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Abstract

As a result of exome-based sequencing work performed by the DDD study, de novo variants in CNOT3 have emerged as a
newly recognised cause of a developmental disorder. This paper describes molecular and clinical details of 16 probands with
developmental disorders and de novo CNOT3 variants. It is the first such description of the developmental phenotype
associated with CNOT3 variants. Eight of these cases were discovered as part of the DDD study, while the other eight were
found as a result of large-scale sequencing work performed by other groups. A highly specific phenotype was not recognised
in these 16 cases. The most consistent phenotypic features seen in subjects with de novo variants in CNOT3 were hypotonia,
relatively small stature, developmental delay, behavioural problems and intellectual disability. There is no easily
recognisable facial phenotype, but some common dysmorphic features such as anteverted nares, thin upper lip and low set
eyebrows were shared among some of the probands. Haploinsufficiency appears to be the most likely mechanism of action,
with eight cases found to have protein-truncating variants. Of the other eight cases (all missense variants), three share an
amino acid substitution at the same position which may therefore represent an important functional domain.

Introduction novo variants in CNOT3. CNOT3 is therefore a gene sig-
nificantly enriched for de novo variants in the DDD cohort;
this provides compelling evidence for CNOT3 being a new
developmental disorder-associated gene [4].

Since the initial seven cases discovered by the DDD study,

additional patients with developmental disorders and CNOT3

The Deciphering Developmental Disorders (DDD) study
used family exome studies to identify de novo variants in
children with severe developmental disorders [1-3]. Initial
results from this study identified seven patients with de
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de novo variants have been identified (some as a result of
further analyses by the DDD study and others as a result of
large-scale sequencing work performed by other groups).
Clinical and molecular descriptions of 16 cases are described
in this paper, representing the first known developmental
disorders to be associated with variants in this gene.
CNOT3 comprises part of the CCR4-NOT protein com-
plex, which is a global regulator of RNA polymerase II
transcription [5, 6]. It has previously been identified as a
potential tumour suppressor gene in T-cell acute lympho-
blastic leukaemias, with loss of function variants in CNOT3
being observed in these tumours [7]. Prior to the DDD study
it had not been firmly linked to developmental disorders.

Materials and methods
DDD cases

The DDD study recruited over 13,000 individuals with a
severe undiagnosed developmental disorder, via Clinical
Genetics centres in the UK and the Republic of Ireland.
Copy number analysis and exome based sequencing were
performed. Results were published in 2017 from 4293 trios
(i.e. 4293 single affected children with unaffected parents)
[4]. Data were filtered to look specifically for de novo
variants in the coding or splicing sequences of the probands.
After excluding probands with likely pathogenic variants in
other developmental disorder-associated genes and com-
bining the statistical analysis with results from 3287 indi-
viduals recruited to 13 other exome or genome sequencing
studies, 14 new developmental disorder-associated genes
were initially identified. CNOT3 was one of these genes;
initial analyses by the DDD study identified seven patients
with de novo variants in CNOT3 [4].

Subsequent exome-based analysis by the DDD study has
identified at least a further 16 subjects who have CNOT3
variants; two of these are known to have occurred de novo
(making a total of nine de novo DDD cases, eight of which
are included in this series). Four out of sixteen (all missense
or in-frame deletions) are inherited from a parent and so are
presumed not to be the cause of the child’s phenotype.
Inheritance data are not currently available for the remain-
ing ten DDD variants (one frameshift; nine missense or in-
frame deletions).

Non-DDD cases

Other cases of de novo CNOT3 variants in probands with
developmental disorders have since emerged from large-
scale sequencing work performed by other groups. Pheno-
typic and molecular data on eight such patients are included
in this case series. Cases 3 and 10 (see Table 1) underwent
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diagnostic exome sequencing in Utrecht because of a
developmental disorder. Case 4 was tested for 217 genes of
interest as part of a study which recruited probands with
intellectual disability (ID) of unknown aetiology [8]. Cases
11, 13 and 15 had exome sequencing in Dijon as part of a
whole exome sequencing study involving probands with
severe ID or epileptic encephalopathy [9]. Cases 12 and 14
had exome sequencing in Leiden.

All CNOT3 variants are described using the reference
sequence NM_014516.3.

Results

Molecular and clinical descriptions for the 16 patients with de
novo variants in CNOT3 are shown in Table 1. Cases 1-8 are
missense variants; cases 9-16 are protein-truncating variants.
A diagram adapted from Boland et al. [S] shows the dis-
tribution of the de novo variants found in CNOT3 (Fig. 1).
The de novo missense variants all result in amino acid sub-
stitutions at highly conserved positions (details shown in
Table 2, adapted from data taken from Alamut [10]).

Development, learning and behaviour

All 16 probands have developmental delay and learning dif-
ficulties; these vary in severity. Only three children were
known to be walking by 18 months of age although at least
15/16 did acquire the ability to walk independently. The
median age of walking independently was 25 months (range
14-55 months; cases 5 and 9 excluded due to insufficient
data). In terms of speech development, 5/16 probands have no
speech at all. The others range from repeating words to talking
in full sentences. Four of sixteen are known to attend a form
of mainstream education, all four require additional learning
support at school. Eight of sixteen have behavioural problems
ranging from pervasive developmental disorder to autism.

