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Heterozygous mutations affecting the protein
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ABSTRACT

Introduction Recent evidence has emerged linking
mutations in CDK'73 to syndromic congenital heart
disease. We present here genetic and phenotypic data
pertaining to 16 individuals with CDK13 mutations.
Methods Patients were investigated by exome
sequencing, having presented with developmental delay
and additional features suggestive of a syndromic cause.
Results Our cohort comprised 16 individuals aged 4-16
years. All had developmental delay, including six with autism
spectrum disorder. Common findings included feeding
difficulties (15/16), structural cardiac anomalies (9/16),
seizures (4/16) and abnormalities of the corpus callosum
(4/11 patients who had undergone MRI). All had craniofacial
dysmorphism, with common features including short,
upslanting palpebral fissures, hypertelorism or telecanthus,
medial epicanthic folds, low-set, posteriorly rotated ears
and a small mouth with thin upper lip vermilion. Fifteen
patients had predicted missense mutations, including five
identical p.(Asn842Ser) substitutions and two p.(Gly717Arg)
substitutions. One patient had a canonical splice acceptor
site variant (c.2898—1G>A). All mutations were located
within the protein kinase domain of CDK13. The affected
amino acids are highly conserved, and in silico analyses
including comparative protein modelling predict that they
will interfere with protein function. The location of the
missense mutations in a key catalytic domain suggests that
they are likely to cause loss of catalytic activity but retention
of cyclin K binding, resulting in a dominant negative mode
of action. Although the splice-site mutation was predicted
to produce a stable internally deleted protein, this was not
supported by expression studies in lymphoblastoid cells. A
loss of function contribution to the underlying pathological
mechanism therefore cannot be excluded, and the clinical
significance of this variant remains uncertain.
Conclusions These patients demonstrate that
heterozygous, likely dominant negative mutations
affecting the protein kinase domain of the CDK73 gene
result in a recognisable, syndromic form of intellectual
disability, with or without congenital heart disease.

INTRODUCTION
The CDKI13 gene codes for a member of the
cyclin-dependent serine/threonine protein kinase

(STK) family, which phosphorylate targets in part-
nership with a cyclin co-factor; in this case, cyclin
K. Recent work has shown that CDK13 plays a
role in converting transcribing RNA polymerase 11
(Pol 1I) from an initiating to an elongating form,
by phosphorylation of key residues in the C-ter-
minal domain of Pol II. The genetic targets of
CDK13 activity, determined by knockdown of
CDK13 expression, appear to be largely involved
in processes connected to extracellular and growth
signalling.'

Mutations in CDK13 had not previously been
linked to human disease, until recent analysis of
exome sequencing data arising from the Deciphering
Developmental Disorders (DDD) study.” In subanal-
ysis of 398 trios affected by syndromic congenital
heart disease (S-CHD), in which the proband did not
have a plausible de novo mutation in a known devel-
opmental disorder-associated or CHD-associated
gene, a significant clustering of de novo mutations
in CDK13 was observed. This led to identification of
seven individuals with S-CHD, all carrying predicted
missense variants within the highly conserved protein
kinase (PK) domain of CDK13, including four with
identical ¢.2525A>G (p.Asn842Ser) mutations. All
had a history of developmental delay and craniofa-
cial dysmorphism, characterised by hypertelorism,
upslanted palpebral fissures, wide nasal bridge and
narrow mouth, with additional features including
structural brain abnormalities, clinodactyly, joint
hypermobility and skin changes.’

In this context, we present genetic and pheno-
typic data relating to 16 patients investigated for
intellectual disability (ID) syndromes and found to
carry de novo mutations in CDK13, including those
described by Sifrim et al.*> We have undertaken in
silico analysis of the amino acid substitutions iden-
tified, including comparative protein modelling of
selected variants based on the recently reported
crystal structure for the kinase domain of CDK13
to predict their effect on ligand binding and thus
catalytic activity. Key clinical data pertaining to the
affected individuals are also presented, highlighting
recognisable features that serve as pointers to this
diagnosis.
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METHODS

Patient selection and diagnostic methods

All patients were referred to their regional clinical genetics
service due to developmental delay with additional features,
suspected to have an underlying syndromic cause. Patients 1-10
and 13-16 were investigated by exome sequencing as part of the
DDD study.” Patient 11 had whole-exome sequencing performed
by the Clinical Genetics Group at the MRC Weatherall Insti-
tute of Molecular Medicine, University of Oxford. Patient 12
was investigated by whole-exome sequencing at the Center
for Medical Genetics and Molecular Medicine at Haukeland
University Hospital in Bergen. The molecular methods and
bioinformatic pipeline for exome analysis used in the DDD study
are previously described.* Similar methods were used for exome
sequencing analysis in patients 11° and 12.

RNA analysis

RNA was extracted from a lymphoblastoid cell line (patient 16)
using Trizol (Invitrogen) and an RNeasy kit (Qiagen). For anal-
ysis of nonsense mediated decay (NMD), lymphoblastoid cells
were treated with cyclohexamide (50 ng/uL) or media alone for
4 hours prior to RNA extraction. DNA was removed by digestion
with DNase I (Qiagen) and cDNA synthesised using RevertAid
First Strand Synthesis Kit (Thermo) with oligo(dt). Amplifica-
tion was carried out using primers designed to exons flanking
exon 11 (primer sequences available on request) and products
sequenced using BigDye Terminator V.3.1 (Applied Biosystems).

Protein modelling

Predicted effects of CDK13 variants on protein structure were
modelled using the recently reported crystal structure of the
kinase domain of CDK13 in complex with cyclin K (PDB iden-
tifier Sefq).! Sequences of wild-type and variant CDK13 were
submitted to the Swiss-Model server (https://swissmodel.expasy.
org/®) for modelling in automated mode. Effects of variants on
the thermodynamic stability of CDK13 were analysed using the
FoldX modelling suite.” As the crystal structure Sefq contains two
heterodimers of CDK13-cyclinK, FoldX analysis was performed
on the full asymmetric unit, each CDK13-cyclinK heterodimer
(chains A-B and C-D) and each monomer of CDK13 in isola-
tion (chains A and C), and values averaged across the five sets
of results. In all cases, input files were first repaired with the
RepairPDB function of FoldX, and variants introduced using
the BuildModel function. In addition to the 10 novel missense
variants reported here, analysis was performed on all missense
variants in the gnomAD database occurring at residues present
in structure Sefq (CDK13 residues 695-775, 785-1025; n=47).
Structures were visualised in SwissPdb-Viewer® or PyMOL
(PyMOL Molecular Graphics System V.1.8, Schrodinger).

RESULTS

Clinical findings

Phenotype data are summarised in table 1, with more detailed
information provided as online supplementary file 1. The cohort
comprised 14 females and 2 males, with an average age of 8 years
(range 3.5-16.8). All patients had developmental delay, which
was considered to be mild in two cases. Fifteen patients were
reported to have a degree of learning disability, and one had 1Q
in the low-normal range. Six patients had a diagnosis of autism
spectrum disorder, and a further two displayed autistic traits or
stereotypies. Pica was reported in two cases. Four were born
preterm (defined as gestation <37 weeks), and birth weight was

distributed throughout the normal range, only one being less
than the second centile.

