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a b s t r a c t
Human and several nonhuman species share the rare ability of modifying acoustic and/or syntactic features of sounds produced, i.e. vocal learning, which is the important neurobiological and behavioral substrate of human speech/language. This convergent trait was suggested to be associated with significant
genomic convergence and best manifested at the ROBO-SLIT axon guidance pathway. Here we verified
the significance of such genomic convergence and assessed its functional relevance to human speech/language using human genetic variation data. In normal human populations, we found the affected amino
acid sites were well fixed and accompanied with significantly more associated protein-coding SNPs in
the same genes than the rest genes. Diseased individuals with speech/language disorders have significant
more low frequency protein coding SNPs but they preferentially occurred outside the affected genes. Such
patients’ SNPs were enriched in several functional categories including two axon guidance pathways
(mediated by netrin and semaphorin) that interact with ROBO-SLITs. Four of the six patients have
homozygous missense SNPs on PRAME gene family, one youngest gene family in human lineage, which
possibly acts upon retinoic acid receptor signaling, similarly as FOXP2, to modulate axon guidance.
Taken together, we suggest the axon guidance pathways (e.g. ROBO-SLIT, PRAME gene family) served as
common targets for human speech/language evolution and related disorders.
Ó 2017 Elsevier Inc. All rights reserved.

1. Introduction
While language is generally considered a unique component of
humanity, its behavioral substrate, vocal learning, has been found
in several distantly related nonhuman species (Doupe & Kuhl,
1999). Anatomical studies revealed that human and these nonhuman vocal learners share specialized corticostriatal loops and
direct connections from motor cortical areas to brainstem vocal
motor neurons, which are absent in vocal non-learners including
non-human primates (Jarvis, 2004; Petkov & Jarvis, 2012). Comparative studies suggested that the above neural convergence in vocal
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learners is accompanied with certain genomic and transcriptomic
convergence (Pfenning et al., 2014; Wang, 2011; Wang et al.,
2015). Some revealed genes were shown to possibly participate
in the development of vocal learning or even human speech and
language. For example, C4ORF21 as the only gene reported so far
to exhibit accelerated evolution in human and other two mammalian vocal learners (elephants and microbats) but not their vocal
non-learning relatives was found to be a candidate gene for childhood apraxia of speech (Peter et al., 2016; Wang, 2011).
Here we focused on the list of convergent amino acid changes
shared by humans and other two mammalian vocal learners, i.e.
the so-called single non-random amino acid pattern (SNAAP)
changes in 73 genes (in bold hereafter) (Wang, 2011). Compared
to those genetic changes associated with various aspects of human
speech/language as reported by human patient studies, this list
relates to genetic changes associated with a more definitive and
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concrete neurobiological and behavioral feature of speech/language that differentiates human from other primates. Interestingly, genes with such amino acid convergence show strong ties
to ROBO-SLIT axon guidance pathway (ROBO1, NEO1, PITPNA,
CKAP5, PCM1, CEP192, PTPRB and EFNB1), which correlates with
neural connectivity differences between vocal learners and nonlearners (Pfenning et al., 2014; Wang, 2011; Wang et al., 2015)
and the convergent expression patterns of ROBO1 and its ligand
SLIT1 across humans and three orders of avian vocal learners
(Pfenning et al., 2014; Wang, 2011; Wang et al., 2015) as well as
the fact that human dyslexia and speech sound disorders have susceptible mutations in and near the ROBO1 locus (Bates et al., 2011;
Hannula-Jouppi et al., 2005). The differential expression of ROBO1
and SLIT1 is developmentally regulated in the song learning production brain region in juvenile zebra finches, a songbird, during
its critical period for song learning (Wang, 2011; Wang et al.,
2015). Notably, SLIT1 serves a direct downstream target for the
speech-language related gene FOXP2, the first gene whose mutation was shown to cause a Mendelian form of speech/language disorder (Konopka et al., 2009; Vernes et al., 2007). The roles of other
genes with SNAAPs enriched in vocal learning mammals (PARP1,
FRAS1, GDAP1, HAL, E2F3, CASP8AP2 and USHBP1) in speechlanguage, hearing and vocal production were reviewed in (Wang,
2011). WDFY3 is recently suggested a causative disease gene for
autism whose core symptoms include language and communication deficits (Orosco et al., 2014).
The above findings make it tempting to assess how such convergent amino acid changes were maintained during the population
evolution of humans and relate to intra-species trait variations of
speech/language. Here we were allowed to do so by the availability
of human genetic variation data and by the ability to sequence
exomes of individuals with different speech/language disorders.
We found evidence for these convergent sites being highly fixed
in human populations and having accumulated more associated
protein coding SNPs in other parts of the same genes. These associated variations were also fixed and spread throughout human
populations. Diseased individuals recruited significant more
uncommon and presumably deleterious protein coding SNPs.
These diseased patient SNPs do not preferentially occur in SNAAP
genes; however, their affected genes are significantly overrepresented in functional categories that interact closely with ROBO-SLIT
genes, e.g. the netrin axon guidance pathway and the semaphorin
axon guidance pathways.

