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Neurological and neuropsychiatric disorders are among the major 
contributors to human morbidity and mortality1. There is broad 
agreement that genetics represents one of the most promising avenues 
for identifying new therapeutic directions to treat this substantial  
unmet clinical need. Moreover, elucidating the genetic basis of  
neurological and neuropsychiatric disorders provides invaluable 
insights into how our nervous system functions and dysfunctions.

After many years of stagnation, genetic studies of complex forms 
of neurological and neuropsychiatric disorders have finally entered 
an era of systematic and definitive discovery, thanks in large part to 
technological advances permitting genome-wide interrogation. One 
of the most striking features of the recent findings is that many genes, 
and even mutations, that have been implicated in one neurological/
neuropsychiatric disorder have also been implicated in other disor-
ders (http://omim.org/). Genome-wide association studies (GWASs) 
have repeatedly shown a shared risk for schizophrenia and bipolar 
disorder both for specific loci2–4 and through analysis of polygenic 
risk scores2,5 and related approaches6. Relationships between schizo-
phrenia, bipolar disorder, depression, attention deficit hyperactivity 
disorder (ADHD) and autism have also been demonstrated through 
studies of common single nucleotide polymorphisms (SNPs)2,6.

There remains a debate as to whether such relationships are truly a 
result of shared genetic loci between different disorders or are simply 
an artifact of inaccuracies in psychiatric diagnosis. The latter may 
indeed contribute to the phenomenon when considering closely related 
disorders, such as schizophrenia and bipolar disorder, or bipolar  
disorder and depression, or autism with low cognitive ability and 
intellectual disability, where individual patients are often diagnosed 

with both at varying points in their lives. Even in these cases, however, 
there are strong arguments against misdiagnosis being the primary 
explanation; for example, patients with bipolar and schizophrenia 
clearly tend to respond best to different drugs. In addition, theoretical  
modeling shows that although misdiagnosis can inflate estimates  
of genetic correlation among disorders, it is unlikely to explain  
the high genetic correlation observed between bipolar disorder and 
schizophrenia6,7. In addition, the shared genetic risk of multiple  
neuropsychiatric disorders is reminiscent of what is observed for 
autoimmune disorders2.

Moreover, misdiagnosis is an even less persuasive argument when 
applied to variants associated with very distinct neuropsychiatric dis-
orders. Virtually without exception, copy number variants (CNVs) 
associated with one neuropsychiatric disorder have been found to 
predispose to other neurological or neuropsychiatric phenotypes8–12. 
This includes sharing of risk loci between conditions that could not 
reasonably reflect diagnostic ambiguity, such as 16p13.11 deletions, 
which are seen in multiple neuropsychiatric conditions, including a 
range of epilepsies without psychiatric illness or intellectual disabil-
ity13, as well as in profound intellectual disability without seizures14. 
In further support of the case for ‘one variant, multiple disorders’ 
is the observation that many of these CNVs were found not only to 
confer risk of multiple different neurodevelopmental disorders, but 
also to confer risk of other disorders, such as obesity, cardiac abnor-
malities and cataracts8,9,15. For instance, the 1q21.1 deletion associ-
ated with schizophrenia16 and other neuropsychiatric disorders has 
been reported to associate with variable pediatric phenotypes such 
as cardiac abnormalities and cataracts, usually including intellectual 
disability or developmental delay, but occasionally with no obvious 
neuropsychiatric phenotype8. It has also been reported in at least 
one adult with cardiac abnormalities and no neuropsychiatric dis-
order17, as well as in several patients with multiple severe congenital 
abnormalities18.

Most of these CNVs contain a very large number of genes, but, 
in some cases, specific genes have been associated with neuropsy-
chiatric disorders through CNV analysis, including deletions in 
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One gene, many neuropsychiatric disorders: 
lessons from Mendelian diseases
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Recent human genetic studies have consistently shown that mutations in the same gene or same genomic region can increase 
the risk of a broad range of complex neuropsychiatric disorders. Despite the steadily increasing number of examples of such 
nonspecific effects on risk, the underlying biological causes remain mysterious. Here we investigate the phenomenon of 
such nonspecific risk by identifying Mendelian disease genes that are associated with multiple diseases and explore what is 
known about the underlying mechanisms in these more ‘simple’ examples. Our analyses make clear that there are a variety of 
mechanisms at work, emphasizing how challenging it will be to elucidate the causes of nonspecific risk in complex disease. 
Ultimately, we conclude that functional approaches will be critical for explaining the causes of nonspecific risk factors  
discovered by human genetic studies of neuropsychiatric disorders.
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NRXN1 (refs. 19,20) and CNTNAP2 (ref. 21). Notably, even these 
specific CNVs cause multiple, highly variable, disorders22,23. More 
recently, this model of shared causality across multiple complex 
neurodevelopmental disorders has also been observed at the level 
of mutations in individual genes. Exome-sequencing studies, often 
focused on trios (proband and both parents), have implicated the 
same genes in different diseases, including autism spectrum disor-
der (ASD)24–27, intellectual disability (ID)28,29, schizophrenia30 and 
epileptic encephalopathies (EE)31. The most obvious explanation for 
this is that, across these complex neurodevelopmental disorders, the 
children are ascertained for genetic abnormalities in genes that have 
a global neurodevelopmental effect. The complexity of neurodevel-
opment makes it easy to imagine that a disruption in the amount or 
the timing of expression of a single gene could differentially affect 
multiple pathways and the resulting phenotype may be influenced by 
other rare and common genetic variants in these pathways, as well as 
by environmental factors such as nutrition and general health. Most 
notably across the aforementioned studies, de novo mutations in pre-
viously known neurodevelopmental disorder genes, such as STXBP1, 
SCN2A and TCF4, are observed multiple times across patients with 
broader clinical diagnoses of ASD, EE and severe ID24–29,31.

