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Missense Mutations in NKAP Cause a Disorder
of Transcriptional Regulation Characterized
by Marfanoid Habitus and Cognitive Impairment
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NKAP is a ubiquitously expressed nucleoplasmic protein that is currently known as a transcriptional regulatory molecule via its inter-
action with HDAC3 and spliceosomal proteins. Here, we report a disorder of transcriptional regulation due to missense mutations in
the X chromosome gene, NKAP. These mutations are clustered in the C-terminal region of NKAP where NKAP interacts with HDAC3
and post-catalytic spliceosomal complex proteins. Consistent with a role for the C-terminal region of NKAP in embryogenesis, nkap
mutant zebrafish with a C-terminally truncated NKAP demonstrate severe developmental defects. The clinical features of affected indi-
viduals are highly conserved and include developmental delay, hypotonia, joint contractures, behavioral abnormalities, Marfanoid
habitus, and scoliosis. In affected cases, transcriptome analysis revealed the presence of a unique transcriptome signature, which is
characterized by the downregulation of long genes with higher exon numbers. These observations indicate the critical role of NKAP
in transcriptional regulation and demonstrate that perturbations of the C-terminal region lead to developmental defects in both humans
and zebrafish.

We have identified a cohort of ten affected males from
eight families who carry missense mutations in the X chro-
mosome gene NKAP (MIM: 300766). Two of these individ-
uals, subjects 7 and 9, were previously reported with
minimal clinical detail, one in a cohort of individuals
with a potential Lujan-Fryns syndrome (MIM: 309520),’
and one in a cohort of individuals with intellectual
disability.” The remaining eight individuals with NKAP
mutations were identified independently by exome
sequencing and recruited through GeneMatcher® and
collaborating clinicians. All individuals were enrolled in
the research study under an institutional review board-pro-
tocol. The procedures followed were in accordance with
the ethical standards of the responsible committee on
human experimentation (institutional review boards),

and informed consent was obtained from the parents/
guardians of the affected individuals.

The clinical features of these ten affected males were
highly conserved. All subjects had developmental delay/
intellectual disability (ID), tall stature with Marfanoid
habitus, and hypotonia. Shared facial dysmorphisms
included: a long face (8/10), open-mouth appearance
(7/10), midface hypoplasia (7/10), prominent or large
ears (8/10), and a short philtrum (7/10). Musculoskeletal
findings were common, with 5 of 10 reported to have pec-
tus carinatum or excavatum, 6 of 10 with scoliosis, and 8
of 10 with arachnodactyly. Talipes equinovarus was iden-
tified in one subject. Other less common features
included: genitourinary anomalies such as cryptorchi-
dism (4/10), central obesity (5/10), and behavioral
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(A) Clinical pictures of the subjects. Written permission to publish the photographs was obtained from the parents of the subjects.
(B) Location of NKAP mutations. Identified mutations are located within exon 8 and exon 9 of NKAP. The missense mutations alter
highly conserved amino acids. CIR and HDAC3 binding domains of NKAP are depicted.’

abnormalities that included attention deficit hyperactivi-
ty disorder (ADHD) or aggressive behaviors (5/10;
Figure 1A, Tables 1 and S1, and Supplemental Note).
Cardiac manifestations included mitral valve regurgita-

tion (3/10), atrial septal defect (1/10), ventricular septal
defect (1/10), small patent ductus arteriosus (1/10), and
aortic dilatation (1/10). Although developmental delay
or learning disability and tall stature/Marfanoid habitus

988 The American Journal of Human Genetics 105, 987-995, November 7, 2019



686 6107 ‘Z 19QWIAAON ‘§66—/86 ‘SO L SP1IBUSD UBWINY JO [eulnof ueduawy ay |

Table 1.

