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Abstract

Recent advances in the genetics of neurodevelopmental disorder (NDD) have demon-
strated that rare mutations play a role not only in Mendelian syndromes, but in complex,
common forms of NDDs as well. Strikingly, both common polymorphisms and rare vari-
ations in a single gene or genetic locus have been found to carry risk for conditions previ-
ously considered to be clinically and aetiologically distinct. Recent developments in the
methods and tools available for studying complex NDDs have led to systematic and reli-
able genome-wide variant discovery. Both common as well as rare, and structural as
well as sequence, genetic variations have been identified as contributing to NDDs. There
are multiple examples in which the identical variant had been found to contribute to a
wide range of formerly distinct diagnoses, including autism, schizophrenia, epilepsy, in-
tellectual disability and language disorders. These include variations in chromosomal
structure at 16p11.2, rare de novo point mutations at the gene SCN2A, and common sin-
gle nucleotide polymorphisms (SNPs) mapping near loci encoding the genes ITIH3,
AS3MT, CACNA1C and CACNB2. These selected examples point to the challenges to
current diagnostic approaches. Widely used categorical schema have been adequate to
provide an entré into molecular mechanisms of NDDs, but there is a need to develop an
alternative, more biologically-relevant nosology.

Thus recent advances in gene discovery in the area of NDDs are leading to a re-conceptual-
ization of diagnostic boundaries. Findings suggest that epidemiological samples may pro-
vide important new insights into the genetics and diagnosis of NDDs and that other areas of
medicine may provide useful models for developing a new diagnostic nosology, one that
simultaneously integrates categorical diagnoses, biomarkers and dimensional variables.
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Key Messages

etiology and classification of NDDs.

* Recent advances in the genomics of common Neurodevelopmental Disorders (NDDs) have demonstrated that the
identical genetic variant may increase the risk for a wide range of diagnoses formerly thought of as distinct. These
findings are contributing to an ongoing re-conceptualization of the current psychiatric nosology. The use of epidemio-
logical samples, studies grouping individuals based first on genetic findings, and efforts at combining existing cate-
gorical schema with dimensional phenotypes and biomarkers all promise to provide important new insights into the

Introduction

Recent advances in genetics research have presented funda-
mental challenges to long-held conceptions regarding diag-
nostic approaches to psychiatric syndromes. Nowhere has
this process been more apparent than with regard to the
genetics and genomics of neurodevelopmental disorders
(NDDs), where recent evidence from a wide range of stud-
ies have pointed to indistinguishable risk factors for condi-
tions that have long been held clinically and aetiologically
distinct. Indeed, the very notion of specificity, which has
figured so prominently in the conceptualization of diagnos-
tic categorization, finds little support in the empirical data.
Below, we address the current thinking regarding the nos-
ology of NDDs and review the evidence from selected gen-
etic studies that is contributing to a re-conceptualization of
the boundaries between conditions. We also consider study
designs, including the ascertainment of epidemiological
samples, that will contribute to further progress in this

area.

The Nosology of NDDs

NDDs are a heterogeneous group of clinical syndromes in
which neurobiological development is disrupted. These dis-
ruptions lead to developmental delays or developmental
deviations, which, irrespective of cause, restrict one or
more areas of major life functions/activities.' It is generally
assumed that the substrate for each of the NDDs appears
early in development—as early as fetal development and
not later than early childhood—with full expression of the
related syndrome appearing at various points in the course
of development.

The mechanisms underlying NDDs are often unknown
but, when known, are as varied as the conditions them-
selves. Aetiological substrates cover the full spectrum of
factors, ranging from environmental disruptions to genetic-
ally determined syndromes. In the final analysis, NDDs are
highly prevalent conditions that have profound and long-
lasting impacts on affected individuals, their families and
communities. Because of their heterogeneity, NDDs pose

particular challenges to classification and nosology that
are fundamental to identifying like groups for the purposes
of both research and treatment.

Depending on how a list is assembled, NDDs cover a
very broad spectrum of clinical presentations that can in-
clude motor problems (including cerebral palsy), stereotyp-
ical behaviours [e.g. tics and obsessive compulsive disorder
(OCD)], cognitive deficits [including mental retardation
(MR)—now intellectual disability (ID)], communication
deficits (CDs—expressive, receptive and social), learning
disabilities (LDs), autism spectrum disorder (ASD), sen-
sory deficits (hearing and/or vision), attention-deficit/
hyperactivity disorder (ADHD) and epilepsy.