Seizures of variable character were reported in four patients,
including absence, myoclonic and generalised tonic-clonic
episodes. One further patient had a history of febrile convul-
sions in infancy. A structural brain abnormality was identified
in 5 of 11 patients who had undergone MRI, including thin or
hypoplastic corpus callosum (3/5), absent corpus callosum (1/5)
and periventricular leukomalacia (1/5) (see online supplemen-
tary file 2). Presence of a structural brain abnormality was not
consistently associated with history of seizures. Feeding diffi-
culties were common, reported in 15 patients. These included
slow feeding, and susceptibility to gastro-oesophageal reflux
in infancy. Concerns about safety of swallowing are frequently
reported by parents (Katja Kyd, CDK13 Support Group,
personal communication), and four patients in our series even-
tually required long-term feeding via percutaneous gastrostomy.
Five had significant constipation, and a further individual had
a history of anal stenosis and recurrent gastrointestinal infec-
tion. Structural cardiac anomalies were reported in nine patients,
including six with atrial septal defect (ASD), two with ventric-
ular septal defect (VSD) and one with both ASD and VSD. Audi-
tory problems were frequently reported, including two patients
requiring grommets, one with recurrent ear and upper respi-
ratory tract infections, one with mild unilateral sensorineural
hearing loss and one with bilateral sensorineural high-frequency
hearing impairment. Central sleep apnoea was reported in one
case.

All patients were reported to have craniofacial dysmorphic
features (figure 1). Key findings included hypertelorism or
telecanthus (9/16), upslanting palpebral fissures (8/16), medial
epicanthic folds (8/16), small mouth (10/16) with thin upper
lip (5/16) and low set and/or posteriorly rotated ears (10/16).
The nose was relatively large with a full tip and alar flare in six
patients, and glabellar haemangioma was present in infancy in
four. Seven of the children were described as having curly hair.
Facial resemblance was particularly striking in early childhood
(figure 1C) with features overlapping those of the Say-Barber-
Biesecker-Young-Simpson (SBBYS) variant of Ohdo syndrome.

Peripheral findings included joint hypermobility (2/16) and
circumferential skin folds affecting the limbs (2/16). Minor
digital anomalies were also common, including fifth finger clino-
dactyly (8/16) and prominent fetal finger pads (3/16).

Mutations in CDK13

Fifteen patients were found to carry heterozygous mutations
predicted to result in missense changes within the PK domain of
CDK13 (see online supplementary file 3 and figure 2A). These
include four previously reported substitutions [p.Gly714Arg,
p.Gly717Arg, p.Arg751GIn, p.Asn842Ser]. Five patients had
identical p.(Asn842Ser) substitutions and two patients had
the p.(Gly717Arg) substitution. One of the latter patients was
mosaic for this mutation, with a higher mutation load in saliva
compared with blood (data not shown). Previously unreported
missense variants identified were p.Val719Gly, p.Lys734Arg,
p-Asn842Asp, p.Arg860GIn, p.Val874Leu and p.Asp896Asn.
One further patient was found to carry a canonical splice
acceptor site mutation, ¢.2898-1G>A.

All missense substitutions affect highly conserved residues
and are predicted to be pathogenic by in silico analysis. More-
over, all occur at positions of functional relevance in CDK13
(summarised in online supplementary file 3). In silico analysis
of the canonical splice acceptor site mutation using a variety of
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Figure 1

New disease loci

Anterior (A) and profile (B) facial photographs of 14 individuals with mutations in CDK13. Note hypertelorism or telecanthus, upslanting

palpebral fissures with medial epicanthic folds, small mouth with thin upper lip and low set or posteriorly rotated ears. Clinical features overlapping those
of Say-Barber-Biesecker-Young-Simpson variant of Ohdo syndrome are most evident in early childhood (C). Anterior photographs of patients 1 and 8 are
reprinted by permission from Macmillan Publishers Ltd: Nat Genet 2016;48:1060-5.

splicing prediction algorithms suggested that it would disrupt
splicing with likely skipping of exon 11.* This would create a
novel, in-frame splice junction between exons 10 and 12, and
translation of the resulting mRNA would lead to synthesis of
a truncated protein lacking amino acids 967-1010 of CDK13.
It was not possible to obtain RNA from primary cells from
patient 16 to explore expression of the ¢.2898-1G>Avariant;
therefore, RT-PCR analysis was carried out on cDNA
prepared from patient-derived lymphoblastoid cells (see online

supplementary file 4). Surprisingly, this showed only the pres-
ence of the wild-type transcript, with no evidence of an exon
11-skipped product. Inhibition of NMD did reveal the presence
of a mutant transcript, though the size difference from wild
type was not sufficient to be consistent with skipping of exon
11. Instead, Sanger sequencing demonstrated use of a cryptic 3’
splice acceptor, just within exon 11; this new open reading frame
terminated after five codons, which would be consistent with a
mutant transcript subject to NMD.
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Figure 2 Schematic of CDK13 (UniProtkB Accession Q14004.1), demonstrating the position of the missense mutations and splice-site variant reported
in patients. (B) Missense and loss-of-function variants in CDK13 reported on Exome Aggregation Consortium Server (figure courtesy of DECIPHER: decipher.
sanger.ac.uk/). The missense variants are located below the polypeptide, whereas the loss of function variants are indicated as red vertical bars below the

missense variants. The figure clearly shows the reduced number of missense variants reported in the protein kinase (Pkinase) domain of CDK13.

Variation and conservation in CDK13

The Exome Aggregation Consortinm database’ calculates a
constraint score, z, of 3.77 for missense variants in CDK13, indi-
cating that there is general selection against coding variation in this
gene. Inspection of the gnomAD database® shows that no missense
variants occur at positions 714, 717, 719, 734, 751, 842, 860, 874
or 896. Moreover, missense variants are generally rare across the
PK domain in relation to the entire protein: a total of 573 unique
variants have been reported at 480 positions across all of CDK13,
at an average allele frequency of 2.86x107; however, for the
294-residue PK domain, only 41 variants at 39 positions have been
reported, at an average frequency of 3.40x10™ (figure 2B). Thus
the PK domain is under greater selective pressure against variation,
increasing the prior probability that any missense variant will be
deleterious. Interestingly however, the probability of loss-of-func-
tion intolerance in CDK13 is only 0.75, and at the time of writing
the gnomAD database lists 11 high-confidence loss of function vari-
ants which introduce stop codons in exons 1-13 (nine stop gain
variants, two frameshifting indels). It is unlikely therefore that the
phenotype observed in the patients described here results from a
simple loss of function of CDK13, but suggests rather that a domi-
nant negative mechanism is largely responsible.