Clinical Features of Individuals with NKAP Mutations

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Subject 6 Subject 7 Subject 8 Subject 9 Subject 10

p-Arg330Cys p.Arg330His p.Arg333GIn p-Arg333Gin p-Arg333Gin p-Arg333Gin p.lle337Thr p.Arg361GIn

c.988C>T c.989G>A c.998G>A c.998G>A c.998G>A ¢.998G>A c.998G>A €.998G>A c.1010T>C ¢c.1082G>A

presumably
NKAP Mutation de novo de novo apparently de novo maternally inherited maternally inherited unk de novo de novo
Neurological
Developmental delay/ yes yes yes yes yes yes yes yes yes yes
intellectual disability
ADHD/aggressive behavior no no no yes yes yes no no yes yes
Hypotonia yes yes yes yes yes yes yes yes yes yes
Dysmorphisms
Long face yes yes yes yes yes no yes unk yes yes
Short philtrum yes yes yes yes no yes yes unk yes no
Open mouth appearance  yes yes yes yes yes yes yes unk no no
Midface hypoplasia no yes yes yes yes yes yes unk yes no
Prominent/large ears yes yes no yes yes yes yes unk yes yes
Cardiac
Pathology (age at the atrial septal small patent mild mitral valve mitral valve prolapse, no (11 yo) no (5yo) mitral valves prolapse history of ventricular no (10 yo) no (16 yo)
last evaluation) defect (10 yo) ductal regurgitation mitral regurgitation with the minimal mitral septal defect (7 yo)
arteriosus (18 yo) and aortic root regurgitation (21 yo)
(6 yo) dilatation (10 yo)

Skeletal
Tall stature yes yes yes yes yes yes yes yes yes yes
Scoliosis yes yes yes yes yes no yes no no no
Pectus yes no no no carinatum carinatum carinatum no excavatum  no
Slender limbs yes yes yes yes yes no yes yes yes yes
Joint laxity yes yes yes yes yes no yes yes yes yes
Camptodactyly yes no yes no no no yes yes no no
Arachnodactyly yes yes yes yes no no yes yes yes yes

Unk, unknown. Full table can be found as Table S1.




were observed in all subjects with NKAP mutations, the
other features, as noted above, were more variable.
Mothers carrying NKAP mutations were unaffected or
much less severely affected. While NKAP has been shown
to play a role in chromosome alignment during mitosis,*
no chromosomal abnormalities were seen in the subjects
with NKAP mutations. Similarly, although NKAP has been
demonstrated to be a key developmental regulator of the
hematopoietic and immune system,” none of the subjects
with NKAP mutations were known to have hematological
or immunological manifestations.

Four affected males had apparently de novo NKAP vari-
ants, three had maternally inherited variants (subjects 5
and 6 and the unrelated subject 7), and inheritance
for one subject (subject 8) was unknown. Two brothers
(subject 3 and 4) apparently had de novo inheritance of
the variant, consistent with maternal germline mosaicism.
We identified five different missense mutations in the
ten subjects (c.988C>T [p.Arg330Cys], 1 male; c.989G>A
[p.Arg330His], 1 male; c.G998A [p.Arg333GIn], 6 males
from 4 families; c¢.1010T>C [p.le337Thr], 1 male;
and c.1082G>A [p.Arg361GIn], 1 male). All variants
were located in exons 8 and 9 of NKAP (GenBank:
NM_024528) encoding the C-terminal part of the protein,
and all altered highly conserved amino acids (Table 1,
Figure 1B).

NKAP encodes a ubiquitously expressed, nuclear speckle
protein, initially reported as a mediator of NF-«xB
signaling.® Subsequently, diverse biological roles of NKAP
have been reported, including transcriptional regulation
and chromosome alignment.*> NKAP was suggested to
be involved in mRNA splicing,” and very recently, NKAP
was shown to be a part of post-catalytic P-complex, a large
splicing complex responsible for neighboring exonic
ligation and processed mRNA release.”

To analyze the effect of identified NKAP mutations, we
measured NKAP mRNA and protein levels in lymphoblas-
toid cell line (LCL) samples from subjects with NKAP mu-
tations compared to control samples and did not note
any differences (Figure S1). Immunofluorescence showed
no differences in intracellular distribution of NKAP
between control and NKAP mutant samples (Figure S1).
We could confirm previous findings that NKAP localizes
in a nuclear speckled pattern, which contain nucleo-
plasmic granules enriched in mRNA processing proteins
such as splicing factors.”