However, the already long list of commonly-accepted
list of NDDs is not comprehensive enough. Indeed, there is
a compelling argument to be made that the majority of cur-
rently classified neuropsychiatric syndromes are, in fact,
NDDs. This criterion clearly applies to conditions that, in
the current diagnostic nosology, must have onset before
age 18 years, such as ASD, ADHD and Tourette disorder.?
There is also room for debate about the appropriate classi-
fication of psychiatric conditions that are commonly
thought of as ‘adult’ disorders, but, nonetheless, may show
symptom onset in adolescence or even in childhood,
including schizophrenia and mood and anxiety disorders.
Even disorders that are thought to have a primary aetiolo-
gical contribution from an environmental stressor, such as
post-traumatic stress disorder (PTSD), also may usefully be
thought of as a neurodevelopmental syndrome. This is
based on the observation that not everyone exposed to a
significant environmental event develops the same syn-
drome or, in fact, manifests clinically meaningful difficul-
ties at all. One possible explanation for this heterogeneity
in outcome is variations in neurodevelopmental vulnerabil-
ity and resilience, thus placing the condition in a category
with other, more traditional NDDs.

In the current psychiatric nosology, the vast majority of
individuals with NDDs are classified solely on the basis of
observable behavioural and/or morphological features.
However, it is also important to note that the identification
of the molecular substrates for certain of these conditions
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has long been under way. Multiple NDDs have already
been characterized with a specific genetic aetiology, espe-
cially those syndromes that include ID and/or epilepsy.
Indeed, a review of the Online Mendelian Inheritance in
Man (OMIM: http://www.ncbi.nlm.nih.gov/omim) data-
base currently lists 152 NDDs for which specific causal
genetic variants have been discovered.* A key point of
distinction, however, is that gene discovery, until very re-
cently, has largely been restricted to rare NDD subtypes
that demonstrate Mendelian patterns of inheritance. So, al-
though the number of distinct syndromes is large in total,
this list accounts for a small fraction of the overall burden
of morbidity from NDDs in the population.

To be sure, a rough dichotomy has emerged in the litera-
ture that either explicitly, or implicitly, distinguishes rare
Mendelian subtypes from more common NDDs. This latter
group of disorders is generally hypothesized to have hetero-
geneous and polygenic inheritance, involve a significant
contribution from non-genetic factors and reflect a general
absence of pathognomonic physical findings. The presump-
tions regarding the genetic architecture of common NDDs
are based, in large part, on their prevalence, evidence for
high heritability, the failure despite ample opportunities to
identify a single or small number of genetic loci explaining
a large proportion of risk, and a relative paucity of pedi-
grees showing simple Mendelian inheritance.

However, there are important exceptions to this infor-
mal classification scheme that separates ‘idiopathic’ or
common disorders, from ‘syndromic’ or Mendelian NDDs:
mutations in genes that are known to cause Mendelian
neurodevelopmental syndromes may clearly present a clin-
ical picture that is indistinguishable from common NDDs.
Conversely, there have been recent examples of outliers
among the population of individuals manifesting ‘garden
variety’ NDDs that show Mendelian patterns of inherit-
ance. For example, ASD is typically considered to be a
common, genetically complex NDD. However, there are
many molecularly-defined syndromes for which this behav-
ioural constellation is prominent;’ some of these syn-
dromic forms of the disorder may present a clinical picture
that, for all practical purposes, is indistinguishable from
‘non-syndromic’ ASDj; and several recent successful efforts
at gene discovery in ‘typical ASD’ have mapped genes in

inheritance.®”®

rare pedigrees that show Mendelian
Nonetheless, for the sake of the present discussion, we
will focus on the group of ‘common, idiopathic NDDs,’
characterized by: (i) relatively high prevalence (~1%);
(ii) complex inheritance in the majority of cases; and,
(iii) the absence of characteristic dysmorphology on phys-
ical examination.

These common conditions are enumerated in a section

entitled ‘neurodevelopmental disorders’ in the recently

published American Association  (APA)
Diagnostic and Statistical Manual of Mental Disorders, Sth

edition (DSM-V), which relies on a syndromic/categorical

Psychiatric

diagnostic classification scheme. Among the NDDs defined
in DSM-V are: Intellectual Development Disorder (formerly
MR), CD [e.g. language disorder, speech disorder, fluency
disorders (stuttering) and pragmatic disorder), ASD,
ADHD, Specific LD (e.g. reading, writing, mathematics),
Motor Disorders (e.g. coordination, stereotypies, tics) and
Other NDDs (e.g. fetal alcohol syndrome)”. For a variety of
reasons, other common syndromes, such as schizophrenia
and OCD, that arguably should also be listed in this section

are present elsewhere in the DSM-V.