To gain insight into the effect of the novel missense variants,
amino acid conservation was explored using the ConSurf server
(http://consurf.tau.ac.il/).'® This tool searches protein databases
for related sequences, representing orthologues, paralogues
and other homologous sequences, then uses these to compile a
multiple sequence alignment (MSA). Positions of evolutionary
conservation are indicated by a high ConSurf grade (range=1,
low, to 9, high conservation) and low amino acid variety at a
given position of interest. Analysis of residues 694-1039 of
CDK13 (ie, the PK domain plus flanking residues) was carried
out, yielding a total of 193 unique hits, of which the top-scoring
150 were used to build the MSA. Many of these proteins are,
as yet, uncharacterised, but where names have been assigned
these were overwhelmingly other cyclin-dependent kinases,
mostly orthologues of CDK12 and CDK13 (data not shown).

The ConSurf grades and amino acid variety at positions of the
variants identified are included in online supplementary file 3.

Since all variants occur within the PK domain of CDK13, the
PROSITE database (http://prosite.expasy.org/)'! was inspected
for particular conservation within other PK family members.
PROSITE entry PS50011 (PK domain profile) contains 4175
true positive hits, including CDK13, from which a sequence
logo representing amino acid frequency at each position can
be constructed (see online supplementary file 5). Inspection of
the entry for CDK13 shows that residues 714, 717, 719, 734,
751, 842, 860, 874 and 896 lie at positions 10, 13, 15, 30,
47,129, 147, 160 and 182 respectively of the PS50011 motif.
Residues Gly714, Gly717 and Val719 all lie within the nucleo-
tide-binding region of CDK13 (see figure 2); these residues are
all strongly conserved within the PS50011 logo, as is the lysine
at position 30 (CDK13 Lys734), which in the UniProtKB entry
for CDK13 (Q14004; http://www.uniprot.org/uniprot/Q14004)
is annotated as an ATP binding site. Furthermore, while some
variation does occur at position 13, alanine and serine are
the only commonly occurring amino acids other than glycine,
and the variant amino acid arginine is not observed at signifi-
cant frequency. Similarly at position 129, asparagine is almost
invariant, while there is no significant occurrence of the variant
serine residue. In contrast, there is greater amino acid variety at
positions 47, 147 and 160, although in all cases the wild-type
CDK13 residues (Arg751, Arg860 and Val874, respectively) are
the most frequent; in addition, the variant residues at these posi-
tions (glutamine at positions 47 and 147, leucine at 160) do not
occur at significant frequency at these positions in PK. Residue
Asp896 lies outside known functional domains, but is strongly
conserved in the PS50011 motif and is invariant in Pol II-asso-
ciated cyclin-dependent kinases (CDKs 7, 8, 9, 12 and 13) and
therefore likely plays an important structural role in CDK13 and
other PKs.

Taken together, this variation and conservation data indi-
cates a strong preference for the wild-type amino acids at all
positions of variance: glycines 714 and 717, Val719, Lys734
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Figure 3  Effects of CDK13 missense substitutions on thermodynamic
stability. Missense substitutions were introduced into the CDK13 structure
5efq using FoldX; results show average AAG values for each variant
calculated on all forms of CDK13 in 5efq (the asymmetric unit, two
CDK13-cyclin K heterodimers and two CDK13 monomers in isolation).
Data are shown for the 10 novel missense variants described in this
report (rhomboids) and for 47 missense variants reported in the gnomAD
database in residues present in the 5efq structure (circles); horizontal bars
show the median value for each data set (novel variants: 3.19 kcal/mol;
gnomAD variants, 0.76 kcal/mol); the two data sets were significantly
different by two-tailed t-test (p<0.01, represented by **).

and Asn842 and Asp896 appear to be important for kinase
structure/function in general, while arginines 751 and 860,
and Val874, which are all highly conserved in ConSurf align-
ments, may play a more specific role in CDK13 and closely
related proteins. The lack of any variation in the general popu-
lation also suggests intolerance of missense substitutions at
these positions.

Comparative protein modelling

To investigate the effects of variants on CDK13 structure, and
to help understand the molecular basis for pathogenicity and
a putative dominant negative effect, we carried out compara-
tive modelling of the missense variants based on the known
crystal structure of the CDK13-cyclin K complex, Sefq. We also
used the FoldX suite to evaluate the change in thermodynamic
stability, AAG, resulting from the various missense substitutions;
these values are included in online supplementary file 3, and
summarised in figure 3. Large positive changes in AAG may be
indicative of a loss of protein stability, and a recent comprehen-
sive study of MSH2 mutations in Lynch syndrome has shown
a correlation between high AAG values and loss of stability or
reduced function.'? It should be noted however that not all vari-
ants adhered to this general rule, and it is possible that structural

perturbations in one part of the protein, resulting in high AAG
values as calculated by FoldX, might be accommodated without
causing loss of stability in other regions or domains. Further-
more, the use of thermodynamic calculations is only likely to
help identify loss-of-function variants that have significant
effects on protein structure, and is unlikely to be able to discrim-
inate benign variants from those having position-specific effects
resulting in altered function.

Several of the novel variants reported here had AAG values
which fell within the range observed for missense variants in the
gnomAD database (—1.55 to +3.24kcal/mol), and which fell
below the value of 3 kcal/mol above which it is generally consid-
ered that substitutions might have significant deleterious effects
on protein structure. It is unlikely therefore that these variants,
namely Val719Arg, Lys734Arg, Arg751Gln, Arg860GIn and
Val874Leu, cause significant loss of protein stability resulting
in a general loss of function, implying that other mechanisms
are responsible for the phenotype observed in patients carrying
these variants.

The results of molecular modelling of three selected vari-
ants (Gly717Arg, p.Arg751Gln and p.Asn842Ser) are shown in
figure 4 and are discussed in detail below; a summary of anal-
ysis of the remaining missense variants is provided in online
supplementary file 6. Arg751 lies at the interface with cyclin K,
and in structure Sefq makes direct hydrogen bonds and a salt
bridge (ie, electrostatic interaction) with cyclin K Glu108, and
also a hydrogen bond to the backbone of Gly857 in the CDK13
activation loop. Asn842 lies on the lower surface of the ligand
binding pocket, and in Sefq makes a direct hydrogen bond with
the ADP ligand, while Gly717 lies in a glycine-rich loop at the
upper surface of the ligand binding pocket.