2. Results
To verify the significance of SNAAP sites, we downloaded the
pre-calculated Genomic Evolutionary Rate Profiling (GERP) scores
from UCSC database (http://hgdownload.cse.ucsc.edu/gbdb/hg19/
bbi/All_hg19_RS.bw). GERP scores are site specific and measure
evolutionary constraint using maximum likelihood evolutionary
rate estimation, i.e. a greater score means greater evolutionary
constraint inferred to be acting on that site (Davydov et al.,
2010). These scores were calculated based on UCSC alignments of
35 mammals to human genome (hg19). We compared the mean
GERP scores of the SNAAP sites and their surrounding 10 bp and
100 bp protein coding regions, respectively (Fig. 1A and B). Furthermore, we selected 100 random sets of protein coding sites
from the reference 3256 orthologous gene sets and compared their
average profile of mean GERP sores and those of surrounding 10 bp
and 100 bp regions, respectively (Fig. 1C and D). We found the
SNAAP sites have much lower GERP scores than surrounding
regions, a phenomenon not seen in random sets of sites. The
SNAAP sites are in regions that have stronger selective constraints
(most GERP scores greater than 2) than the random sets of sites

(most GERP scores smaller than 2). These results are specific to
SNAAP sites and cannot be explained by their differences in overall
GERP scores at SNAAP gene levels (Fig. 1E and F). These results are
in line with the prior findings that the SNAAP sites experienced significant non-neutral selection and occurred in regions with unusually high negative selection (Wang, 2011).
2.1. Vocal learning SNAAPs are well conserved and have significantly
more associated protein coding SNPs fixed throughout major human
populations
SNP analyses of the 1000 Genomes Project (1KG) data on the 73
genes with SNAAP sites present in vocal learners revealed that only
five of these sites had evolved SNPs in human populations (Supplementary Table 1). Three of the five SNPs (in genes C1ORF87, SELP
and TAF1C) result in minor allelic amino acid types the same as
found in monkey (Rhesus macaque), but are of extremely low frequencies in humans (MAF < 0.001). A fourth SNP (in PLEKHH1)
results in an allelic amino acid site the same as in chimpanzee,
with a MAF = 0.479 in humans, supporting the conclusion in prior
study that this site in PLEKHH1 is a false positive convergent site;
therefore, we excluded this site for subsequent analysis. A fifth SNP
in TMEM87B results in a deletion not present in either monkey or
chimpanzee.
We also found seven human SNPs that are in the same codon of,
but not at the SNAAP sites (Supplementary Table 1). All seven SNPs
are rare in humans: one with MAF < 0.01 and six with MAF < 0.001.
Furthermore, none of these SNPs results in minor allelic amino acid
types to the same as in monkey and chimpanzee. Three of the
seven SNPs are missense SNPs: in ROBO1 A?V, where chimpanzee
and monkey has T; C1ORF116 K?Q, where monkey has R; and
MROH2B I?V, where monkey has M. Notably, ROBO1’s SNAAP site
was in the 1st codon position, while the 2nd and 3rd positions of
the same codon have evolved two SNPs in human populations
yet with very low MAFs (0.0002 and 0.0004). These results suggest
that the SNAAP site amino acid differences between human and
non-human primates are fixed by strong negative selection in
human populations so that the human amino acid types hardly
mutate into the forms of their non-human primate relatives.
We compared the number of human SNPs across the protein
