt.edu/webgestalt) using all genes on X
chromosome as the reference gene set. All OMIM disease
genes were used as the gene list for analysis. KEGG pathways
were used for enrichment analysis, parameters included: hyper-
geometric statistic with multiple test adjustment using the
Benjamini and Hochberg method.

CADD scores (16), combined network scores (19), phyloP
scores (17) and phastCons scores (18) were retrieved using
dbNSFP v2.4 (54,55). Logistic regression and ROC curves
were made by R (http://www.r-project.org/). For comparing in-
dividualparameters used topredictOMIMdiseasegenes,genetic_
degree, signaling_degree, num_networks and num_interfaces
are not shown due to insufficient data on X-chromosome. Histo-
grams and plots were generated using R graphics (http://www.
r-project.org) and ggplot2 package for R (http://ggplot2.org/).
Protein domains were retrieved from the Superfamily database
and the SMART database in Ensembl.

Statistical analysis

Statistical tests were performed using R (http://www.r-project.
org). For dN/dS ratio comparisons between two categories,
P-values were calculated by the two-sample Wilcoxon test (two-
sided). For dN/dS ratio comparisons between three categories,
P-values were calculated by the Kruskal–Wallis Rank Sum
test. To compare variant numbers on X-chromosome with auto-
somal chromosomes, P-values were calculated by the Wilcoxon
signed ranked test (two-sided). We used the x2 test to identify
variants that violate Hardy–Weinberg Equilibrium (P-value
,0.05).

ADDITIONAL RESOURCES

Shieh lab tool is available at http://humangenetics.ucsf.edu/
sequencing-tool/. It can be used to calculate the dN/dS ratio for
any protein-coding gene or any regions within the gene of inter-
est. The calculation is based on the Nei and Gojobori method (7).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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