Recent progress in genetic research on
NDDs

Despite the
approaches to the diagnosis of psychiatric syndromes,

well-known limitations of categorical
these have recently proven adequate to support dramatic
advances in gene discovery in a number of conditions.
Indeed, technological progress in methods to assay genetic
material, combined with increasingly large patient cohorts,
are now offering the first definitive, replicable insights into
the genetic substrates of many of common, idiopathic
NDDs. These findings are providing important avenues for
in-depth studies of molecular, cellular, and circuit-level
pathology. However, ironically, whereas categorical
approaches to diagnosis have been sufficient to generate a
run of recent seminal findings in schizophrenia, autism,
epilepsy and ID, to name a few, these investigations are
simultaneously undermining current diagnostic systems
and blurring, if not obliterating, presumed boundaries
between disorders.

The first successful systematic approaches to gene dis-
covery in common idiopathic NDDs came as a result of the
development of microarray technology that, in turn, came
into widespread use as a consequence of the success of the
Human Genome Project (HGP) at the turn of the millen-
nium. This technology allowed for the parallel evaluation
of initially tens of thousands of genetic markers and, later,
millions of genetic markers, thus providing the first prac-
tical high-throughput assays for the unbiased detection and
characterization of common sequence variation across the
genome. Additionally, and equally importantly, micro-
array technology provided investigators with the ability to
discover, and then routinely assay, the genome in search of
rare and de novo submicroscopic variations in chromo-
somal structure, known as copy number variations (CNV)
(for review, see Hoffman and State, 2010'°).

One of the first successful applications of this technol-

ogy to common NDDs focused on CNVs in autism'' and
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helped lead to a shift in the field from a general preoccupa-
tion with the role of common variation to the study of rare
variation, particularly in simplex families (i.e. those with
only a single affected individual). Moreover, the poten-
tially disruptive nature of genomic findings for the NDD
diagnostic nosology began to emerge almost immediately,
with the first reports of an association of a specific CNV
with autism.

Several research groups essentially simultaneously
found that a structural variation on the short arm of
chromosome 16 was associated with ‘common, idiopathic’
ASD."*™"* This canonical 16p11.2 CNV is ~600kilobases
(kb) and encompasses approximately 29 genes, 22 of
which are expressed in the developing human fetal brain."*
The CNV was observed as a de novo event in first study of
CNVs in simplex autism.'"' Shortly thereafter, three simul-
taneous reports of association with the ASD phenotype
were published: Kumar et al. described a recurrent
16p11.2 micro-deletion in four children with ASD among
712 ASD probands (0.6% frequency) whereas none were
found in a cohort of 837 controls;'*;Weiss et al. reported
five cases (0.74%) of de novo deletions and seven cases
(0.98%) of the reciprocal duplication at this locus among
715 multiplex families, along with five deletions (0.98%)
and four duplications (0.78%) in 512 children referred for
evaluation of developmental delay or suspected ASD, and
three deletions (1%) among 299 ASD Icelandic individ-
uals. This was compared with the observation of two dele-
tions (0.01%) in 18834 unscreened Icelandic controls;'?
Marshall et al. reported two de novo deletions (0.47%),
one de novo duplication (0.23%) and one inherited dupli-
cation (0.23%) at 16p11.2 in 427 ASD families.'*

These reports provided independent evidence for the
contribution of this CNV in autism risk; however, they
were not entirely separate studies, as two of the three
included overlapping subjects from the same research co-
hort (AGRE).'>'3 Moreover, the study from Weiss et al.
took the (then) novel approach of considering duplications
and deletions together to assess the statistical significance
of their findings.'? In addition, some of the reported pedi-
grees demonstrated surprising patterns of inheritance. For
example, within several families with two affected siblings,
only one showed the rare de novo 16p11.2 CNV putatively
associated with ASD. In others, multiple affected family
de novo 16pl1.2
mutations, suggesting germ-line mosaicism.'*"? Finally, a
case-control study of CNVs shortly thereafter failed to find
additional evidence for association of 16p11.2 and ASD.'®

However, any question about the reproducibility of
these findings and the contribution of this CNV to ASD
risk has been definitively answered in the ensuing 8 years.

members all showed apparently

Multiple studies have now demonstrated 16p11.2 deletions

in ~0.1-0.7% of cases and 16p11.2 duplications in
~0.1-0.5% of affected individuals'”'® whereas the popu-
lation base rate for both duplications and deletions has
been found consistently to be at least a factor of 10 lower
than this.'”*® Moreover, Sanders et al. developed a novel
statistical framework to evaluate the genome-wide signifi-
cance of recurrent de novo CNV events and, in a study of
1124 ASD families from Simons Simplex Collection
(SSC),"® showed that both deletions and duplications were
independently strongly associated with ASD risk at a
genome-wide threshold, supporting the original findings
reported by Weiss et al.'>.