coding sequence (cSNPs) of genes with SNAAP sites relative to random gene sets of equal sizes drawn from a reference set of 3256
genes where the SNAAP genes were identified (Wang, 2011). The
SNAAP genes and random gene sets have comparable protein coding sequence lengths (Fig. 2A). We found the SNAAP genes had significantly more cSNPs (157.53 ± 18.57, mean ± std) than the
random 100 gene sets (99.86 ± 17.52, mean ± std; one-tailed ttest, p-value < 1E 15; Fig. 2B). This excess of cSNPs is largely
attributed to common cSNPs, i.e. cSNPs with MAF > 0.01 (Fig. 2C;
one-tailed t-test, p-value < 1E 15; 147.79 ± 14.70 versus
93.78 ± 15.74, mean ± std), but not rare cSNPs, i.e. cSNPs with
MAF < 0.01 (Fig. 2D; one-tailed t-test, p-value = 1; 6.08 ± 2.69 versus 5.42 ± 3.24, mean ± std). Taken together, these results suggest
that the SNAAP genes in vocal learners have a stronger level of fixation at the SNAAP sites, but conversely have gained significantly
more cSNPs in other parts of their protein-coding regions; these
over-represented cSNPs have been well fixed throughout the
human population.
2.2. Low frequency protein coding SNPs are enriched in patients with
impaired speech/language abilities but do not preferentially occur in
SNAAP genes
To test whether these SNAAP sites and other sites in the same
genes could be associated with variations in the vocal learning
trait, the exomes of a total of six patients with impaired speech
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Fig. 1. Comparison of mean GERP scores of SNAAP sites and surrounding 10 bp (A) and 100 bp (B) regions, with those of randomly selected sites and surrounding 10 bp (C)
and 100 bp (D) regions. Density plots of overall GERP scores of SNAAP genes (E) and 100 random sets of genes (F) exhibit similar distributions.

and language abilities (Han Chinese) were sequenced and studied
(Table 1). Three of them were diagnosed to have delayed speech
and language development (#1, #2, #3). The #1 and #2 patients’
IQ scores were 77 and 70, respectively. The #3 patient has a lower
IQ score of 66 and his hearing ability was found to be normal. The
fourth patient (#4) was discovered to have a hearing deficit in left
ear whose IQ was unable to be assessed. These four children are
male and 2–3 years old. Two elder children (8–9 years old, male)
were diagnosed to have stuttering/dysarthria (#5; IQ score: 103)
and dyslexia (#6; IQ score: 72), respectively.
Here we focused on low frequency cSNPs (including cSNPs of
MAF < 0.1 and de novo SNPs; denoted as lfcSNPs) for two reasons:
(1) they are more representative for specific populations (Moore
et al., 2013); (2) and deleterious variants are more likely to occur
at low frequency and thus be associated with a role in the etiology
of diseases (Diogo et al., 2013). Scanning over 19,868 genes, we
found the six patients had significantly more lfcSNPs than nonAfrican populations (Fig. 3A; one-tailed t-test, p-value = 4.6E 11,
excluding African population). The African population had significantly more lfcSNPs than patients or non-African populations
(one-tailed t-test, p-value < 1E 15), possibly due to the higher
genetic diversity of African populations (Lohmueller et al., 2008;
Tishkoff & Williams, 2002) or/and an artificially high level of ascertainment bias in current SNP databases derived from arrays based
on predominantly non-African populations (Teo, Small, &
Kwiatkowski, 2010). The six patients had significantly higher numbers of lfcSNPs than their East Asian cohorts with no overlap in