Growth

There is a tendency towards short stature with 13/16 cases
having heights <25th centile; indeed 6/16 have heights <2nd
centile. Case 1 has a severe primary microcephaly for which
an alternative explanation is felt to be highly likely. Case 8
has a less pronounced microcephaly, but otherwise the trend
is to have a relatively well-preserved head circumference
compared to height (thirteen cases had head circumferences
>25th centile, including seven >50th centile).

Other features

Although some children share common facial features, a
consistent or recognisable facial gestalt was not felt to be
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Fig. 1 Distribution of variants in CNOT3

Table 2 Aligned amino acid sequences at each missense variant position

Case 1 2 3 4 5 6 7 8
Position 20 48 119 147 188 188 188 697
New aminoacid Q V E K C H H Q

Orthologs
Human
Chimp
Olive baboon
Rat
Mouse
Dog
Frog
Tetraodon
Zebrafish
Fruitfly
C. elegans
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present (see Table 1 and photographs in Fig. 2). Twelve of
sixteen cases had had an MRI brain scan; 5/12 were said to
be normal, the other seven cases had various reported
findings including partial agenesis of the corpus callosum
(3/7) and parenchymal atrophy (2/7). Hypotonia appears to
be common, affecting 10/16 cases.

Clinical photographs are available for 10 subjects (shown
in Fig. 2). There is no easily recognisable facial phenotype,
but some common dysmorphic features such as anteverted
nares, thin upper lip and low set eyebrows were shared
among some of the probands.

Discussion

The initial seven de novo variants in CNOT3 identified by the
DDD study provide firm statistical evidence for this being a
developmental disorder-associated gene [4]. Haploinsuffi-
ciency would appear to be the likely mechanism of action
given the eight cases with protein-truncating variants; data
from ExAC and Decipher support the hypothesis that CNOT3
is highly intolerant of loss of function variation [11, 12].
There are a total of 66 patients in the Decipher [12] database

with copy number or sequence variation in CNOT3. Of these,
30 are copy number gains; there are no copy number losses.
According to the EXAC database, CNOT?3 is highly intolerant
of loss of function variants (expected number of LOF variants
28.9; observed number O; pLI 1.00). CNOT3 is also sig-
nificantly less tolerant of missense variation than expected
(expected number of missense variants 292.1; observed
number 156; z=3.89) [11].

There are a total of 36 sequence variants in CNOT?3 listed
on Decipher [12]. Fourteen of these are de novo variants (9
of which are included in this case series).

The most consistent phenotypic features seen in subjects
with de novo variants in CNOT3 in this case series are
hypotonia, relatively small stature, developmental delay,
behavioural problems and ID. The de novo variants iden-
tified in CNOT3 do not appear to result in an easily
recognised or highly specific phenotype. This is not sur-
prising; it can be hypothesised that the majority of hitherto
undiscovered developmental disorder-associated genes will
not produce an easily recognised phenotype which is one
major reason why they eluded discovery prior to the advent
of exome-based sequencing.

Phenotypic comparison was made between the eight
missense variants and the eight truncating variants, pri-
marily to ascertain whether the cases with truncating var-
iants might tend towards a more severe phenotype. It is
interesting to note that all four probands who attend a form
of mainstream education have missense variants (cases 1, 2,
7 and 8), lending some weight to this hypothesis.

Using the ACMG guidelines on variant interpretation [13],
loss of function variants in CNOT3 are more likely to be
definitively classified (as pathogenic) than missense variants.
Inheritance data will be helpful in further interrogating mis-
sense variants, but this will not always be available. Showing
that a variant has occurred de novo is less powerful evidence
in favour of pathogenicity when a highly specific phenotype
is not present, such as appears to be the case here. In addition,
given the apparent phenotypic spectrum resulting from
CNOT3 variants, there may be families where a pathogenic
variant has been inherited from a mildly affected parent.

Three cases have missense variants affecting the same
amino acid position (cases 5, 6 and 7). These probands did
not appear to have a very similar phenotype; cases 5 and 6
having severe developmental delay and case 7 being one of
the most mildly affected probands. There are two further
cases on Decipher [12] with de novo missense variants at
this position. It is hypothesised that this amino acid position
represents an important functional domain.

Missense variation is tolerated in some residues of
CNOT3 as evidenced by ExAC and at least some of the
inherited variants reported in Decipher. Functional work to
aid more definitive classification of missense variation
within CNOT3 is needed. Additional cases to better
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Fig. 2 Clinical photographs of ten probands with de novo CNOT3 variants (case numbers shown, corresponding to Table 1)

delineate the phenotype associated with CNOT3 variants
would be welcomed and will likely arise as a result of
further whole exome-based sequencing studies in probands
with developmental disorders.
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