Despite the definitive emerging pattern of shared causality among 
complex neuropsychiatric disorders, we need to be cautious of cir-
cumstances in which this phenomenon might be overstated because 
of a lack of conclusive evidence. The complex genetic architecture of 
neuropsychiatric disorders poses daunting challenges for gene map-
ping efforts32. Appropriate standards for statistically valid identifi-
cation of genes that confer risk at the population level are maturing 
rapidly and will permit unambiguous identification of disease genes 
when sample sizes are sufficiently large. Nevertheless, implicating a 
gene as conferring significant risk in the population as a whole is dif-
ferent from assigning causation in individual patients. In the case of 
complex disease, causation in individual patients represents a substan-
tial challenge for fine-scale genotype-phenotype correlation analyses. 
Nevertheless, we share the view often expressed that human genetics 
is the best general framework for providing statistically convincing 
identification of disease genes33.

Although nonspecificity of risk genes contributing to complex forms 
of neuropsychiatric disorders has been the subject of much attention9,34,  

there has been little consideration of what the examples of genes 
causing Mendelian neurological diseases can tell us about the causes 
of such nonspecific effects on risk of disease. We should clarify that 
nonspecificity refers simply to the phenomenon of a gene associated 
with more than one disease, and we make no claims regarding the 
underlying causes. Thus, nonspecific risk does not necessarily imply 
nonspecific biological effects, and may or may not apply to the under-
lying nature of diseases. For example, mutations in a gene might cause 
disruption of a critical neurodevelopmental process that ultimately 
contributes to a diversity of neuropsychiatric phenotypes across cur-
rent diagnostic boundaries. In this case, the biological effect is specific, 
but we observe nonspecific risk. Keeping this in mind, we review what 
is known about Mendelian disease genes that cause distinct diseases 
with a view to using that experience to help understand the recent 
observations related to complex neuropsychiatric disorders.

We first summarize the known examples of a single gene leading  
to different diseases. Next, we discuss the possibility that already 
known Mendelian disease genes may, in some cases, carry mutations 
that confer risk of more complex forms of neuropsychiatric disorders. 
Finally, we discuss experimental procedures that may allow elucida-
tion of exactly how mutations in single genes can cause a variety of 
disease presentations. In particular, we emphasize that the combina-
tion of rapidly maturing genome editing and stem cell technologies 
presents a powerful platform for modeling the effects of disease- 
causing mutations in cellular models of disease. Because of the 
throughput afforded by this approach, it will be particularly valuable 
in efforts to assess the biological consequences of the many mutations 
identified in individual genes and how those mutations may interact 
with the genetic background to confer risk.

Lessons from Mendelian disease genes
As the name implies, monogenic disease is caused by mutation(s) 
in a single gene. However, the reverse is not necessarily true. In fact, 
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Figure 1 Nonspecific disease-causing genes that cause at least one Mendelian 
neurological disease. Disease means an independent phenotype entry in 
OMIM with a unique OMIM number and without brackets, braces or a question 
mark38. Neurological diseases were included by manual curation, excluding 
metabolic diseases not primarily affecting nervous system, ophthalmologic 
diseases and deafness, cranial skeletal diseases, brain vascular diseases, 
neuromuscular junction diseases, primary muscular diseases, neuroendocrine 
diseases, and non-familial nervous system tumors. We only considered 
germline mutations. To enhance reliability, we further required each gene-
disease correlation to be supported by at least two independent pedigrees or 
one pedigree plus additional cases as documented in OMIM. We found 128 
genes causing at least one Mendelian neurological disease, for which OMIM 
and PubMed were examined. For genes for which relevant literature clearly 
indicates a mechanism, we recorded that mechanism. Doing this over all 128 
genes with informative literature suggested the presence of three different 
mechanism groups: distinct locations of mutations, extent of functional change 
and qualitatively different effects, although these groups are not necessarily 
mutually exclusive. Examples of genes (Table 1) with supporting literature are 
shown in Supplementary Table 1. A few of these genes can also harbor identical 
mutations associated with more than one disease; these genes are indicated 
in Table 1. There is a unique group of genes with identical mutations linked to 
different diseases. This is particularly interesting because it clearly implicates 
something other than the mutation alone. We identified these genes by checking 
OMIM ‘Allelic Variants’ for any mutations linked to more than one disease.
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one gene–one disease might be the exception rather than the rule. 
The phenomenon of one gene or genomic region conferring risk of 
multiple diseases is closely associated with the concept of an allelic 
series. As formulated by Victor A. McKusick in 1973, the term allelic 
series describes disease phenotypes that are seemingly caused by dif-
ferent genes on clinical grounds, but with genetic and/or biochemical 
evidence supporting mutations in the same gene35. Similarly, nonspe-
cific risk is also closely related to the concept of pleiotropy, defined as 
“the phenomenon in which a single locus affects two or more distinct 
phenotypic traits”36. We do not refer to an allelic series or pleiotropy, 
however, as they represent only two possible mechanisms by which 
mutation in the same gene may cause different diseases. In fact, our 
fundamental aim is to try to determine how often the known examples 
follow the concept of an allelic series or pleiotropy, or some other 
mechanism (such as interactions of the same class of mutations in a 
gene with genetic background, or epistasis37).