The Arg751Gln variant results in loss of one hydrogen bond to
cyclin K Glu108 (figure 4B) and of the salt bridge (not shown).
While this might be expected to result in weaker binding affinity
for cyclin K, it should be noted that, in the crystal structure of the
CDK13-cyclin K complex, the protein—protein interface extends
overasignificantareaand involvesatotal of 16 residues of CDK13
(see online supplementary file 7). As such it is likely that Arg751
makes only a minor contribution to the overall cyclin K binding
affinity. Consistent with this, in silico analysis of the CDK13-cy-
clin K interaction using FoldX showed that the average binding
energy for the two heterodimers present in PDB structure Sefq
was —21.94 kcal/mol for the wild-type structure compared with
—21.01 kcal/mol for the Arg751Gln variant. Therefore while
the variant does cause a slight decrease in binding affinity, this
is modest in terms of the overall interaction energy between
the two proteins and suggests that the Arg751Gln variant will
retain the ability to bind cyclin K. This in turn suggests that, by
contacting both cyclin K Asp108 and CDK13 Gly857, the key
function of Arg751 is to act as a molecular switch that transmits
the effects of cyclin K binding through the activation loop to the
active site of CDK13. In the Arg751Gln variant, the hydrogen
bond to Gly857 is also lost; the likely outcome is that this variant
exhibits only basal kinase activity and lacks sensitivity to cyclin
K-dependent activation.

The Gly717Arg substitution results in altered topology of
the glycine-rich loop at the upper surface of the ligand binding
pocket (figure 4C), leading to altered hydrogen bonding within
this region (not shown). Moreover, there are subtle but signif-
icant movements of other ligand-binding residues resulting in
altered hydrogen bonding between Asn842 and Asp837. Since
Asp837 constitutes the ‘active site’ residue of CDK13 (ie, in
the transition state it forms a bond to the y-phosphate group
of ATP before this is transferred to the substrate; this state is
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cyclinK

Py

Figure 4 Comparative protein modelling of CDK13 variants. (A) Residues 694—1039 (kinase domain) of CDK13 were modelled on template 5efq; proteins
are shown in ribbon format, with sidechains of selected residues and ligands (orange) shown in stick format; broken green lines indicate hydrogen bonds
between selected groups. (B) Hydrogen bonding by CDK13 residue 751 in wild-type CDK13 and the Arg751GIn (R751Q) variant; CDK13 and cyclin K are
shown in ribbon format, coloured green and pink, respectively. (C) Detail of ligand bonding in wild-type CDK13 and Gly717Arg (G717R) variant; the CDK13
backbone is shown in ribbon format, coloured from blue (N-terminal) to red (C-terminal); the ADP and AIF, ligands are shown in stick format, coloured
orange and dark yellow respectively; sidechains are shown for residues making H-bonds to ligands in wild-type CDK13, and for residue 717; note altered
hydrogen bonding (green broken lines) between Asn842 (N842) and the active site residue Asp837 (D837), and the altered topology of the Gly717 (G717)-
containing loop. (D) Modelling of the Asn842Ser variant initially returned structures with no bound ligand; therefore, the CDK13 Asn842Ser-ligand complex
shown was manually assembled in Swiss-PDB Viewer and shows the potential H-bonds to the ligand; note loss of bonding by the variant residue Ser842
both to the ADP ligand and to the active site residue Asp837, and altered hydrogen bonding of Asp855 to the -, rather than the -phosphate group of
ADP. (E) Detail of ligand binding pocket in wild-type and Asn842Ser (N842S) variant; the protein surface is coloured by CPK notation (red, oxygen; blue,
nitrogen; yellow, sulphur; grey, carbon); the ADP ligand is shown as orange spheres, with the AlF, ion omitted for clarity; the N842S structure shown is

for the manually assembled CDK13 N842S-ligand complex (see previous figure); note loss of contact between base of pocket and the ligand (highlighted
by yellow oval), and displacement of Asp855 (D855) sidechain towards ligand (blue arrow). (F) Detail of ligand position in the N842S variant; the CDK13
backbone is shown in ribbon format, coloured from blue (N-terminal) to red (C-terminal); the ADP and AIF, ligands are shown in stick format, coloured
orange and dark yellow, respectively; sidechains are shown for residues making bonds to ADP in wild-type CDK13, but hydrogen bonds have been omitted
for clarity; Swiss-PDB Viewer was used to select residues making clashes with other groups, shown by the pink line; note the clash between the sidechain of
D855 and the B-phosphate group of ADP; no such clashes were observed in wild-type CDK13 (not shown).

mimicked in the Sefq structure by the AlF, ion), altered topology
and bonding at this residue is highly likely to result in reduced
catalytic activity. It is also likely that, as the Gly717Arg substitu-
tion occurs in a glycine-rich region which shows a high degree
of evolutionary conservation (see above), this variant has a more
profound effect on protein folding in vivo than is apparent from
comparative modelling in silico. Indeed, this variant exhibited
the highest AAG value in FoldX analysis (+14.59kcal/mol),

suggesting that there is likely to be some loss of protein stability
at least in the vicinity of the ligand binding pocket. However, it
should be noted that some MSH2 mutations with similar AAG
values retained nuclear localization and the ability to interact
with MSH6,'? suggesting either that a high AAG value alone
cannot predict loss of stability with certainty, or that a local loss
of stability can be tolerated without disrupting other protein
functions.
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Modelling of the wild-type CDK13 sequence, and that of the
Arg751GIn and Gly717Arg variants in Swiss-Model, returned
structures that included both the ADP and AIF, ligands. In
contrast, modelling of the Asn842Ser variant returned a struc-
ture that contained neither ligand, suggesting that alterations to
the topology of the ligand binding pocket make binding unfa-
vourable. For the purposes of investigating the possible effects
of the Asn842Ser variant, a CDK13-ligand complex was manu-
ally assembled in Swiss-PDB Viewer, using the coordinates of the
ADP ligand from the wild-type complex structure, and used to
predict hydrogen bonding. This showed both loss of bonding to
the ligand by residue 842, and aberrant bonding of Asp855 to
the o, rather than the B-phosphate group of ADP (figure 4D).
Taken at face value, such changes would be expected to result
in loss of catalytic activity, and in fact mutation of the equiv-
alent residue, Asn130, in the male germ cell-associated kinase
MAK has been shown to cause complete loss of kinase activity,
resulting in retinitis pigmentosa.”> However, given that the
results of modelling in Swiss-Model suggested ligand binding is
unfavourable in the Asn842Ser variant, the structure of the ligand
binding pocket was examined in more detail. Visualisation of the
predicted molecular surface showed that the Asn842Ser substi-
tution creates a cavity at the base of the ligand binding pocket
(Figure 4), consistent with loss of direct bonding to the ligand by
Asn842; this cavity could allow entry of water molecules which
would disrupt protein-ligand interactions. Furthermore, there
is a slight displacement of the sidechain of Asp855 towards the
ligand (figure 4E, blue arrow), and this also is consistent with
aberrant bonding of this residue to the ligand. Finally, prediction
of residues making clashes (ie, steric hindrance) revealed a clash
between the sidechain of Asp855 and the B-phosphate group of
ADP (figure 4F); this indicates that both groups are attempting
to occupy the same molecular space, and explains why construc-
tion of the CDK13-ligand complex was energetically unfavour-
able in Swiss-Model. Taken together, this indicates that the
Asn842Ser variant not only compromises the ability of CDK13
to accommodate the ligand in its binding pocket, but that even
should it do so the molecular interactions are unlikely to support
catalytic activity. This is consistent with results of FoldX analysis
for the Asn842Ser and Asn842Asp variants, which reported AAG
values of 4.05 and 6.36 kcal/mol, respectively, suggesting that
the variants are likely to cause at least some local disruption of
the structural domain.