Almost simultaneous with the demonstration that
16p11.2 deletions and duplications carried large risks in
cohorts of individuals meeting research criteria for idio-
pathic ASD, multiple studies emerged showing the identi-
cal CNV was associated with a wide range of NDDs. For
example, in a screening of 4284 patients with MR/multiple
congenital anomalies, ascertained from several European
centres, 22 (0.5%) had 16p11.2 deletions, with phenotypic
manifestations including developmental delay (12/14),
speech problems (10/14), autism (1/14), dysmorphic fea-
tures (9/14) and increased body weight/obesity (5/14).%!
Similarly, Mefford et al. also reported six deletions (0.6%)
and one duplication (0.1%) of 16p11.2 in a group of 1010
children with unexplained ID.?* In the IQ analysis of 72
children from 16p11.2 deletion carriers and 68 intrafami-
lial non-carrier controls, carriers’ full-scale IQs were two
standard deviations (SD) lower than those of the non-
carrier controls. Additionally, more than 80% of the
carriers exhibited psychiatric disorders, including ASD
(15% in paediatric carriers), 50% had obesity by the age
of 7 years and 24% had a seizure disorder.*

Similarly, the finding of an association with body
weight has been replicated in multiple studies: Bochyjiva
et al. reported on 16p11.2 deletions in five patients (two de
novo cases, accompanied by mild developmental delay)
with severe early-onset obesity out of 300 Caucasian cases
(1.7%) vs. two out of 7366 controls (0.03%); they eval-
uated an internal replication sample and identified two
additional deletion cases in 1072 patients with severe obes-
ity alone (0.2%).** Using multiple European cohorts ascer-
tained for ID and/or obesity, Walter et al. also reported 31
cases of heterozygous deletion of 16p11.2 out of 4259
cases (0.73%).>° In subsequent genome-wide association
studies (GWAS) data for 16053 individuals from eight
European cohorts, Walter et al. also reported 19 similar
deletions among individuals with obesity whereas none
was observed in lean controls.”® These findings were repli-
cated in 557 cases of severe childhood obesity and in 645
control samples, along with the association between the in-
crease of body mass index (BMI) and 16p11.2 deletion in a
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general population of adults (N=5213).2° Sanders et al.
found an inverse relationship between duplications and
deletions and BMI, with increased body weight associated
with deletions and decreased associated with the duplica-
tion;'® replications of this finding were subsequently pub-
lished by Jacquemont et al. and Steinberg et al.'”*’
Moreover, similar to these observations, head circumfer-
ence has also associated with both the deletion and dupli-
cation in a reciprocal fashion: head circumference is larger
in patients with the micro-deletion than in patients with
the micro-duplication.?®

Importantly, studies have also emerged suggesting that
16p11.2 CNVs are a risk factor for schizophrenia. Four
large-scale case-control studies have identified, and reliably
replicated, an approximately 10-fold increase of 16p11.2
duplications in individuals with schizophrenia, schizoaffec-
tive disorders or bipolar disorders, when compared with
control groups.'”*%?1-*2 This finding is even more striking
in a cohort of individuals affected with childhood onset
schizophrenia (COS): Ahn et al. reported two cases (1.6%)
of 16p11.2 duplication inherited from their fathers in a
total of 126 COS families; this is more frequent than in
adult onset schizophrenia (0.3%).** Additionally, Guha
et al. identified 13 cases of 16p11.2 deletions out of 13 850
cases with schizophrenia/schizoaffective disorder (0.094%)
and 3 from 19 954 controls (0.015%), resulting in an odds
ratio (OR) of 6.25.2° These are particularly interesting ob-
servations, given the historical conceptualization of autism
as childhood type schizophrenia and schizophrenic reac-
tion, codified in both DSM I and I1.2%3° However, this was
followed by a decisive swing away from this notion in later
versions of the DSM which stressed key differences in
symptomatology and natural history between autism and
schizophrenia.