To obtain an overview of known genes that cause more than one 
disease, we referred to OMIM (Online Mendelian Inheritance in Man) 
(http://omim.org/), which hosts up-to-date, curated information 
about human Mendelian disorders and their causal genes38, focusing 
particularly on neurological illness (Fig. 1). To enhance the reliability 
of our analysis, we further required each gene-disease correlation  
to be supported by at least two independent pedigrees or one  
pedigree plus additional cases as documented in OMIM. We next 
studied what is known about precisely which mutations in each gene 
cause which disease based on the literature. In particular, we focused 
on examples in which the causal mutations for different diseases fall 
in different locations of a protein, differ in their magnitudes of effect 
on protein function, have different biochemical/functional effects on 
the protein, and are clearly the same type of mutations, or indeed  
the same exact mutation, which suggests genetic or environmental 
modification or other mechanisms (Table 1 and Supplementary  
Table 1). These four groups of mechanisms are not meant to be 
exhaustive or mutually exclusive, but represent an initial effort  
to interpret the complexity of mutational effects in the context of 
pathogenesis of neurological disorders.

Distinct locations of mutations
One mechanism of nonspecificity is that mutations in different parts 
of a protein are associated with different effects and thereby associated  
with different presentations. For genes encoding proteins that are 
structurally resolved experimentally or computationally, disease- 
specific mutations can be observed to be in different functional 
domains of the protein, allowing an assessment of specificity at the 
functional level within a protein. For example, among the broad 
spectrum of X-linked mental retardation syndromes caused by ATRX 
mutations, major urogenital abnormalities are found to be associated 
with truncating mutations at the C-terminal part of the protein39.  

Further clinical genetic studies show that mutations in the plant 
homeodomain (PHD)-like domain are associated with more severe 
phenotypes than mutations in the helicase domain40. As more  
disease-causing mutations are discovered and mapped onto functional  
substructures of proteins, a clearer picture of such genotype-phenotype  
correlations is likely to emerge.

Even when such a one domain–one disease pattern is not clear, an 
uneven distribution of disease-specific mutations across a gene can 
hint at different causes of pathogenicity. A well-understood case is 
the amyloid beta precursor protein gene APP that, when mutated, can 
cause familial Alzheimer disease or cerebral amyloid angiopathy38.  
Notably, Alzheimer disease–causing mutations are more likely to 
be localized near beta-secretase or gamma-secretase cleavage sites, 
with amino acid changes flanking beta-amyloid sequence, whereas 
APP mutations associated with cerebral amyloid angiopathy tend 
to cluster in the beta-amyloid sequence; this phenomenon can be 
explained by different physicochemical properties of beta-amyloid 
fragments, which in turn determines which type of tissue (brain 
parenchyma versus vascular wall) they are more likely to deposit in41. 
In many cases, the unusual distribution of disease-specific mutations 
points to distinct pathobiology that awaits further investigation. For 
example, ATP1A3 (encoding a Na+/K+ pump) mutations, resulting 
in alternating hemiplegia of childhood (AHC), are concentrated in 
transmembrane domains of the protein, whereas ATP1A3 mutations, 
resulting in rapid-onset dystonia-parkinsonism (RDP), tend to be 
distributed throughout the protein42. Notably, germline mutations 
throughout the tumor suppressor gene SMAD4 cause familial cancer 
syndromes, including juvenile polyposis with hereditary hemorrhagic 
telangiectasia, and three different substitutions at a single site in the 
same protein (I500V, I500M and I500T) cause Myhre syndrome, a 
rare mental retardation syndrome with dysmorphic facial features 
and skeletal anomalies43,44. Such a restricted mutational spectrum 
of Myhre syndrome–causing mutations (versus a broad spectrum  
of cancer syndrome–causing mutations) clearly indicates a specific 
association between genetic lesion and pathogenic mechanism.

Tissue-specific alternative splicing is one of the key mechanisms for 
cellular specialization45. This tissue specificity can also lead to disease 
specificity for mutations in different parts of a gene. Known examples 
are limited, but instructive. For example, mutations in WNK1 can 
cause either hereditary sensory and autonomic neuropathy (HSAN) or 
pseudohypoaldosteronism (PHA), a disorder of the adrenal cortex38. 
It was found that HSAN-causing recessive mutations truncate the  
isoform exclusively expressed in the nervous system46, whereas the 
PHA-causing mutations are heterozygous intronic deletions that 
increase gene expression47.