values between the two groups (Fig. 3A), indicating the large difference seen in the patients is not due to ancestry differences with
the controls. Furthermore, the numbers of lfcSNPs in patients
(mean ± std: 5821 ± 195) were 1.8 times as many as that of the
non-African populations (mean ± std: 3172 ± 334), and fell in tails
of distributions of control groups representing five major ancestry
lineages (Fig. 3A). Interestingly, though patients accumulated significant more lfcSNPs than general populations, we found patients
have comparable numbers of lfcSNPs as general populations in the
SNAAP genes (Fig. 3B). In other words, the significant excess of
lfcSNPs in patients occurred outside the SNAAP genes.
A substantial portion of these lfcSNPs in patients were not documented by the 1K Genome Project in general populations (de novo
cSNPs or dncSNPs; Supplementary Table 2). In the six patients, we
found the percentages of dncSNPs in the lfcSNPs that occur in the
SNAAP genes (18.1% ± 4.8%) were significantly lower (one-tailed ttest, p-value = 2.6E 6) than those in all genes (55.5% ± 0.5%). Combining with the above results, this result indicates that patients not
only accumulated more lfcSNPs but also more dncSNPs outside
SNAAP genes. This may suggest either that SNAAP genes are resistant against de novo variations, or alternatively, that variations on
SNAAP genes have been easier to spread and get tolerated throughout the populations so that they do not appear de novo. Given the
higher number of cSNPs in SNAAP genes in normal populations as
suggested in Section 2.1, the second scenario seems more likely.
PANTHER gene ontology (GO) analysis of 2966 genes with
dncSNPs in patients revealed three biological processes (containing
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Fig. 2. Comparison of cSNPs in SNAAP genes and random gene sets. (A) Density plots of the number of cSNPs in SNAAP genes (red line) and 100 random gene sets (grey lines).
(B) Density plots of the number of common cSNPs in SNAAP genes and 100 random gene sets. (C). Density plots of the number of rare cSNPs in SNAAP genes and 100 random
gene sets. (D) Density plots of the coding region length of SNAAP genes and 100 random gene sets.

at least 20 genes) with >2-fold enrichment and p value < 0.05 with
Bonferroni correction for multiple testing (Thomas et al., 2003):
fertilization, sensory perception of sounds and cell matrix adhesion
(Supplementary Table 3A, grey shading). PANTHER pathway analysis revealed three pathways (containing at least 20 genes) with
>2-fold enrichment (p value < 0.05 without Bonferroni correction
for multiple testing; no pathways have p value < 0.05 with Bonferroni correction): two glutamate receptor pathways (ionotropic and
metabotropic) and insulin/IGF pathway (Supplementary Table 3A,
no shading). Further, we tested the subset of patients’ dncSNPs that
are not documented in any public database and performed the
same analysis as above. In this case, only two biological processes
were identified: sensory perception of sounds and cell matrix
adhesion, while the above three pathways remained significant.
For non-dncSNPs of the lfcSNPs, we counted the numbers for
each gene in patients and the East Asian population and used the
Fisher’s exact test to assess if any genes have significant enrichment of such lfcSNPs in patients relative to the East Asian population. Of the 19,848 genes analyzed, 1819 genes were identified at p
value < 0.05 (Supplementary Table 2). We performed PANTHER
analyses on these genes as above. No significant biological processes were identified. In contrast, PANTHER pathway analysis
revealed five significantly overrepresented pathways (Supplementary Table 3B). The top two pathways are mediated by Netrin and
Semaphorins, which are known axon guidance molecules that
interact closely with the ROBO-SLIT axon guidance pathway
(Pasterkamp, 2012; Stein & Tessier-Lavigne, 2001).
2.3. Multiple patients share rare homozygous cSNPs in the PRAME gene
family
Due to the wide spectrum of symptoms in speech/language disorders, it is usually difficult to identify any commonly shared variations even for a large cohort of patients with the same diagnosis.