Given the previously reported functions of NKAP, we hy-
pothesized that these NKAP mutations alter transcription.
Transcriptome analysis was performed using RNA
sequencing (RNA-seq) of LCLs from case and control sub-
jects. RNA-seq was initially performed using three LCLs
with the p.Arg333GIn substitution and three control
LCLs. Clustering analysis revealed that subjects with
NKAP mutations exhibited a consistent unique, disrupted
transcriptome profile, with 455 upregulated genes and
721 downregulated genes compared to control lines (FDR
< 0.05) (Table S2). This suggests that the majority of differ-

entially expressed genes (DEGs) are downregulated in
NKAP mutant samples (Figures 2A and 2B). DEGs include
HES1 and JAGI, Notch signaling pathway genes. The
RNA-seq results were validated by qRT-PCR of two DEGs
(HESI and APP) (Figure S2). RNA-seq was also performed
using LCL with the p.Arg361GIn substitution, and it
demonstrated a similar DEG profile (Figure S3). Pathway
analysis for the DEGs identified in subjects with NKAP mu-
tations was performed with DAVID Functional Annotation
Bioinformatics Microarray Analysis (Table S3). Terms such
as “extracellular matrix” were enriched in the NKAP
mutant DEGs. Because individuals with NKAP mutations
demonstrated features associated with connective tissue
disorder, misexpression of these genes may be related to
their clinical features. Previously, the Notch signaling
pathway was shown to be a transcriptional target of
NKAP and mediates the various signaling pathways, such
as TGF-B, involved in regulating the extracellular matrix
gene expression.””'” Therefore, alterations in the Notch
signaling pathway may be involved in the mechanism of
this transcriptome profile.

NKAP localizes to the post-catalytic P-complex, whose
function is exonic ligation and mRNA release after 5’ and
3’ splice site selection.® Therefore, although NKAP is a
part of the spliceosomal complex, the dysfunction of
NKAP may not cause increased aberrant or alternative
splicing. Consistent with this notion, splicing analysis
with MAJIQ'! did not identify major splicing pattern alter-
ations with little to no alternative splicing, intron reten-
tion, or de novo (unannotated) splicing junction usage
changes (Figure 3, Table S4).

We found only 39 splicing variations with changes in
percent spliced in (PSI) of more than 15 and with a proba-
bility that dPSI is above 15 (P(JdPSI|> = 0.15)) of more than
0.95 in control versus NKAP mutant LCLs (Table S4).
Although 14 out of 15 splicing variations in which a re-
tained intron has a delta percent spliced in (dPSI) of
more than 15 display increased intron retention in NKAP
mutants (Figure 3A), intron retention levels are not glob-
ally affected when looking at all splicing variations de-
tected in the transcriptome (Figure 3B). NKAP mutant cells
also show few splicing variations involving de novo junc-
tions (unannotated, putatively involving cryptic splice
sites) and no preference in the inclusion of these junctions
(Figure 3C) and a global usage of de novo junctions similar
to control cells (Figure 3D).

Alternatively, we did note that long genes with a higher
number of exons were downregulated. As such, we evalu-
ated the differential expression levels of long genes.
Expression levels of the genes whose coding region length
is in the top 10 percentile were lower than other genes
whose coding region length is below 90™ percentile
(p value = 2.2e ') (Figure 4A). The coding region length
of downregulated genes was significantly longer than
that of upregulated genes (Figure 4B). Finally, we evaluated
the differential expression levels of genes with higher exon
numbers in the subjects with NKAP mutations. As the
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Figure 2. Transcriptome Profile of the Genetic Disorder due to
NKAP Mutations