Indeed, recent analyses of temporally and spatially resolved 
human brain transcriptomes and the de novo mutations identified 
by sequencing studies have led to important new hypotheses about the 

Table 1 Examples of genes causing more than one Mendelian disease
Causing only neurological diseases Causing both neurological and non-neurological diseases

Distinct locations of mutations APP*, ATP1A3, PLP1 ATRX, INF2, SMAD4*, TUBB3, WNK1

Extent of functional change CASK, RPGRIP1L, RPS6KA3, SCN1A*, SCN2A ASAH1, ATP7A, GCH1, OFD1, OPA3, POMGNT1, POMT1, POMT2*, 
TMEM67*

Qualitatively different effects CACNA1A*, FUS*, MPZ*, NFIX, SCN9A AR*, DNM2, FLNA*, PRPS1, PTCH1, SMARCB1, SOX10*

Same mutation, different 
diseases

GARS, KCNQ2, L1CAM, MAPT, MECP2, PMP22, PRNP,  
PRRT2, SIX3, SMN1, TBCE, TMEM216, TSEN54, VAPB, VCP

ADAR, LMNA, NF1, NPHP1, PAX2, POLG, PSAP, PSEN2, PTEN, 
SCO2, SHH, SLC2A1, TREX1, TRPV4, TSC1, WFS1

Examples of genes are represented in a way that reflects the underlying biological mechanism based on the literature (Supplementary Table 1). In some cases, there may be 
multiple potential mechanisms linking a gene to multiple diseases. For each gene (and its associated diseases), the corresponding mechanism is the best established but not 
necessarily the only mechanism involved.
*These genes can also harbor mutations causing different diseases. However, they are shown not as examples of ‘same mutation, different diseases’, but as examples highlighting 
other mechanisms.
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neuropathogenesis of schizophrenia48 and autism49,50. Interestingly, 
Parikshak et al. found that ASD genes converged to specific brain 
circuitry, whereas ID genes lacked developmental or anatomical  
specificity, in spite of substantial overlap between the two sets of 
genes50. As transcriptome databases grow, we expect that an increas-
ing fraction of disease-specific mutational consequences can be linked 
to transcript isoforms that are specific to a cell type and/or a devel-
opmental stage.

Extent of functional change
Even if the biochemical or functional changes caused by mutations 
in a gene are qualitatively similar, quantitative differences between 
mutant proteins could translate into different clinical diagnoses. 
Illustratively, when a metabolic enzyme is mutated, null alleles tend 
to cause a congenital, severe form of systemic enzyme deficiency  
syndrome (including severe neurological phenotypes), whereas  
hypomorphic alleles might be more likely to generate a later-onset, 
milder form of disease with restricted, distinct nervous system  
manifestation. For instance, mutations in GCH1 (encoding GTP 
cyclohydrolase I, the rate-limiting enzyme in tetrahydrobiopterin 
(BH4) biosynthesis) can cause either BH4-deficient hyperpheny-
lalaninemia B (HPABH4B) or dopa-responsive dystonia (DRD)38. 
When homozygous or compound heterozygous mutations cause a 
loss of enzymatic activity, HPABH4B results and presents as hyper-
phenylalaninemia with severe neurological conditions, including 
dystonia; when heterozygous mutations disrupt the protein, but 
residual enzymatic activity is preserved, DRD results and presents 
as a primarily neurological disorder without systemic hyperpheny-
lalaninemia51. Not surprisingly, there is also a transitional, recessive 
form of DRD that can present with or without hyperphenylalanine-
mia52. Similarly, ASAH1 (encoding acid ceramidase) mutations that 
eliminate most or all of the lysosomal acid ceramidase activity cause 
Farber lipogranulomatosis, an early-onset lysosomal storage disorder 
with severe systemic manifestations53, whereas mutations in the same 
gene retaining higher residual activity cause spinal muscular atrophy 
with progressive myoclonic epilepsy (SMAPME), a milder, later-onset 
disease confined to neurons54.

Similar examples can be found in genes that do not encode enzymes. 
For example, among the four clinically discernible ciliopathies with 
overlapping features caused by TMEM67 mutations, nephronophthisis 
with liver fibrosis (NPHP11) is distinguished from the other three by 
no or only mild neurological involvement, which can be explained by 
the hypomorphic nature of NPHP11-causing mutations55. Such obser-
vations indicate that different quantitative effects of mutations could 
result in either the presence or absence of specific symptoms or differ-
ing degrees of severity. Relevant examples for the latter might include 
mutations in enzymes required for O-mannosylation of proteins (for 
example, POMGNT1, POMT1 and POMT2) causing related types of 
muscular dystrophy-dystroglycanopathies distinguished by clinical 
severity56, and possibly SCN1A mutations causing familial febrile sei-
zures (FEB, less severe), generalized epilepsy with febrile seizures plus 
(GEFS+, more severe) or Dravet syndrome (most severe)57. Although 
a nearly perfect genotype-phenotype correlation is extremely rare, it is 
also clear that we lack the appropriate assays to assess the quantitative 
effect of mutations for many kinds of proteins. This may be the reason 
that there are more clear-cut examples for enzymes, where quantifica-
tion of the effect of mutations is more straightforward.