Modelling was also undertaken of the internally deleted protein
lacking residues 967-1010 that was originally predicted by in
silico analysis® of the ¢.2898-1G>A putative splice-site mutation.
Modelling suggests this protein would be capable of folding into a
tertiary structure retaining the ability to bind cyclin K (see online
supplementary data S4). Although production of a stable internally
deleted protein could not be supported by our expression studies
in lymphoblastoid cells, we include these modelling results as it
remains possible that factors such as tissue-specific differences in
alternative splicing or expression levels may favour exon skipping
in some cell types that was not observable in the blood-derived cells
we tested. Since we did not have access to primary cells from other
tissues from patient 16, it was not possible to explore this hypoth-
esis further within the current study.

DISCUSSION

We report here 10 different missense mutations and 1 canon-
ical splice-site mutation, all within the PK domain of CDK13 in
sixteen individuals with a syndromic developmental delay pheno-
type. The missense mutations described occur at positions that

are highly conserved in orthologues of CDK13, and the related
CDK12, and in the case of Gly714, Gly717, Val719, Lys734,
Asn842 and Asp896, in PK in general. Structural analysis reveals
that all missense variants will cause changes to bonding and/or
structure that are likely to lead to significant loss of catalytic
activity, either as a result of perturbations to the structure of
the active site and/or the activation loop, or by reducing the
ability of CDK13 to respond to binding of its essential cyclin
K partner. Notably, a number of mutations at equivalent resi-
dues in other PK have been observed to reduce or abolish kinase
activity: in male germ cell-associated kinase (MAK), mutations
at both Gly13 and Asn130, equivalent to CDK13 Gly714 and
Asn842, respectively, have been shown to abolish kinase activity
and cause retinitis pigmentosa,”® while mutation of RAF1
Thr491, equivalent to CDK13 Arg860, causes loss of activity
resulting in Noonan syndrome type S.'* Furthermore, mutation
of the ATP binding residue, equivalent to CDK13 Lys734, has
been reported to cause total loss of kinase activity in numerous
proteins, including MAPK14 (at Lys53), Weel-like PK (Lys328),
EIF2AK2 (Lys296) and HIPK1 (Lys219). Interestingly, muta-
tion of the equivalent residue in IxB kinase-P, Lys44, has been
shown to result in a dominant negative effect of the mutant over
the wild-type protein."”® Since IxB kinase-B exists in a complex
with IkB kinase-o. and the NF-xB-inducing kinase NIK, both
of which are essential for its function, the dominant negative
effect is presumably mediated either by sequestration of these
proteins into an inactive complex, or by competition with active
complexes for binding to the substrate.

Numerous loss-of-function variants in CDK13 have been
reported in the gnomAD database, and as the gnomAD dataset
does not include individuals with severe paediatric disease, this
indicates either that these variants do not result in a phenotype
or cause a very mild phenotype that may be difficult to identify.
In addition, two unique heterozygous deletions involving exon 2
have been reported in the Database of Genomic Variants (http://
dgv.tcag.ca/dgv/app/home), in a cohort of 2026 reportedly
healthy subjects.'® The Decipher database!” lists four deletions
<4Mb in length overlapping CDK13; from the limited pheno-
type data available, none is reported as having cardinal features
of our cohort such as structural heart anomaly, corpus callosum
abnormality or seizures. Taken together, this suggests that the
strong phenotype we observe in patients described here cannot
be explained by a simple loss of function, and therefore implies
a dominant negative mechanism similar to that observed for the
Lys44 mutation in IkB kinase-, resulting in a more profound
effect on CDK13 activity. The similarity of phenotype observed
in our patient cohort further argues that this arises from a
common molecular mechanism in all cases.

Molecular modelling shows that all missense variants
reported here are expected to retain the ability to interact with
cyclin K. Since cyclins are, by their nature, limiting factors
governing CDK activity, the predicted ability of the CDK13
variants described here to bind cyclin K would be expected to
exert a dominant negative effect by sequestering cyclin K into
inactive complexes. Given the role of CDK13 in regulation
of genes involved in processes connected to extracellular and
growth signalling, these variants represent very strong caus-
ative candidates for disorders of development, and the number
of different variants described here provides overwhelming
genetic evidence that mutations in CDK13 are indeed respon-
sible for the phenotype observed. In addition, as cyclin K is
also an essential cofactor for CDK12 activity, it is possible that
some of the features observed are in fact due to loss of activity
of CDK12 in addition to that of CDK13. However, since no
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mutations have yet been reported in CDK12, it remains to be
seen whether this is indeed the case.

There remains uncertainty regarding the significance of the
¢.2898-1G>Acanonical splice-site variant. Clinical features of
patient 16 are highly consistent with the other cases presented,
including craniofacial features, fifth finger clinodactyly, autism
spectrum disorder and a history of feeding difficulties. While in
silico predictions suggested this variant would produce a stable,
exon 11-skipped protein retaining the ability to bind cyclin K, we
were unable to support this hypothesis by expression studies in
patient-derived lymphoblastoid cells. There is a possibility that
this result could reflect an artefact of different RNA expression
in these cells compared with the affected tissues, such as brain, in
vivo. Alternatively, we cannot exclude a contribution of a loss-of-
function mechanism to the phenotype, or indeed that this variant
is unrelated to the child’s presentation.

With respect to the remaining variants described here, it is possible
that there is a spectrum of molecular effects which influences the
severity of the phenotype observed. For example, the Lys734Arg
variant, which by analogy with other kinases is expected to exhibit
a total loss of kinase activity, also had the lowest AAG value of the
variants reported here (0.53 kcal/mol). It is likely therefore that the
effects of this substitution will be confined to the active site and
have little or no effect on global protein stability or the ability to
bind cyclin K. As such this variant might be expected to exhibit
a strong dominant negative effect, and in fact the patient carrying
this variant displayed one of the more severe phenotypes in our
cohort, including growth restriction, microcephaly and moderate
to severe ID. Similarly, the two variants at Asn842 are also expected
to cause total loss of kinase activity due to loss of ATP binding.
Patients carrying these variants also showed a severe phenotype: all
had a structural heart anomaly (6/6; 100% vs 3/10; 30% with other
mutations), and head circumference less than the third centile (3/6;
50% vs 3/10; 30%), seizures (3/65 50% vs 1/10; 10%) and corpus
callosum abnormalities (2/6; 33% vs 2/10; 20%) were also more
common in this group. The Asn842Ser and Asn842Asp substitu-
tions had somewhat higher AAG values than Lys734Arg (4.05 and
6.36 kcal/mol respectively), consistent with structural perturba-
tion of the ligand binding pocket observed in molecular models.
However, it is notable that a number of MSH2 variants with similar
or higher AAG values still retained nuclear localisation and MSH6
binding activity.'? This suggests that cyclin K binding may likewise
be unaffected in these CDK13 variants, and the similarity of pheno-
type of these patients compared with that of the patient carrying
the Lys734Arg variant argues that there is indeed a common molec-
ular basis of disease. In contrast, the Arg751Gln variant, which is
likely to retain basal kinase activity and which may also have slightly
weakened cyclin K binding might be expected to exert a less severe
dominant negative effect at the molecular level, although from the
clinical data available it is not clear if the patient with this muta-
tion (patient 6) has a milder phenotype compared with others in
the cohort. The small number of cases presented here therefore
provides tentative evidence of a genotype—phenotype relationship,
but proof of this will require functional studies and identification of
additional cases carrying different CDK13 variants, both of which
lie beyond the current scope of this report.