Not surprisingly, we examined rare non-synonymous cSNPs
(MAF < 0.05, i.e. rncSNP) that are predicted to have ‘‘probably damaging” effects by PolyPhen (by default parameters; i.e. at false positive rate thresholds of 5% for HumDiv model and 10% for HumVar
model) in the SNAAP genes of the patients and found the resultant
13 rncSNPs (Table 1; in grey shading) were unique to each patient.
Two rncSNPs were from the same gene (NEIL1) and belong to two
different patients. None of these rncSNPs were at the SNAAP sites.
Specifically, patient #1 had one rncSNP in SNAAP gene CEP192 that
functions critically in centrosome mediated neuronal migration
regulated by the ROBO-SLIT pathway (Gomez-Ferreria et al.,
2007; Higginbotham & Gleeson, 2007). Patient #2 did not have
any identifiable rncSNP in SNAAP genes. Patient #3 had 3 rncSNPs
in SNAAP genes (GPA33, NUP188 and URB1). No prior knowledge
that we could find has supported a direct role of these genes in
speech/language disorders. Patient #4 had 2 rncSNPs in the SNAAP
genes TAF1C and NEIL1. SNPs in TAF1C were shown to be significantly associated with autism spectrum disorders (Anney et al.,
2010, 2012). NEIL1 was recently revealed as a disease gene for
human autosomal recessive steroid-resistant nephrotic syndrome
(SRNS) and children with SRNS are at higher risk of sensorineural
hearing impairment (Sanna-Cherchi et al., 2011). But it remains
unclear if this is caused by drug over-dosage or genetics. Patient
#5 also had a rncSNP in NEIL1 but at a different position from that
in patient #4. Patient #6 had one rncSNP in SNAAP gene LAMB4
and two rncSNPs in SNAAP gene LCT. The two rncSNPs in LCT
resulted in two consecutive Prolines, i.e. Pro-Pro, to replace the
original residues: Thr-Ser. This supposedly would induce a drastic
change on protein structure from a linear shape into a curved
shape. But it is unclear how mutations on LCT may affect speech/
language.
We also examined the non-synonymous dncSNPs that are
homozygous in each patient and are predicted to be ‘‘probably
damaging” by PolyPhen. There was a total of 13 such dncSNPs in
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5

Table 1
The ‘‘probably damaging” rare non-synonymous SNPs in patients. In grey shading: rncSNPs in SNAAP genes; no shading: homozygous dncSNPs.

a

MAF is minor allele frequency from 1000 Genome Project.

13 genes (Table 1, no shading) found in all six patients, and over a
half of these genes are of unknown functions. Surprisingly, some
SNPs were shared in multiple patients (rs201258581 in gene PRAMEF5 of patient #1, #4 and #5), or in different locations of the

same gene in different patients (ZNF717 of patient #3 and #5).
One ZNF717 mutation has been isolated among the 16 rare
homozygous variants from at least 2 families that have patients
with Joubert Syndrome, a disorder characterized by autistic behav-
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ior and mental retardation (Huang et al., 2011). Furthermore,
patient #2 also had a SNP in PRAMEF7 gene paralogous to PRAMEF5.
In other words, there was a total of four patients (#1, #2, #4, #5)
with such homozygous missense mutations on the PRAME gene
family, which is among the youngest human gene families that
arose in the last 3 million years, i.e. well after humanchimpanzee divergence, and were positively selected in the human
population (Birtle, Goodstadt, & Ponting, 2005). Interestingly, the
most studied PRAME family member gene PRAME is reported as a
dominant repressor of retinoic acid receptor signaling (Epping
et al., 2005). Since retinoic acid acts as a chemoattractant to guide
growth cone turning (Dmetrichuk, Carlone, & Spencer, 2006) and
its receptor signaling interacts with the language gene FOXP2 to
drive neuronal differentiation (Devanna, Middelbeek, & Vernes,
2014), we suggest that the axon guidance pathways involving
the recently evolved PRAME gene family have been critical for both
speech/language evolution and related disorders.
3. Discussion
We caution that it will be completely biased if one tries to
understand our results by the standards of population genetics.
Here it is more useful to include fewer patients and less homogenous phenotypes in order to bridge results from the two research
paradigms: comparative genomics and population genetics. The
genetic markers we obtained from the comparative genomic studies are based on the analyses of species with or without the vocal
learning trait, a primitive but distinguishing substrate for human
speech language. There is no priori to correlate findings from vocal
learning studies with any specific or well defined speech language
disorders, because such findings may relate to a broad spectrum of
functionalities necessary for human speech language, e.g. motor,
sensory, neurodevelopment, emotion or their combinations. In this
regard, by including the few not-so-well-defined patients, we in
fact increased the signal-to-noise ratio, which is in sharp contrast
with conventional design of human population genetic studies
which requires well-defined large cohorts.
The recent discovery of more-than-expected genome-wide convergence on protein sequences of echolocation mammals has been
disputed (Parker et al., 2013). It raises questions about whether
certain phenotypic convergence would be associated with any
genomic convergence that can be appropriately detected by known
models of protein evolution (Thomas & Hahn, 2015; Zou & Zhang,
2015). Here our analyses on SNAAP sites and genes that exhibit
amino acid convergence in vocal learners supported their significant relevance with human speech/language evolution and related
disorders. Our results imply that SNAAP genes gained further func-