Qualitatively different effects of mutations
In some cases, mutations can affect protein function in ways that are 
clearly qualitatively distinct. In some cases, this category will overlap  

with the first category described above, where mutations fall in 
defined regions of genes. The most obvious example of mutations 
with clearly different effects would be loss-of-function (LoF) versus  
gain-of-function (GoF) mutations, although there may of course 
be different GoF mutations that have distinct gains of function. For 
instance, GoF mutations in SCN9A cause primary erythermalgia char-
acterized by episodic vasodilation and burning pain of lower limbs58, 
whereas LoF mutations in the same gene cause insensitivity to pain59. 
Conversely, sometimes apparently dissimilar biochemical properties 
of mutations can have more similar pathogenic effects, demonstrating 
the complexity of genotype-phenotype relationships. For instance, 
among the four diseases caused by mutations in PRPS1 (encod-
ing phosphoribosylpyrophosphate synthetase)38, at least two (Arts 
syndrome and X-linked recessive Charcot-Marie-Tooth disease 5)  
are associated with decreased or loss of enzyme activity and one 
(phosphoribosylpyrophosphate synthetase superactivity) is associ-
ated with enzyme hyperactivity60. However, all four PRPS1 spectrum 
diseases (the three aforementioned plus X-linked deafness 1) have 
neurological phenotypes that could be explained by a unifying bio-
chemical mechanism60.

In most situations in which LoF or GoF is associated with different 
pathologies, it seems that nonsense-mediated decay (NMD), a quality-
control mechanism of the cell to selectively eliminate transcripts carry-
ing truncating mutations61, has a pivotal role in determining the severity 
of the clinical outcome. Typically, if NMD is in effect, haploinsufficiency 
(dominant LoF) could be the disease-causing mechanism; if NMD is 
not able to eliminate an abnormal transcript, the mutant protein itself 
may be pathogenic, as a result of either toxicity or a dominant-negative 
mechanism. This could explain why sometimes more severe diseases 
are associated with missense rather than truncating mutations of the 
same gene38. For example, de novo NFIX mutations can cause either 
Sotos syndrome-2 (SOTOS2), an overgrowth syndrome, or Marshall-
Smith syndrome (MRSHSS), a malformation syndrome that is more 
severe than SOTOS2 (ref. 2). It is believed that the milder SOTOS2 is a 
result of haploinsufficiency when NMD is working, whereas MRSHSS 
is the result of a dominant-negative effect of the mutant protein that 
escapes NMD62. Other well-understood cases include MPZ mutations 
causing several distinct peripheral neuropathies63 and SOX10 muta-
tions causing different neurological syndromes64. The more severe 
disease phenotypes being associated more often with NMD failure not 
only highlights the extensive and critical roles of NMD in maintaining 
the stability of our functional genome, but also raises the possibility of 
manipulating NMD as a potential treatment for human diseases61.

LoF mutations knockdown or knockout a protein; however, the 
consequence of a GoF mutation can be difficult to predict on the basis 
of the known protein function. A conspicuous group of such GoF 
mutations, which are major culprits of inherited neurodegenerative 
diseases, is trinucleotide repeat expansion65. Such GoF mutations can 
have toxic effects at both the protein and RNA level and their pathoge-
netic mechanism (causing neurodegeneration) can be unrelated to the 
original function of the affected gene. Kennedy disease, for example, 
is a neurodegenerative disorder characterized by spinal and bulbar 
muscular atrophy associated with CAG trinucleotide expansion in 
the coding region of androgen receptor (AR) gene66. Most other AR 
mutations, however, cause androgen insensitivity38.

Same mutation, different diseases
In some cases, it is clear that the same mutation can cause different 
diseases38. Such a situation can occur across families or within single 
pedigrees. For example, a homozygous 12-bp deletion in exon 2 of 
TBCE causes hypoparathyroidism-retardation-dysmorphism (HRD) 
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syndrome or Kenny-Caffey syndrome (similar to HRD, but with addi-
tional features of osteosclerosis and recurrent bacterial infections) 
across different Middle Eastern pedigrees67. In a single pedigree, 
a heterozygous R155H substitution in VCP reportedly manifested 
either as inclusion body myopathy with Paget disease and fronto-
temporal dementia (IBMPFD) or as classic amyotrophic lateral scle-
rosis (ALS)68. Such multiple disease–causing mutations highlight 
the extensive variability of phenotypic expression and are uniquely 
informative for potential underlying mechanisms, including genetic 
background, environment, stochastic events and epigenetics.