The clinical data we present provide evidence for a recog-
nisable craniofacial gestalt among children with CDK13 muta-
tions, characterised by short, upslanting palpebral fissures with
telecanthus or hypertelorism, a small mouth with thin upper lip
vermillion and low set or posteriorly rotated ears. This is partic-
ularly evident in early childhood but can be seen in older chil-
dren as well. Other features that may alert the clinician to this
diagnosis include feeding difficulties from infancy, presence of

ASD or VSD, seizures, thin or absent corpus callosum, and fifth
finger clinodactyly or prominent foetal pads. Interestingly, the
SBBYS variant of Ohdo syndrome (OMIM 603736) was consid-
ered in the differential diagnosis of four of the reported cases.
Since the original description by Ohdo et al of a kindred with
ID, blepharophimosis, hypoplastic teeth and congenital heart
disease,'® a heterogeneous range of Ohdo and Ohdo-like cases
have been reported (reviewed in ref.'”). With the exception of
KAT6B mutations identified in the SBBYS variant,”” and MED12
in an X-linked variant of Ohdo,?! the lack of known molecular
causes has so far hampered more definitive classification of this
broad group of blepharophimosis-ID syndromes. Identification
of CDK13 mutations in our cohort adds a further molecular
cause of phenotypes within this spectrum, and therefore should
be considered in the differential diagnosis of unresolved cases
with Ohdo, Ohdo-like or blepharophimosis-ID syndromes.

Although further large case series would be required to develop
detailed guidance for the medical care of children with mutations
in the PK domain of CDK13, our data do highlight several issues
to which the clinician should be vigilant. The high prevalence of
feeding difficulties with onset in infancy would suggest a need for
close monitoring of swallowing and nutrition, with early interven-
tion to support feeding if necessary. Results also support screening
for structural cardiac abnormalities in all children with this diag-
nosis. Clinicians and carers should be aware of an increased risk of
seizures, which may be associated with structural brain abnormal-
ities such as absent corpus callosum. The significance of recurrent
ear infections or sensorineural hearing loss reported in a minority
of cases is not clear, although clinicians may also wish to consider
additional screening of hearing.

In summary, this study adds further evidence to support muta-
tions in the kinase domain of CDK13 as a cause of a clinically
recognisable form of syndromic intellectual disability, with or
without congenital heart disease, most likely by a novel dominant
negative mechanism. Functional studies of the variants described
are warranted to confirm in silico predictions, and larger case
series are required to further delineate the clinical phenotype
and guide medical management of affected individuals.

Author affiliations

"West of Scotland Genetics Service, Queen Elizabeth University Hospital, Glasgow,
UK

Nottingham Clinical Genetics Service, Nottingham University Hospitals NHS Trust,
Nottingham, UK

3nstitute of Biomedical and Clinical Science, University of Exeter Medical School,
Exeter, Devon, UK

*North West Thames Regional Genetics Service, London North West Healthcare NHS
Trust, Harrow, UK

*West Midlands Regional Genetics Service, Birmingham Women's NHS Foundation
Trust, Birmingham, UK

®East Anglian Regional Genetics Service, Cambridge University Hospitals NHS Trust,
Cambridge, UK

"Wellcome Trust Sanger Institute, Hinxton, UK

EWessex Clinical Genetics Service, Southampton University Hospitals NHS Trust,
Southampton, UK

%Section of Clinical Genetics, Department of Medical Genetics, Oslo University
Hospital, Oslo, Norway

"Yorkshire Regional Clinical Genetics Service, The Leeds Teaching Hospitals NHS
Trust, Leeds, UK

"Center for Medical Genetics and Molecular Medicine, Haukeland University
Hospital, Bergen, Norway

Zinstitute of Medical Genetics, University Hospital of Wales, Cardiff, UK

BSouth East of Scotland Clinical Genetic Service, Western General Hospital,
Edinburgh, UK

"Centre de Génétique Humaine, Institut de Pathologie et de Génétique (IPG),
Gosselies, Belgium

15Merseyside Genetics Service, Liverpool Women's NHS Foundation Trust, Liverpool,
UK

"®Manchester Centre for Genomic Medicine, Division of Evolution and Genomic
Sciences, St Mary's Hospital, Central Manchester University Hospitals NHS

36

Hamilton MJ, et al. J Med Genet 2018;55:28-38. doi: 10.1136/jmedgenet-2017-104620



New disease loci

Foundation Trust Manchester Academic Health Sciences Centre, School of Biological
Sciences, University of Manchester, Manchester, UK

Clinical Genetics Service, University Hospital Bristol NHS Foundation Trust, Bristol,
UK

'8outh East Thames Regional Clinical Genetics Service, Guy's and St Thomas' NHS
Foundation, London, UK

Clinical Genetics Group, MRC Weatherall Institute of Molecular Medicine,
University of Oxford, Oxford, UK

Acknowledgements The authors thank the patients and their families for their
cooperation in preparing this paper. The authors also acknowledge the work and
observations of Katja Kyd of the CDK13 Support Group. Families affected by a
CDK13-related condition are invited to make contact with the support group; katja.
kyd@cherrycheeks.co.uk. MRI of patient 12 was undertaken by the Department of
Radiology, Oslo University Hospital, Norway.

Contributors MJH and RC prepared the manuscript for publication, in consultation
with MS. Comparative protein modelling and thermodynamic stability calculations
were completed by RC. MS conceived and coordinated the project and is responsible
for the overall content as guarantor. SRFT completed the expression studies relating
to the splice site variant, had a key role in generating and interpreting exome

data for patient 11 and contributed intellectually to re-drafting of the manuscript.
All other authors had a role in generating the clinical and/or genetic data for

the patients presented, as well as contributing intellectually to re-drafting of the
manuscript. All authors have seen and approved the final manuscript.