In sum, 16p11.2 CNVs serve as an early and replicated
example of a single canonical locus carrying substantial
risks for a wide array of phenotypes, including develop-
mental delay, ID, schizophrenia, bipolar disorder, ASD,
specific language impairment and variations in body weight
and head circumference. Moreover, the finding of a base
rate in carriers suggests that the presence of the CNV
may be associated with no psychiatric/developmental
abnormalities. Importantly, similar phenomena have been
reported now for a large number of structural variations.
Among these are CNVs mapping to 1g21.2, 3q29,
7q11.23, 7q36.3, 15q11.2, 15q13.3, 16p13.11, 17p12,
17q12, and 22q11.21. Indeed it has become the rule rather
than the exception that CNV risks cross diagnostic
boundaries.**

Interestingly, the same phenomenon may now be play-
ing out with regard to NDD-associated single nucleotide
mutations observed in whole exome and whole genome

sequencing. Here, the contribution of de novo variation in

3542 and there have already

NDDs is increasingly clear
been examples of mutations that were first associated with
a single condition which are now being found associated
with disorders that were formerly considered to be
disparate, for example SCN2A in ASD and epilepsy
(Table 1).>°3%3% At present, it is difficult to discern
whether the relatively modest overlap seen for point muta-
tions, compared with the tremendous overlap in risk seen
for CNVs, is a consequence of the infancy of exome and
genome studies or the tremendous genetic heterogeneity of
the disorders being investigated, and/or a reflection of
more specific risks attending point mutations vs. CNVs
that often encompass multiple genes.

The overlap among risks and the blurring of diagnostic
boundaries has not been restricted to rare variations.
Recent studies of common single nucleotide polymorphisms
(SNPs) have shown that a risk allele for one disorder may
carry comparable risks for another. The Psychiatric
Genomics Consortium (PGC) examined cross-disorder
effects of genome-wide significant loci previously identified
for bipolar disorder and schizophrenia, using GWAS data
of SNPs for 33 332 cases of ASD (4788 trios, 161 cases and
526 controls), ADHD (1947 trios, 840 cases and 688 con-
trols), bipolar disorder (6990 cases and 4820 controls),
schizophrenia (9379 cases and 7736 controls), major de-
pressive disorders (9227 cases and 7383 controls) and
27888 controls. The investigators reported: (i) genome-
wide significance in intronic SNPs within ITIH3 and
AS3MT, along with SNPs at two L-type voltage-gated
calcium channel subunits, CACNA1C and CACNB2; (ii)
meta-analyses for these four SNPs provided the best fit
model for all five disorders in three SNPs and, for the
remaining one SNP, the best fit model was limited to bipo-
lar disorder and schizophrenia (adult onset disorders); and
(iii) variations in calcium-channel activity genes seem to
have pleiotropic effects on both childhood and adulthood
onset disorders.*> Subsequently, in the same datasets, the
PGC used common SNPs to estimate correlations of genetic
variations within and covariations between disorders. The
genetic correlations were: high between schizophrenia and
bipolar disorder [0.68 * 0.04 standard error (SE)]; moder-
ate between schizophrenia and major depressive disorder
(0.43 = 0.06 SE), bipolar disorder and major depressive dis-
order (0.47 +0.06 SE), and ADHD and major depressive
disorder (0.32 * 0.07 SE); significant but low between ASD
and schizophrenia (0.16 + 0.06 SE); and non-significant for
other pairs of disorders, as well as between psychiatric dis-
orders and controls. These results provide empirical evi-
dence that disorders usually diagnosed after childhood
(schizophrenia, bipolar disorder and major depressive dis-
order) have shared genetic aetiology, whereas sharing
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Table 1. Recurrent non-synonymous de novo point mutations in ASD, schizophrenia and epilepsy?

Gene Epilepsy ASD Schizophrenia Study
mut/prob P-value mut/prob P-value mut/prob P-value
GABRB3 4/264 4.1X107"° [35]
ALG13 2/264% 7.8X10712 [35]
SCN2A 2/2645 1.1X107 3/575 <0.05 [35], [36], [38]
CHDS 2/122 6.9X107° [37]
NTNG1 2/122 1.2X10°° [37]
GRIN2B 3/1703 1.9X10* [37]
LAMC3 2/1703 3.4X102 [37]
SCN1A 2/1703 1.5X107 [37]
KATNAL2 2/375 <0.05 [38]
FMRP-associate genes 14/59 LGD in 343 prob 0.006 [39]
KIPREL3 2/40 MZ ASD twin [40]
GPR98 2/40 MZ ASD twin [40]
CUL3 2/233 [37], [41]
EPHB2 21278 [36], [41]
LAM2 2231 0.017 [42]
DPYD 2/231 0.017 [42]
TRRAP 2/231 0.017 [42]
VPS39 2/231 0.017 [42]

mut, number of mutations; prob, number of probands.