RNA sequencing reveals 455 upregulated and 721 downregulated
genes in subjects with NKAP mutations. RNA sequencing was per-
formed using 3 subject with NKAP p.Arg333Gln substitution and con-
trol LCL samples. Biological duplicates were included for each sample.
(A) Hierarchical clustering and heatmap demonstrated the pres-
ence of a unique transcriptome profile seen in the subjects with
NKAP mutations. Differentially expressed genes in the LCLs with
NKAP mutations defined by FDR < 0.05 are depicted. Dark blue co-
lor indicates higher gene expression, and light green color indi-
cates lower gene expression. The distances between two clusters
are depicted on the top and left of the heatmap.

majority of human genes contains less than 40 exons,'* we
separately evaluated the level of differential gene expres-
sion among genes with <40 exons and genes with >41
exons (top 2 percentile). Expression levels of the genes
with >41 exons were lower than those of the genes with
<40 exons (p value = 3.59e %) (Figure 4A). The exon
numbers of downregulated genes were higher than those
of upregulated genes, although the difference was not sig-
nificant (p value = 0.196) (Figure 4B). These data indicate
that NKAP dysfunction due to NKAP mutations results in
misexpression of longer genes with larger numbers of
exons.

To evaluate the effects of NKAP mutation during
embryogenesis, we established an nkap mutant zebrafish
model using CRISPR/Cas9. Reciprocal BLAST of the
human NKAP cDNA sequence (GenBank: NM_024528)
against the zebrafish genome identified only one ortho-
log, nkap (GenBank: NM_001003414, with 68% identity
to human). In fish, nkap is located on chromosome 14,
with two copies of nkap present. We identified a gRNA tar-
geting a region where human NKAP missense mutations
reside (Figures 5A and S5) and have established FO fish
had a germline heterozygous 1 bp deletion in nkap
(c.859delA; GenBank: NM_001003414), resulting in a
frameshift mutation (p.Arg298GlufsTer6; GenBank:
NP_001003414) (Figures 5A and S5). These heterozygous
FO 1 bp deletion fish were then outcrossed to a wild-
type fish, and 40 F1 heterozygous fish with the 1 bp
deletion in nkap were identified (Figure S5). These hetero-
zygous nkap mutant F1 zebrafish did not show a striking
early developmental phenotype. Heterozygous nkap
mutant F1 fish were incrossed to obtain an F2 generation
that contained offspring with a homozygous 1 bp dele-
tion in nkap (Figure 5A). Transmission of nkap 1 bp dele-
tion followed a Mendelian inheritance pattern, with
approximately 25% of F2 fish showing an obvious pheno-
type due to homozygous nkap 1 bp deletion. These homo-
zygous nkap mutant fish consistently demonstrated
striking early developmental defects, characterized by
edema in the eye, intestinal tract, and heart with notice-
able curvature of the notochord (Figure 5B). CNS necrosis
was noticeable from 2 dpf. All homozygous nkap mutant
fish lacked a heartbeat at 4 dpf and began to decompose;
none survived beyond 4 dpf.

The 1 bp deletion in this nkap mutant line is expected to
cause a frameshift mutation (Figure SA). It is in exon 8§, the
penultimate exon, leaving the possibility that the mutant
nkap mRNA is escaping nonsense-mediated decay. To
examine this possibility, we evaluated nkap expression
levels in the F2 homozygous mutant zebrafish at 2 dpf us-
ing qRT-PCR. The RNA expression levels of nkap were not

(B) Volcano plot demonstrated a larger number of downregulated
genes compared to upregulated genes. Red dots represent genes
with FDR < 0.05. Orange dots represent its log fold expression
changes (log2FC) greater than 1. Green dots represent genes
whose FDR < 0.05 and log2 FC > 1.
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among splicing variations with changes
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trol and mutant cells.

(B) Intron retention is not affected on a
global level by the NKAP mutation.

(C) De novo (unannotated) junctions are
not preferentially used in NKAP mutant
cells for splicing variations with dPSI >
15 between control and mutant cells.

(D) De novo junction usage is not affected
on a global level by the NKAP mutation.
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causes effects comparable to those of
start codon elimination, the C-termi-
nal NKAP region is likely essential
for developmental regulation gov-
erned by NKAP.