Funding The DDD study presents independent research commissioned by the
Health Innovation Challenge Fund (grant number HICF-1009-003), a parallel
funding partnership between the Wellcome Trust and the Department of Health,
and the Wellcome Trust Sanger Institute (grant number WT098051). The study has
UK Research Ethics Committee approval (10/H0305/83, granted by the Cambridge
South REC, and GEN/284/12 granted by the Republic of Ireland REC). The research
team acknowledges the support of the National Institute for Health Research,
through the Comprehensive Clinical Research Network. This study also makes use of
data generated by the DECIPHER community. A full list of centres who contributed
to the generation of DECIPHER data is available from http://decipher.sanger.ac.uk
and via email from decipher@sanger.ac.uk; funding for this project was provided
by the Wellcome Trust. Work carried out in Oxford for the present study was funded
by Wellcome Trust Project Grant 093329 to SRFT and Professor AOMW, and Senior
Investigator Award 102731 to Professor AOMW.

Disclaimer The views expressed in this publication are those of the authors and
not necessarily those of the Wellcome Trust or the Department of Health.

Competing interests None declared.
Patient consent Obtained.

Ethics approval The DDD Study has UK Research Ethics Committee approval (10/
H0305/83, granted by the Cambridge South REC, and GEN/284/12 granted by the
Republic of Ireland REC). Ethical approval for work carried out at the Weatherall
Institute, Oxford, was granted by the Riverside Research Ethics Committee (reference
09/H0706/20). Genetic data regarding patient 12 were produced as part of a clinical
diagnostic service.

Provenance and peer review Not commissioned; externally peer reviewed.

Data sharing statement All data relating to the study are available within the
manuscript and accompanying online supplementary files.

Open Access This is an Open Access article distributed in accordance with the
terms of the Creative Commons Attribution (CC BY 4.0) license, which permits others
to distribute, remix, adapt and build upon this work, for commercial use, provided
the original work is properly cited. See: http://creativecommons.org/licenses/by/4.0/

© Article author(s) (or their employer(s) unless otherwise stated in the text of the
article) 2018. All rights reserved. No commercial use is permitted unless otherwise
expressly granted.

REFERENCES

1 Greifenberg AK, Honig D, Pilarova K, Diister R, Bartholomeeusen K, Bésken CA,
Anand K, Blazek D, Geyer M. Structural and functional analysis of the Cdk13/Cyclin K
complex. Cell Rep 2016;14:320-31.
Firth HV, Wright CF, Study DDD; DDD Study. The Deciphering developmental disorders
(DDD) study. Dev Med Child Neurol 2011;53:702-3.
Sifrim A, Hitz MP, Wilsdon A, Breckpot J, Turki SH, Thienpont B, McRae J, Fitzgerald
TW, Singh T, Swaminathan GJ, Prigmore E, Rajan D, Abdul-Khalig H, Banka S, Bauer
UM, Bentham J, Berger F, Bhattacharya S, Bu'Lock F, Canham N, Colgiu IG, Cosgrove
C, Cox H, Daehnert I, Daly A, Danesh J, Fryer A, Gewillig M, Hobson E, Hoff K, Homfray
T, Kahlert AK, Ketley A, Kramer HH, Lachlan K, Lampe AK, Louw JJ, Manickara AK,
Manase D, McCarthy KP, Metcalfe K, Moore C, Newbury-Ecob R, Omer SO, Ouwehand
WH, Park SM, Parker MJ, Pickardt T, Pollard MO, Robert L, Roberts DJ, Sambrook J,

N

w

~

[,

(o]

~

[oe]

e}

w1

18

19

Setchfield K, Stiller B, Thornborough C, Toka O, Watkins H, Williams D, Wright M,
Mital S, Daubeney PE, Keavney B, Goodship J, Abu-Sulaiman RM, Klaassen S, Wright
CF, Firth HV, Barrett JC, Devriendt K, FitzPatrick DR, Brook JD, Hurles ME. INTERVAL
StudyUK10K ConsortiumDeciphering Developmental Disorders Study. Distinct genetic
architectures for syndromic and nonsyndromic congenital heart defects identified by
exome sequencing. Nat Genet 2016;48:1060-5.

Wright CF, Fitzgerald TW, Jones WD, Clayton S, McRae JF, van Kogelenberg M, King
DA, Ambridge K, Barrett DM, Bayzetinova T, Bevan AP, Bragin E, Chatzimichali

EA, Gribble S, Jones P, Krishnappa N, Mason LE, Miller R, Morley K, Parthiban'V,
Prigmore E, Rajan D, Sifrim A, Swaminathan GJ, Tivey AR, Middleton A, Parker M,
Carter NP, Barrett JC, Hurles ME, FitzPatrick DR, Firth HV, study DDD; DDD study.
Genetic diagnosis of developmental disorders in the DDD study: a scalable analysis of
genome-wide research data. Lancet 2015;385:1305-14.

Miller KA, Twigg SR, McGowan SJ, Phipps JM, Fenwick AL, Johnson D, Wall SA, Noons
P. Rees KE, Tidey EA, Craft J, Taylor J, Taylor JC, Goos JA, Swagemakers SM, Mathijssen
IM, van der Spek PJ, Lord H, Lester T, Abid N, Cilliers D, Hurst JA, Morton JE, Sweeney
E, Weber A, Wilson LC, Wilkie AO. Diagnostic value of exome and whole genome
sequencing in craniosynostosis. / Med Genet 2017;54.

Guex N, Peitsch MC. SWISS-MODEL and the Swiss-PdbViewer: an environment for
comparative protein modeling. Electrophoresis 1997;18:2714-23.

Schymkowitz J, Borg J, Stricher F, Nys R, Rousseau F, Serrano L. The FoldX web server:
an online force field. Nucleic Acids Res 2005;33:W382-W388.

Alamut Visual v.2.7.2 (Interactive Biosoftware;Rouen, France). http://www.interactive-
biosoftware.com.

Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T, O'Donnell-Luria
AH, Ware JS, Hill AJ, Cummings BB, Tukiainen T, Bimbaum DP, Kosmicki JA, Duncan
LE, Estrada K, Zhao F, Zou ), Pierce-Hoffman E, Berghout J, Cooper DN, Deflaux N,
DePristo M, Do R, Flannick J, Fromer M, Gauthier L, Goldstein J, Gupta N, Howrigan
D, Kiezun A, Kurki MI, Moonshine AL, Natarajan P, Orozco L, Peloso GM, Poplin R,
Rivas MA, Ruano-Rubio V, Rose SA, Ruderfer DM, Shakir K, Stenson PD, Stevens C,
Thomas BP, Tiao G, Tusie-Luna MT, Weisburd B, Won HH, Yu D, Altshuler DM, Ardissino
D, Boehnke M, Danesh J, Donnelly S, Elosua R, Florez JC, Gabriel SB, Getz G, Glatt

SJ, Hultman CM, Kathiresan S, Laakso M, McCarroll S, McCarthy MI, McGovern D,
McPherson R, Neale BM, Palotie A, Purcell SM, Saleheen D, Scharf JM, Sklar P, Sullivan
PF, Tuomilehto J, Tsuang MT, Watkins HC, Wilson JG, Daly MJ, MacArthur DG, Exome
Aggregation C; Analysis of protein-coding genetic variation in 60,706 humans. Nature
2016;536:285-91.