*Whole exome and genome studies conducted in an unbiased, hypothesis-free way were included in the review (N =8 studies), and the recurrent (>2), non-

synonymous de novo point mutations were selected for the review in the table. P-values were computed using simulation models or likelihood model in each

paper. Two whole genome studies did not provide P-values (studies 40, 41).
STwo de novo mutations occurred at the same position.

common variants between these disorders and childhood
onset disorders (ADHD and ASD) is not likely.**

The continuing challenges to defining a new
nosology of NDDs

In short, the accumulating data suggest, perhaps not sur-
prisingly in retrospect,*’ that genetic risks do not conform
to the boundaries defined in the current, categorical diag-
nostic nosology. However, the sources of this variability
remain to be clarified. It is commonly assumed that gene-
environment interactions, stochastic events and epigenetics
must play some role in these observations. Moreover, it is
likely that diagnostic substitution and ascertainment bias
may contribute to some degree of observed overlap,
though the consistency of findings across large samples
meeting stringent diagnostic criteria for a given categorical
diagnosis, the dramatic differences in natural history
among NDDs such as ASD and schizophrenia, and the
findings of diverse outcomes in epidemiologically-derived
samples all suggest that it is unlikely that these confounds
explain a substantial proportion of overlap. Finally, it is
likely that there are levels of phenotypic convergence
among some common NDDs that are not measured or
captured in current phenotyping approaches. An in-depth

discussion of these very interesting possibilities is beyond
the scope of this review.

Regardless of the origin of the observations, they consti-
tute a clear challenge to the primacy of specificity, that is
the notion that in order for a particular risk factor to be
important and potentially useful for illuminating path-
ology, it must be relevant to one and only one disorder.
The blurring of traditional categorical diagnostic bounda-
ries also raises important questions about the relationship
between phenotypes and genotypes. Although historically
there has been widespread interest in the notion that endo-
phenotyping would be the key to successful gene discovery,
in fact, the recent empirical evidence has largely supported
the alternative, specifically that broad categorical diag-
noses have been sufficient to gain a foothold in the molecu-
lar landscape of many NDDs—given sufficient sample
sizes and the means to comprehensively assay the genome.

Notably, there are important exceptions to this trend
with regard to gene identification. For example, even in the
face of sophisticated methodologies and very large patient
cohorts, there has been little progress in clarifying the
specific genetic factors contributing to major depressive
disorder.*® Similarly, whereas there has been considerable
progress in identifying common variations in schizophre-

ia,*” there have not yet been equivalent findings with
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regard to ASD, where successes in replicable gene discov-
ery so far have been restricted to studies focused on rare
variations.*® And for the most successful examples of gene
discovery in NDDs, whether for common or rare vari-
ations, the percentage of risk explained still falls well short
of the anticipated contribution of genetics. These examples
serve as a reminder that a great deal remains to be clarified.
In some cases, such as with regard to ASD, this may simply
be a result of sample cohorts that are still insufficiently
powered to identify common variation; it may be that the
overall genetic contribution to some NDDs has been mark-
edly overestimated; rare variation may play a much larger
role in some conditions, such as major depressive disorder
(MDD), than has been anticipated; and/or additional pro-
gress in these disorders may indeed require biologically
informed and dimensional endophenotyping to further
clarify the relationship between molecular, cellular, circuit
and behavioural phenomena.

Moreover, recent genetic findings have demonstrated a
very high degree of locus heterogeneity in NDDs, for rare
as well as common variations.'®2%%3%* These observations
raise important questions regarding the relationship of gen-
etics both to diagnosis and to treatment. For example, if
hundreds of genes may contribute risk for a given disorder,
however defined, what are the implications for both
designing and administering relevant pharmacotherapies?
A full discussion of these issues is beyond the scope of this
review; however, multiple recent reports suggest that a
wide range of individual genetic risks correspond to a
much smaller set of biological processes or points of spatial
and temporal convergence.’®***’ These findings in turn
suggest that, ultimately, treatments may be more likely to
target shared aetiological substrates, rather than either in-
dividual specific mutations or broad diagnostic categories.

In the face of the ongoing conceptual challenges to diag-
nostics schemas, the notion of pathological specificity and
the nature of the relationship of genotype to phenotype, it
is unlikely that the field of psychiatry is currently in a pos-
ition to come to a new and lasting clinical nosology. In
fact, there is good reason to expect that the immediate
future will be best served by a thoughtful combination of
old, and admittedly
approaches, combined with new and emerging approaches

limited, categorical diagnostic
to characterizing phenotypes and re-defining selected diag-

noses. To some extent, these efforts have already begun.