Both the highly conserved clinical
phenotype characterized by develop-
mental delay and Marfanoid habitus
identified in this study and the unique
transcriptome profile identified in sub-
ject-derived LCLs establish a distinct
clinical entity. Germline truncating
mutations in NKAP have never been
observed in the public database,
gnomAD, among healthy individuals,
indicating that loss-of-function NKAP
mutations are likely detrimental to
human health and development.'®

Consistent with an X-linked reces-
sive condition, NKAP mutations re-
sulted in symptoms only in males,

p=0.36

control NKAP p.R333Q control

significantly altered at either the 5’ or 3’ regions of nkap in
the homozygous mutant zebrafish compared to wild-type,
indicating that the mutant nkap transcripts likely escape
nonsense-mediated decay (Figure 5C). Therefore, as a
consequence of the deletion, this nkap mutant zebrafish
likely produced a C-terminal-truncated NKAP. The striking
developmental phenotype of these zebrafish supports a
critical role of the C-terminal region of NKAP during
embryogenesis. Interestingly, the ZFIN database reports a

BERFRER20 and females with heterozygous NKAP

mutations appeared to be unaffected

or significantly less affected. In fact,
NKAP undergoes X-inactivation.'® Similar to human
NKAP, the mouse Nkap also resides on the X chromosome,
and hematopoietic lineage-specific hemizygous Nkap-null
mutant male mice show embryonic lethality.” In
zebrafish, nkap is located on chromosome 14. We observed
developmental defects only in homozygous nkap mutant
zebrafish, while defects were not obvious in heterozygous
animals. These observations suggest that elimination of
non-mutated NKAP is required to impair development.
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Figure 4. Effects of NKAP Mutations on Long Genes with a

Greater Number of Exons

The genes, whose length and exon number were available in the
Gene Base 1.1., were considered in this analysis.

(A) Differential gene expression levels of long genes with a greater
number of exons. Left: Comparison of differential gene expression

The clinical findings of individuals with NKAP muta-
tions demonstrate essential roles of NKAP in neural devel-
opment as well as in bone and connective tissue. This
notion is supported by the striking developmental defects
seen in nkap mutant zebrafish, which include spine defor-
mities, a common finding also in human subjects with
NKAP mutations. In addition, our gene ontology analysis
of NKAP mutant cells revealed enrichment of extracellular
matrix genes. Although the transcriptional target genes of
NKAP may differ between LCLs and connective tissues,
misexpression of extracellular matrix genes may result in
defective connective tissue development in subjects with
NKAP mutations.

This connective tissue role is supported by the clinical
phenotype of this disorder which overlaps with connective
tissue disorders, such as Marfan syndrome (MIM:
154700)'®'? and Beals syndrome (MIM: 121050),%° with
the presence of tall stature and joint contractures. In addi-
tion, Lujan-Fryns syndrome," characterized by Marfanoid
habitus, tall stature, and intellectual disability was consid-
ered in one individual. Thus, NKAP alterations should be
considered for individuals with suspected Marfan, Beals,
or Lujan-Fryns syndromes.

The missense mutations identified in subjects were
strictly clustered toward the C-terminal end of NKAP.
This C-terminal end of NKAP is highly conserved, and
missense mutations in the region between Pro296 and
Glu394 (exon 7 to exon 9) are also entirely absent in
gnomAD, " underscoring the critical importance of this
region (Figure S4). In addition, the lethal mutations
caused by C-terminal truncations in zebrafish also sup-
port that this region of NKAP is essential in embryogen-
esis. The C-terminal end of NKAP (aa 273-415), where
the subjects have missense mutations, harbors the
HDAC3-interacting domain.” Since HDAC3 is an impor-
tant transcriptional regulatory molecule, NKAP muta-
tions may affect the HDAC3-mediated transcriptional

levels between long genes (top 10 percentile) and the rest in the
subjects with NKAP mutations. Boxplot demonstrated that expres-
sion levels of the long genes tend to be downregulated in the sub-
jects with NKAP mutations, compared to remainder of the genes.
Right: Comparison of differential gene expression levels between
genes with 40 or less exons and genes with 41 or more exons in
the subjects with NKAP mutations. Boxplot demonstrated that
expression levels of the genes with 41 or more exons tend to be
downregulated in the subjects with NKAP mutations, compared
to those of the genes with 40 or less exons. The top of each box
represents the first quartile, and the bottom of each box represents
the third quartile. The top of each whisker indicates the upper
extreme, and the bottom of each whisker indicates the lower
extreme. p value was calculated by t test.