Ashkenazy H, Erez E, Martz E, Pupko T, Ben-Tal N, ConSurf B-TN. ConSurf 2010:
calculating evolutionary conservation in sequence and structure of proteins and
nucleic acids. Nucleic Acids Res 2010;38:W529-W533.

Sigrist CJ, de Castro E, Cerutti L, Cuche BA, Hulo N, Bridge A, Bougueleret L,
Xenarios |. New and continuing developments at PROSITE. Nucleic Acids Res
2013;41:D344-D347.

Nielsen SV, Stein A, Dinitzen AB, Papaleo E, Tatham MH, Poulsen EG, Kassem MM,
Rasmussen LJ, Lindorff-Larsen K, Hartmann-Petersen R. Predicting the impact of
Lynch syndrome-causing missense mutations from structural calculations. PLoS Genet
2017;13:1006739.

0Ozqgul RK, Siemiatkowska AM, Yiicel D, Myers CA, Collin RW, Zonneveld MN,
Beryozkin A, Banin E, Hoyng CB, van den Born LI, Bose R, Shen W, Sharon D, Cremers
FP, Klevering BJ, den Hollander Al, Corbo JC. European Retinal Disease Consortium.
Exome sequencing and cis-regulatory mapping identify mutations in MAK, a gene
encoding a regulator of ciliary length, as a cause of retinitis pigmentosa. Am J Hum
Genet 2011;89:253-64.

Pandit B, Sarkozy A, Pennacchio LA, Carta C, Oishi K, Martinelli S, Pogna EA,
Schackwitz W, Ustaszewska A, Landstrom A, Bos JM, Ommen SR, Esposito G, Lepri

F, Faul C, Mundel P, Lopez Siguero JP, Tenconi R, Selicorni A, Rossi C, Mazzanti L,
Torrente |, Marino B, Digilio MC, Zampino G, Ackerman MJ, Dallapiccola B, Tartaglia
M, Gelb BD. Gain-of-function RAF1 mutations cause Noonan and LEOPARD
syndromes with hypertrophic cardiomyopathy. Nat Genet 2007;39:1007—-12.
Woronicz JD, Gao X, Cao Z, Rothe M, Goeddel DV. IkappaB kinase-beta: NF-kappaB
activation and complex formation with IkappaB kinase-alpha and NIK. Science
1997,278:866-70.

Shaikh TH, Gai X, Perin JC, Glessner JT, Xie H, Murphy K, O'Hara R, Casalunovo T,
Conlin LK, D'Arcy M, Frackelton EC, Geiger EA, Haldeman-Englert C, Imielinski M, Kim
CE, Medne L, Annaiah K, Bradfield JP, Dabaghyan E, Eckert A, Onyiah CC, Ostapenko
S, Otieno FG, Santa E, Shaner JL, Skraban R, Smith RM, Elia J, Goldmuntz E, Spinner
NB, Zackai EH, Chiavacci RM, Grundmeier R, Rappaport EF, Grant SF, White PS,
Hakonarson H. High-resolution mapping and analysis of copy number variations in the
human genome: a data resource for clinical and research applications. Genome Res
2009;19:1682-90.

Firth HV, Richards SM, Bevan AP, Clayton S, Corpas M, Rajan D, Van Vooren S, Moreau
Y, Pettett RM, Carter NP. DECIPHER: database of chromosomal imbalance and
phenotype in humans using ensembl resources. Am J Hum Genet 2009;84:524-33.
Ohdo S, Madokoro H, Sonoda T, Hayakawa K. Mental retardation associated with
congenital heart disease, blepharophimosis, blepharoptosis, and hypoplastic teeth.

J Med Genet 1986,23:242—4.

Verloes A, Bremond-Gignac D, Isidor B, David A, Baumann C, Leroy MA, Stevens R, Gillerot
Y, Héron D, Héron B, Benzacken B, Lacombe D, Brunner H, Bitoun P. Blepharophimosis-

Hamilton MJ, et al. J Med Genet 2018;55:28-38. doi:10.1136/jmedgenet-2017-104620

37


http://decipher.sanger.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.celrep.2015.12.025
http://dx.doi.org/10.1111/j.1469-8749.2011.04032.x
http://dx.doi.org/10.1038/ng.3627
http://dx.doi.org/10.1016/S0140-6736(14)61705-0
http://dx.doi.org/10.1136/jmedgenet-2016-104215
http://dx.doi.org/10.1002/elps.1150181505
http://dx.doi.org/10.1093/nar/gki387
http://www.interactive-biosoftware.com
http://www.interactive-biosoftware.com
http://dx.doi.org/10.1038/nature19057
http://dx.doi.org/10.1093/nar/gkq399
http://dx.doi.org/10.1093/nar/gks1067
http://dx.doi.org/10.1371/journal.pgen.1006739
http://dx.doi.org/10.1016/j.ajhg.2011.07.005
http://dx.doi.org/10.1016/j.ajhg.2011.07.005
http://dx.doi.org/10.1038/ng2073
http://dx.doi.org/10.1126/science.278.5339.866
http://dx.doi.org/10.1101/gr.083501.108
http://dx.doi.org/10.1016/j.ajhg.2009.03.010
http://dx.doi.org/10.1136/jmg.23.3.242

New disease loci

mental retardation (BMR) syndromes: a proposed clinical classification of the so-called KAT6B in individuals with the Say-Barber-Biesecker variant of Ohdo syndrome. Am J
Ohdo syndrome, and delineation of two new BMR syndromes, one X-linked and one Hum Genet 2011;89:675-81.
autosomal recessive. Am J Med Genet A 2006;140:1285-96. 21 Vulto-van Silfhout AT, de Vries BB, van Bon BW, Hoischen A, Ruiterkamp-

20 Clayton-Smith J, O'Sullivan J, Daly S, Bhaskar S, Day R, Anderson B, Voss AK, Thomas T, Versteeg M, Gilissen C, Gao F, van Zwam M, Harteveld CL, van Essen A, Hamel
Biesecker LG, Smith P, Fryer A, Chandler KE, Kerr B, Tassabehji M, Lynch SA, Krajewska- BC, Kleefstra T, Willemsen MA, Yntema HG, van Bokhoven H, Brunner HG, Boyer
Walasek M, McKee S, Smith J, Sweeney E, Mansour S, Mohammed S, Donnai D, Black TG, de Brouwer AP. Mutations in MED12 cause X-linked Ohdo syndrome. Am J
G. Whole-exome-sequencing identifies mutations in histone acetyltransferase gene Hum Genet 2013;92:401-6.

38 Hamilton MJ, et al. J Med Genet 2018;55:28-38. doi: 10.1136/jmedgenet-2017-104620


http://dx.doi.org/10.1002/ajmg.a.31270
http://dx.doi.org/10.1016/j.ajhg.2011.10.008
http://dx.doi.org/10.1016/j.ajhg.2011.10.008
http://dx.doi.org/10.1016/j.ajhg.2013.01.007
http://dx.doi.org/10.1016/j.ajhg.2013.01.007