DSM-V and the continuation of categorical
diagnoses

The most recent editions of the standard descriptions of
psychiatric clinical syndromes, most notably DSM and
International Classification of Disease (ICD), are largely

agnostic about the aetiological substrates of psychiatric
conditions, including NDDs. Rather, the conventional nos-
ology continues to focus on diagnostic criteria that are
relatively easy to apply in clinical settings, while also pro-
viding the bases for national and international statistics on
the morbidity and/or mortality associated with these dis-
orders. It is also important to note that, despite the limita-
tions of these categorical approaches, they are essential for
clinical practice, as well as nascent efforts at policy devel-
opment and improving public health.*®

Furthermore, these categorical systems are not com-
pletely devoid of dimensional criteria. For example, DSM-
V attempts to incorporate non-categorical and biologically
informed metrics by using specifiers, subtypes, severity rat-
ings and cross-cutting symptoms in an effort to provide
clinicians with a means to better capture gradients of path-
ology.” Of course, although the DSM-V effort appears
intended to augment the currently existing nosology, it
remains clearly grounded in a categorical framework and
restricted by its attendant limitations.

Nonetheless, despite the well-known difficulties with the
approach, there are examples from other areas of medicine
that suggest the possibility of a peaceful coexistence be-
tween categorical and more refined diagnostic systems.
Examples include breast cancer, in which the general diag-
nostic indicator reflects a categorical clinical syndrome, and
molecular specifiers, including estrogen/progesterone recep-
tor status, are now routinely identified and used to guide
treatment.’’ Indeed, even in the psychiatric nosology, the
first strains of this type of integration are beginning to
emerge. For example, a child may come to clinical attention
for social difficulties, be diagnosed with ASD (serving as
the basis for reimbursement and the provision of services),
have genetic testing and, potentially, be diagnosed with fra-
gile X syndrome. Although at present this molecular speci-
fier will be most useful for family genetic counselling, the
potential for a personalized medical approach, based on
the molecular diagnosis, may possibly be realized with the
advent of new treatments such as those seen in the studies

of mGLURS antagonists for treating fragile X syndrome.’”

The importance of dimensional phenotypes

Despite the current reliance on, and utility of categorical
approaches, most if not all human phenotypes (both typ-
ical and pathological), including cognitive, behavioural or
emotional functioning, are dimensional and continuously
distributed in the population. Furthermore, anomalies
in these phenotypes, for example variations in 1Q, social
reciprocity or executive functions, are manifest to varying
degrees in many distinct current diagnostic categories,
including ID, ADHD, ASD, schizophrenia and epilepsy.
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The broad heterogeneity of phenotypes that result from
the application of current categorical classifications has
created substantial challenges in psychiatric research. As it
turns out, heterogeneity often imposes significant limita-
tions on the discovery of pathophysiological mechanisms
because there are often problems in determining the com-
parability of subjects in particular clinical studies. This
leads to disparate study findings and failures to replicate
what may actually be meaningful initial findings. That is
not to say that categorical diagnostic systems are useless.
In fact, when rigorously applied, categorical diagnostic
criteria for psychiatric disorders may be advantageous in
some aetiological studies by enriching the extremes of a
particular phenotype. Unfortunately, this can work both
ways and also increase phenotype heterogeneity, based on
subject selection.

At present, the best organized and most determined
approach to implementing a dimensional system for neuro-
psychiatric conditions is embodied in the NIMH Research
Domain Criteria (RDoC) initiative.>® This is an experimen-
tal approach that is agnostic to previous diagnostic cat-
egorical classifications, indeed cutting across traditional
clinical diagnostic boundaries in an effort to reduce hetero-
geneity within yet-to-be-determined syndromes.’* RDoC is
a framework for research that aims to create a stronger
foundation for research on pathophysiology, especially
for genomics and neuroscience, which it is hoped will
ultimately inform future clinical classification schemes
and eventually help identify new targets for treatment
development.*?

Based on five major ‘domains’ and eight levels of
analysis, the RDoC matrix is conceived as a model for
incorporating biological and environmental data into a
nosological framework (Table 2).°® RDoC specifically
allows for genetic, molecular and cellular level data to be
included in a descriptive system. However, it remains un-
clear as to whether the ‘domains’ are truly relevant to clin-
ical phenomena and how this system can be applied to
describing and treating specific clinical conditions.