(B) Comparison of gene length and exon number between upre-
gulated genes and downregulated genes in individuals with
NKAP mutations. Boxplot demonstrated that downregulated
genes tend to have longer gene length and higher exon
numbers. The top of each box represents the first quartile, and
the bottom of each box represents the third quartile. The top
of each whisker indicates the upper extreme, and the bottom
of each whisker indicates the lower extreme. p values were calcu-
lated by t test.
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regulatory role of NKAP, although we did not detect any
changes in HDAC3 dosage or intracellular distribution in
the subjects (Figure S1).

Very recently, NKAP was shown to be a part of the
post-catalytic P-complex, which is responsible for the
last steps of splicing, and a crystal structural analysis re-
vealed that the C-terminal region of NKAP (aa 329-358)
interacts with SLU7 and PRPS, subunits of P-complex.®
Therefore, the disruption of exon ligation or processed
mRNA release is another candidate mechanism explain-
ing transcriptional alteration seen in this diagnosis.
Consistent with the specific role of NKAP in the P-com-
plex, we did not identify an increase of aberrant or alter-
native splicing events in the LCL samples with NKAP
mutations.

RNA-seq analysis of LCL samples with NKAP mutations
revealed that longer genes with more exons are more often
downregulated. This suggests that genes which require
more exonic ligation/mRNA release steps before the com-

Amino acid position
Amino acid sequence
Human genome sequence

Zebrafish genome sequence

nkap mutant zebrafish
Mutant amino acid sequence

Figure 5. Zebrafish Model of nkap Muta-
tion

(A) CRISPR/Cas9 genome editing of zebra-
fish nkap. gRNA target sequence of zebrafish
nkap is indicated. Amino acids mutated in
human subjects with NKAP mutations are
highlighted by red. Sanger sequence chro-
matogram demonstrating 1 bp deletion is
depicted at the bottom. 1 bp deletion results
in frameshift mutation.

(B) Developmental defects of homozygous
1 bp nkap deletion zebrafish. Top images
are wild-type zebrafish, and bottom images
are nkap mutant zebrafish. Morphological
differences are noticeable at 1 dpf. 2x
magnification images.

(C) Nkap expression level in the homozy-
gous 1 bp nkap deletion fry. Relative expres-
sion levels of mutant nkap to wild-type
zebrafish are depicted. Two pairs of nkap
qPCR primer were used and listed in the
Table S5. Both demonstrated comparable
results. Expression level was normalized
against actb2 expression. qPCR analyses
were performed in sextuplicate (technical
replicates). Three biological replicates
demonstrated consistent results. Error bars:
2 SD.

4 dpf

plete processing of the entire tran-
script may be more sensitive to
NKAP dysfunction. Downregulation
of long gene expression may be of
key importance for normal neurode-
velopment, as a large number of
neuronal lineage-specific genes are
characterized by long coding regions,
and several neurological disorders,
such as Rett syndrome (MIM:
312750) and autism, have been
shown to be associated with the
dysregulation of long genes.”"??
Although intriguing, further work is needed to determine
the role of NKAP in transcriptional regulation of long
genes, as long genes are more sensitive to many factors
including splicing, transcription efficiency, rate of transit
of the transcriptional machinery, and mRNA stabilization.

In conclusion, we report a neurodevelopmental disorder
with musculoskeletal features caused by NKAP missense
mutations that result in transcriptional disruption. Our
study supports pleiotropic roles for NKAP in the develop-
ment of several organ systems and underscores the essen-
tial role for NKAP in vertebrate embryogenesis.

Supplemental Data

Supplemental Data can be found online at https://doi.org/10.
1016/j.ajhg.2019.09.009.
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