tional specialization in human evolution and such specialization
has been widely fixed as common SNPs relevant to human
speech/language functions. The strong negative selection over
SNAAP sites that differentiates human from nonhuman primates
throughout human evolution could have served as a prerequisite
condition for such specialization to occur.
We postulate a twofold role of possible specializations brought
by SNAAPs. Firstly, the specialized changes may have influenced
brain development through axon guidance pathways that allows
formation of new projections, thus enabling further development
of specialized circuits. Such changes could be mediated by ROBO/
SLIT and centrosome related genes for neuronal migration. For
speech language pathology, this might provide a plausible explanation to the clinical finding that many individuals with primary
microcephaly, a disease usually caused by defected centrosomal
proteins, show no obvious motor deficits but suffer from speech
language delay (Faheem et al., 2015). Patients in our study have
significant enrichment of probably damaging SNPs in axon guidance pathways and this might have induced abnormal cross-talks
with ROBO/SLIT or centrosome mediated neuronal migration to
affect their speech/language abilities. Secondly, the specialized
changes may have affected the ciliated cells, e.g. those on the lungs,
respiratory tract and inner ear that are critical organs for speech
language, through centrosome related genes and others. Pathologically, centrosomal defects are known to cause ciliopathies. Further, Usher syndrome is a typical ciliopathy with impaired
speech language symptoms and molecularly linked with USHBP1
(Piatti, De Santi, Brogi, Castorina, & Ambrosetti, 2014). The SNAAP
genes E2F3 and RB1CC1 play critical roles in maintaining inner ear
ciliated hair cells (Mantela et al., 2005). Interestingly, the dyslexia
candidate gene DYX1C1, regulated by PARP1, had another role
recently recognized as a dynein axonemal assembly factor, linking
itself to ODF1 for normal ciliary motor functions (Tarkar et al.,
2013). In this regard, the enriched defects of our patients in fertility
functional category may possibly reflect some malfunction not just
related with sperm but general ciliary development, which is in
line with their enriched defects in sound perception and underlies
their impaired speech/language abilities.
Recent analyses on the known 10 genes associated with speech
language disorders revealed three axon guidance molecules
(ROBO1, ROBO2, CNTNAP2) and their regulator FOXP2 to have SNPs
under significant positive selection during human population evolution (Mozzi et al., 2016). It strengthens our argument that the
axon guidance pathways were important targets in human
speech/language evolution. In contrast, few pervasive or episodic
positive selection events were detected for these genes to be associated with human speech language or vocal communication traits.
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This could be attributed to the more complicated evolutionary scenarios of genetic substrate for speech language at species level. It
was suggested that many SNAAP sites might have experienced a
loss of ancestral types at early evolutionary stages of placental
mammals but then recapitalized independently in the vocal learners through reversal mutations, a situation where natural selection
first favors a mutation, then favors its removal, and later still favors
its ultimate restoration (Wang, 2011). Further, the common ancestor of primates might have gained certain genetic substrate for
speech/language, which human further evolved but other primates
lost (Wang, 2011).
We noted quite a few functionally interconnected SNAAP genes
for axon guidance. Among them, genes ROBO1, NEO1, PITPNA and
PTPRB modulate responsiveness of growing axons to guidance
cues, such as Netrin-1, Slits and Ephrins (e.g. EFNB1), stabilizes
migrating neurons and facilitates axonal navigation (Holland,
Peles, Pawson, & Schlessinger, 1998; Kim et al., 2015; Leyva-Díaz
et al., 2014; Stein & Tessier-Lavigne, 2001; Sun, Bahri, Schmid,
Chia, & Zinn, 2000; Xie et al., 2005). Once a migrating neuron
encounters cues like Slits, it retracts the leading process and
extends a new process on the opposite side by re-orienting the
centrosome into the newly formed process where three SNAAP
genes (CKAP5, PCM1 and CEP192) are involved (Barr & Gergely,
2008; Dammermann & Merdes, 2002; Gomez-Ferreria et al.,
2007). SLIT/ROBO pathway transcriptionally regulates HES1 and
in turn affects craniofacial structure development (Akimoto et al.,
2010; Borrell et al., 2012), whereas mutated EFNB1 caused craniofrontonasal abnormalities (Wieland et al., 2004). In addition,
ROBO1’s ligand SLIT1 and EFNB1 are both transcriptionally upregulated by FOXP2 (Konopka et al., 2009; Vernes et al., 2011).
Compared to FOXP2 and other susceptible genes known so far,
our analyses on SNAAP genes and human patients provide a more
systematic framework to better understand a patient’s pathology.
The speech/language disorders of the six patients did not seem to
involve mutations that are likely causative from SNAAP genes.
Rather, patients have accumulated more low frequency SNPs,
potentially deleterious, in genes other than SNAAP genes. As they
were fixed at low levels in human populations rather than de novo,
we suspect these mutations are genetically transmitted from their
parents and have served as risk factors. The rest are de novo mutations and many preferentially occur in neural functional related
genes. We argue these de novo mutations are likely to contain causative factors, e.g. homozygous mutations in PRAME gene family,
which also potentially links to the axon guidance pathways. The
above findings and postulations are summarized in Supplementary
Fig. 1.