In fact, there is a large and growing list of mutations that cause more 
than one disease (Table 1), and some have been characterized mecha-
nistically. First, a mutation can cause different diseases depending on 
zygosity (that is, heterozygosity, homozygosity or compound hetero-
zygosity). For example, two mutations (Q53X and E140K) in SCO2 
(encoding a copper chaperone that is important for normal function 
of cytochrome c oxidase (COX)) can individually cause familial high-
grade myopia in heterozygous form, whereas compound heterozygos-
ity (with each other) causes cardioencephalomyopathy as a result of 
COX deficiency-1 (CEMCOX1)69.

Second, interaction between a disease-causing genotype and indi-
vidual genetic background, a form of epistasis37, can result in differ-
ent phenotypes linked to the same mutation. Some pedigree-specific 
variable phenotypic expression of mutations, such as the TBCE dele-
tion aforementioned, might indicate the effect of genetic background, 
if relevant pedigree-specific environmental exposure can be ruled 
out. In a well-understood example, copy number polymorphism has 
a role, in which SMN2 gene copy number modulates the severity of 
spinal muscular atrophy associated with mutations in SMN1 (ref. 70). 
Although such genetic background effects tend to be attributed to a 
disease modifier gene, we note that the nature and presentation of 
genetic background can be very complex and might involve multiple 
loci and even a whole spectrum of personal genetic variation71, similar 
to strain-specific effects of engineered mutations in mouse models72.

In addition to genetic and environmental factors, stochastic  
events in cellular and developmental processes can also contribute to 
phenotypic variability. Important lines of evidence include monozy-
gotic twins raised in presumably very similar environments who are 
discordant for disease phenotype (or susceptibility to disease)73, and 
incomplete penetrance of Mendelian disease–causing mutations 
within pedigrees38. Despite a paucity of mechanistic understanding 
of these epidemiological observations in humans, recent investigation 
in model organisms has elucidated interesting principles that might 
be relevant to variable presentations of disease-causing mutations74. 
These studies found that stochasticity is a hallmark of biological  
systems and can cause substantial variation in gene expression, 
enzyme-substrate and protein-protein interaction, and cell-cell 
interaction, shaping development and finally leading to variation of 
organismal-level phenotypes75.

Furthermore, epigenetic regulation can contribute to different out-
comes of the ‘same’ genetic defect38. This mechanism is particularly 
important for neuropsychiatric disorders because epigenetic regula-
tion is fundamental to brain development and function76. A classic 
example is Prader-Willi syndrome and Angelman syndrome, which 
are associated with disruption of imprinted genes at 15q11–15q13 
(ref. 77). In genomic imprinting, the active allele is solely determined 
by its parent of origin78, whereas, in other cases, allele-specific expres-
sion can be random, including X-inactivation and autosomal random 
monoallelic expression78. Regardless of the underlying mechanisms, 
all these forms of monoallelic expression can potentially complicate 
genotype-phenotype correlations78.

Sometimes mutations linked to multiple diseases may largely be a 
matter of clinical resolution, for example, in cases of different diag-
noses with overlapping features. As an illustration, two phenotypically 
similar, but clinically different, diseases distinguished by severity, 
Charcot-Marie-Tooth disease type 2D (CMT2D) and distal hereditary 
motor neuronopathy type VA (dHMN5A), can coexist in a family and 
are caused by a single segregating mutation (E71G or D500N) in the 
GARS gene79. Multiple diagnoses associated with exactly the same 
genetic defect do accentuate the phenotypic variability that might 
benefit clinical management, but an umbrella diagnosis could help 
to understand the common disease biology. However, mechanism-
oriented diagnosis can be extremely challenging in reality, especially 
when a mutation has multiple direct effects culminating in apparently 
distinct disorders. Such pleiotropic effects of mutations are wide-
spread in mouse models80 and might contribute to nonspecific risk 
observed in both Mendelian neurological and complex neuropsy-
chiatric disorders by adding complexity to ascertaining phenotypes 
unambiguously. On the other hand, it is interesting to see examples 
of unexpected genotype-phenotype correlations that challenge the 
prevailing biological paradigm or diagnostic nosology, such as the 
identical WDR62 frameshift mutation contributing to microcephaly 
with a broad spectrum of cortical abnormalities that have been gener-
ally considered as distinct in etiology and pathogenesis81.

Mendelian disease genes causing complex forms of 
neuropsychiatric disorders
Until recently, the primary mechanism for identifying disease-causing 
genes relied on patients being recognized as having similar conditions 
on the basis of strictly clinical criteria. Once a syndrome had been 
recognized clinically, it was then possible to track down the respon-
sible mutations, initially through linkage and, more recently, by next 
generation sequencing33. Critically, when patients are organized first 
clinically and then subsequently studied genetically, we are virtually 
guaranteed to miss examples in which mutation in a given gene results 
in an atypical presentation. For this simple reason, it is possible, and 
even likely, that many already ‘known’ Mendelian disease–causing 
genes cause other conditions that have not yet been recognized.