Table 2. RDoC matrix (domains and analysis system)

Research using the new DSM-V as well as the RDoC sys-
tems is in its infancy. It remains to be seen how well these
two different approaches will facilitate discovery of aetiolo-
gical substrates and pathophysiological mechanisms of psy-
chiatric disorders. It is likely that neither will be sufficiently
utilitarian for all purposes and that either they will need to
be combined, or a new, more integrated system will need to
be developed. In any case, at present there is still a need for a
single dimensional nosology that can account for heterogen-
eity and allow for the inclusion of behavioural phenotypes
as well as biological and environmental data. This is neces-
sary in order to define specific phenotypes that will advance
our understanding of the aetiologies of NDDs and other psy-
chiatric disorders as well as lead to appropriate treatment.

Additional steps toward a new
synthesis—combining dimensional
diagnosis with epidemiologically-ascertained
population-based samples

For a variety of reasons, most descriptive psychiatric re-
search has focused on clinical populations. Cost, efficiency,
time and other factors have led investigators to ascertain
study subjects from their clinics. However, such conveni-
ence has come at a price: sampling errors are inherent to
the exclusive use of clinical samples. This problem is
largely unrecognized in the study of psychiatric disorders
and, in particular, of NDDs.

Certainly, clinical samples can serve as a useful initial
step in the process of identifying a clinical syndrome or
phenotype. However, by their very nature, clinical samples
are not likely to represent the entire spectrum or dimen-
sionality of any particular syndrome. Furthermore, clinical
samples are known to be biased with respect to case sever-
ity, comorbidity and factors associated with health care
system access.’® As a result, clinical samples provide a
biased view of a clinical condition that can only be cor-
rected with other methods of sampling. Epidemiologically

ascertained, population-based samples minimize or even

Units of analysis

Domains Genes Molecules Cells
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eliminate such biases. By including a representative sample
of all individuals in a given community, epidemiological
sampling allows for appreciation of the variation inherent
in a clinical condition, as well as a perspective on the full
dimensionality of clinical presentation and disability.

For example, in a recent comprehensive, population-
based ASD prevalence study, led by one of us (Y.S.K.)
using a total population approach for ascertainment, we
found that ASD is much more prevalent than previously
thought: 2.6%. A somewhat surprising two-thirds of the
children ascertained (1.89% prevalence) with ASD were
previously unidentified in the community and would not
have been ascertained in a clinical sample. Moreover, the
phenotypic characteristics of those with ASD found in
non-clinical settings were distinct from clinically derived
individuals. They had a mean IQ of 98 and less male
predominance (2.5:1).°” This study suggests that the full
spectrum of the ASD phenotype is consistent with current
research that demonstrates a continuous distribution of the
dimensional phenotype of ‘autism traits’.®’

These observations serve to point out the importance of
systematically ascertained, population-based ASD samples
for ASD research because they alone permit examination of
underlying ASD pathophysiology across the entire ASD
spectrum, while also allowing for proper assessment of the
full clinical spectrum leading to accurate behavioural
phenotyping.®'=®> Moreover, as with ASD, it is likely that
epidemiological samples for other NDDs will be essential in
order to fully appreciate the complexity and distribution of
the clinical and biological characteristics of these disorders.

Conclusion

The limitations of categorical diagnostic schema, particu-
larly for common NDDs, are widely recognized, and there
has been speculation that these approaches have dramatic-
ally hindered the search for the causes and treatments of
psychiatric conditions. However, the data also speak
clearly, at least with regard to genetics: the combination of
advanced techniques, adequate samples and an admittedly
imperfect categorical approach to diagnosis is in fact ad-
equate to fuel key discoveries in NDDs. The conundrum as
noted is that whereas recent work exploring common, rare
and de novo variants has led to the identification of
specific genetic risks for several paradigmatic disorders, at
the same time these findings have called into question the
boundaries established between these conditions and chal-
lenged the notion that a unique disorder (if appropriately
defined and isolated) has a unique aetiology.

Although some may see this as revealing the fundamen-
tal flaws in current nosological systems, it seems more use-
ful to conceptualize this as an ongoing and iterative

process: with categorical diagnosis sufficient to provide an
entry into molecular mechanisms, which then serve to help
develop and refine a new, more biologically relevant
nosology that allows for both genetic and phenotypic het-
erogeneity. The beginning strains of such a system can be
found in the co-existence of RDoC and DSM-V, especially
when this composite can now increasingly include the iden-
tification of specific genetic risks for NDDs. As noted
above, this may portend an emerging approach not unlike
that for some cancers, where a clinical/organ-based diag-
nosis may be used to categorize an initial presentation but
the patient is then further conceptualized and, in an
increasing number of cases, treated based on a combin-
ation of the clinical presentation, specific genetic markers

and dimensional biological measures to guide therapy.
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