4. Material and methods
The public datasets of human single nucleotide polymorphism
(SNP) used in this study were retrieved from the latest release of
the 1000 Genomes Project (1 KG) data (Phase 3, May 2013 release).
It includes 2504 individuals representing 5 super populations
worldwide: African (AFR), Ad Mixed American (AMR), East Asian
(EAS), European (EUR) and South Asian (SAS). Six patients (age
3–10) of Han Chinese ancestry were recruited from unrelated families from Department of Children Healthcare of Capital Institute of
Pediatrics, Beijing, China with approval by the ethical review board
of the hospital and informed consent obtained from the participants. Cotton swab derived buccal cells were scraped from the
inner side of cheeks of patients, and genomic DNA was extracted
and purified by QIAamp DNA mini Kit (Cat#: 51306, QIAGEN).
The patients’ samples yielded about 1lg DNA and were sent for
exome sequencing. The intelligence quotient of patients was
assessed based on the Developmental Diagnostic Scale of Children
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Aged 0–6 Years and Wechsler Intelligence Scale for Children (v3)
for older patients, respectively. The diagnosis for impaired
speech/language abilities were determined by the ‘‘test of
speech/language” in the above tests. A hearing test was performed
by auditory brainstem response (ABR). Whole exome enrichment
libraries were made with NimbleGen SeqCap EZ Exome + UTR
enrichment kit (Roche NimbleGen Inc.) and sent for pair-end
whole exome sequencing at Annoroad Gene Technology Co., Ltd.,
Beijing. The resultant reads were at least 30 coverage when
mapped to a reference human genome (hg19, obtained from the
University of California, Santa Cruz (UCSC) Genome Browser) using
BWA tools. The mapped BAM files were processed for variant calling and filtering with the best practice pipeline of GATK. All variant
calling results were saved in VCF format. SnpEff was used to annotate the VCF files of 1K Genome populations and patients. Coding
SNPs (cSNPs) were extracted from annotated VCF files based on
the SnpEff gene-based annotation.
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