Overlap between genes associated with complex disease and those 
linked to Mendelian disease is well documented in the human genet-
ics literature38. In some cases, such a link between monogenic and 
complex forms of disease can shed light on common pathobiology, 
where rare, highly penetrant, often protein-damaging mutations 
cause the Mendelian form of disease, whereas common, less pen-
etrant, often regulatory variants are associated with susceptibility71. 
Such a pattern is also likely to emerge for complex neuropsychiatric 
disorders82. Notably, Blair et al. analyzed over 110 million medical 
records and found consistent associations between Mendelian and 
complex diseases83. These included association of multiple complex 
neuropsychiatric disorders with neurological Mendelian conditions 
such as spinocerebellar ataxia and degenerative diseases of the basal 
ganglia, and, perhaps more surprisingly, with non-neurological condi-
tions such as hemophilia and long QT syndrome83. As sporadic cases 
of neuropsychiatric disorder yield to investigation, we can also begin 
to understand the potential contribution that de novo mutations make 
to more classically defined complex disorders. This paradigm permits 
the identification of strong risk factors at the point of introduction 
into the population.

The primary and most reliable analysis framework for implication 
of de novo mutations in risk of complex disease is to statistically assess 
whether individual genes carry significantly more de novo mutations 
than expected by chance25,31. Properly implemented, this analysis 
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must account for the size and mutability of genes and the number of 
cases that have been sequenced, and must correct for all the genes in 
the genome. This framework has now definitively implicated genes 
in multiple neuropsychiatric disorders, including EE31.

Beyond implicating individual genes in this way, patterns in the 
data can also highlight the overall presence of additional risk factors, 
and this can provide important pointers to the nature of those risk 
factors. For example, a number of different studies have shown that, 
among the genes carrying de novo mutations in patient genomes, there 
is a clear excess of genes that are regulated by the Fragile-X protein84, 
after appropriately correcting for the gene size and mutability of the 
FMRP-regulated set of genes24,31,85.

Similarly, Petrovski et al. recently introduced an approach that 
combines gene- and variant-level prioritization scores to test for the 
presence of de novo mutation that confers risk in patient genomes. 
Briefly, a two-dimensional plot of de novo mutations is constructed. 
One dimension reflects the corresponding residual variation intoler-
ance score (RVIS) percentile for each gene, reflecting the degree to 
which the gene tolerates mutation in the human population86. The 
other dimension is PolyPhen-2 (ref. 87), which assesses the likelihood 
a given mutation alters protein function. In this two-dimensional 
space, Petrovski et al. defined a hot zone as the region occupied by an 
RVIS genic percentile score 25th percentile and a PolyPhen-2 quanti-
tative score 0.95 (ref. 86). They showed that, compared with de novo 
mutations from control individuals, this hot zone was significantly 
enriched for de novo mutations among ASD, EE and ID sequenced 
trios86. By expanding the control data set used by Petrovski et al. to 
consist of seven studies that published control de novo mutation data, 
we observed the rate of de novo mutations in the hot zone is 12.2% 
based on these control individuals (Fig. 2a)24,26,27,29,30,48,88.

This framework allows us to evaluate whether there are de novo 
mutation risk factors present across four recent schizophrenia trio 
sequencing studies30,48,85,89. We found that, of the 512 schizophrenia 
sequenced probands who had at least one protein-coding de novo single 
nucleotide substitution, 121 probands (23.6%) had a de novo mutation 
in the most damaging hot zone (Fig. 2b and Supplementary Table 2).  
This is a significant excess over the 12.2% observed among controls  

(P = 8.2 ! 10"6). Moreover, this not only proves the presence of risk 
factors in the published schizophrenia de novo mutation data, but also 
shows us where to find some of them. Specifically, these results indicate 
that, among the 121 hot zone de novo mutations, there are an excess 
of 59 (49%) de novo mutations compared with what we would expect 
from control trios. This further translates to approximately 59 (6.2%) 
of the combined 951 schizophrenia sequenced probands30,48,85,89 
being affected by one of the excess hot zone de novo risk mutations. It 
is therefore of particular interest to investigate the genes carrying hot 
zone de novo mutations. In particular, we observed a striking over-
lap of genes with specifically hot zone mutations observed across the 
multiple neuropsychiatric disorders (Fig. 3).

We also found that, of the 121 de novo mutations in the hot zone, 
51 occurred in genes that are known or suspected to carry mutations 
that confer significant risk of disease, through either already known 
Mendelian disease genes (n = 27) or genes observed to have a de novo 
mutation among recent exome-sequencing studies of neuropsychiat-
ric ascertained trios (n = 34). For example, specifically for EE, we had 
previously demonstrated that the risk factors present among the 4,264 
genes that are in the 25th percentile for intolerance had an estimated 
relative risk of 81 (ref. 31). In this schizophrenia data set, we observed 
that, among the 121 hot zone mutations, nine de novo mutations 
overlapped intolerant (RVIS genic percentile score 25th percentile) 
genes from the previous EE study (ALS2CL, CHD4, GNAO1, ITPR1, 
KIAA2018, PAQR8, SCN2A, TRRAP and ZBTB40)31.

Resolving nonspecific disease-causing mechanisms
Ultimately, a fuller understanding of nonspecificity of risk will depend 
not only on genetic association, but also on functional modeling. In 
particular, it will be critical to assess the functional effect of allelic 
series in genes defined on clinical criteria and how the effects of those 
alleles depend on genetic background. Notably, it is well known that 
nearly all known genetic diseases show marked variation in presenta-
tion, and this is true even given the pronounced ascertainment biases 
that have caused the community to systematically miss patients that 
do not show typical presentations, as described above. Despite the 
clear evidence that something is modifying presentation, we have 
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Figure 2 Distribution of de novo mutations across controls and 
schizophrenia patients. (a,b) De novo mutations (DNMs) in controls (a)  
and schizophrenia patients (b) are plotted across genic-level residual 
variation intolerance score (RVIS) and quantitative variant-level  
PolyPhen-2 score axes. The previously defined hot zone (RVIS 25th 
percentile and PolyPhen-2 0.95)86 is highlighted at bottom right. Nonsense 
and canonical splice mutations are recoded with a PolyPhen-2 score of 1 
and synonymous with 0. We took control DNM data from seven independent 
studies24,26,27,29,30,48,88, three of which were not leveraged by Petrovski 
et al.86. We assessed enrichment of hot zone mutations among cases using 
the collection of DNMs from four schizophrenia studies30,48,85,89. For cases 
and controls, we began with the 830 and 674 CCDS single nucleotide 
substitution DNMs, respectively. All DNMs were annotated together using 
Variant Effect Predictor86. We excluded 79 case and 66 control DNMs 
overlapping ESP6500SI variants (http://evs.gs.washington.edu/EVS/) and 34 
case and 20 control DNMs in RVIS unassessed genes86. Cases and controls 
with multiple DNMs only contributed the single most-damaging DNM for 
the hot zone illustration. The most-damaging DNM was defined as the DNM 
with the shortest Euclidean distance from coordinate (1,0). This reflects 
512 cases and 411 controls that reported at least one eligible DNM. Hot 
zone mutations were significantly enriched in cases versus controls (23.6 
versus 12.17%, two-tail Fisher’s exact test, P = 8.2 ! 10"6). This reflects an 
excess of 49% or 59 DNMs in the hot zone among cases. The insets show 
amplification of the hot zone region. In our previous publication in EE, we 
found an estimated relative risk of 81 for the risk factors present among the 
25th percentile most intolerant genes31; DNMs in the hot zones overlapping 
genes with DNMs among the EE study31 are colored red.
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only a handful of cases in which such modifiers have been identified, 
among which cystic fibrosis (CF) is prominent in that several genes 
have been found to modify several different clinical manifestations, 
including lung function, Pseudomonas aeruginosa infection, meco-
nium ileus, CF-related diabetes and probably liver disease90.

Until now, systematic assessment of disease-causing mutations and 
how they interact with the genetic background has been beyond reach. 
Recent technological advances, however, provide a clear direction for 
systematic study of how mutations interact to confer disease risk. In 
particular, the combination of rapid and flexible genome editing91 and 
stem cell technologies92 makes possible the systematic assessment of 
the effects of specific mutations in controlled genetic backgrounds 
and even specific combinations of mutations. This is not to say that 
cellular modeling will entirely replace animal models, but cellular 
models permit a scale of investigation that will be difficult to achieve 
in any other system.

Of particular importance in this regard are multi-electrode arrays, 
which permit the effect of mutations and combinations of mutations 
on neuronal network behavior to be assessed93. More recent optoge-
netic approaches will even allow such networks to be monitored in 
much finer detail, with exquisite spatial and temporal resolution of 
electrical impulses94. Because many neurological and neuropsychi-
atric disorders are fundamentally diseases that involve networks of 
neurons, this level of complexity may be required to fully realize the 
effect of the mutations, as opposed to studies, for example, in oocytes 
or in single neurons.

Conclusions
Nonspecific effects of pathogenic mutations have emerged as one 
of the key themes of recent studies of neuropsychiatric disorders. 
Currently, almost nothing is known about the underlying biological 
causes of this nonspecificity of risk. The sobering conclusion from 
our analysis of nonspecific effects of risk mutations in Mendelian 
disease genes is that there is no obvious predominant mechanism 
responsible. Indeed, Mendelian disease genes offer examples of  

virtually all possible mechanisms. There are clear examples of non-
specificity emerging from mutations of different effects in a single 
gene, and these different effects can be either quantitative or qualita-
tive. There are also, however, numerous examples in which the same 
exact mutation, in the same zygosity, can cause different diseases, 
clearly implicating modifiers outside of the gene. This complexity, 
even in the case of Mendelian diseases, strongly suggests that only 
careful integration of genetic data with experimental investigation 
will reveal the underlying mechanisms of nonspecificity. Fortunately, 
recent advances in experimental technologies provide a powerful 
approach to investigate interactions of genetic variants in individual 
patients. As more disease-causing genes are discovered by sequenc-
ing studies, we anticipate the cellular models in particular may be 
the most flexible experimental procedure for dissecting the ways in 
which mutations in a single gene can cause very different clinical 
presentations. Once specific hypotheses are identified in the higher 
throughput setting of cellular models, these hypotheses can be further 
refined and evaluated in appropriate animal models.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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