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and other clinical features, such as seizures, corpus cal-
losum abnormalities (CCA), and microcephaly. Recently, 
pathogenic HNRNPU variants were identified in large ID 
and epileptic encephalopathy cohorts. In this study, we pro-
vide detailed clinical information of five novels and review 
two of the previously published individuals with (likely) 
pathogenic de novo variants in the HNRNPU gene includ-
ing three non-sense and two missense variants, one small 
intragenic deletion, and one duplication. The phenotype in 
individuals with variants in HNRNPU is characterized by 
early onset seizures (6/7), severe ID (6/6), severe speech 
impairment (6/6), hypotonia (6/7), and central nervous 
system (CNS) (5/6), cardiac (4/6), and renal abnormalities 
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(3/4). In this study, we broaden the clinical and mutational 
HNRNPU-associated spectrum, and demonstrate that hete-
rozygous HNRNPU variants cause epilepsy, severe ID with 
striking speech impairment and variable CNS, cardiac, and 
renal anomalies.

Introduction

The accurate RNA splicing process is of major importance 
for proper cell function and disruptions of this process can 
lead to human diseases (Wang and Cooper 2007). In RNA 
splicing, nascent RNA transcripts are processed into mature 
messenger RNA (mRNA) by the joining of exons and the 
removal of introns. Pathogenic variants in genes encoding 
subunits of the spliceosome, or its auxiliary factors, as well 
as mutations in splice donor or acceptor sites are the cause 
of human diseases (Lehalle et al. 2015; Wang and Cooper 
2007).

The RNA splicing process is facilitated by the spliceo-
some, which is a large RNA–protein complex (Fu and Ares 
2014). It consists of five small nuclear ribonucleoproteins 
(snRNPs: U1, U2, U4, U5, and U6) and many other pro-
teins, such as heterogeneous nuclear ribonucleoproteins 
(hnRNPs). Several hnRNPs have been identified (hnRNP 
A1 to hnRNP U), which bind to intronic regions to enhance 
or repress splicing (Fu and Ares 2014). The gene HNRNPU 
(OMIM *602869) is located on chromosome 1q44 within 
a region, in which microdeletions have been described in 
patients with intellectual disability (ID) and other varying 
clinical features, such as seizures, corpus callosum abnor-
malities (CCA), and microcephaly (Ballif et  al. 2012; 
Boland et  al. 2007; Caliebe et  al. 2010; Hill et  al. 2007; 
Nagamani et  al. 2012; Thierry et  al. 2012; van Bon et  al. 
2008). Different critical regions within this area have been 
proposed and various candidate genes for different pheno-
typic features, such as CCA, seizures, and microcephaly, 
have been discussed in detail (Ballif et  al. 2012; Boland 
et al. 2007; Caliebe et al. 2010; Hill et al. 2007; Nagamani 
et al. 2012; Thierry et al. 2012; van Bon et al. 2008). How-
ever, the search for the causative gene(s) has been compli-
cated by conflicting data and proof for the causative gene(s) 
was not established. Recently, individuals with HNRNPU 
variants were identified in large cohorts of individuals with 
moderate or severe ID (Hamdan et al. 2014; Monroe et al. 
2016), epileptic encephalopathy (Allen et al. 2013; Carvill 
et al. 2013; de Kovel et al. 2016), undiagnosed conditions 
(Need et  al. 2012), and listed in the Decipher database, 
but only scarce clinical information of these patients was 
included. While this study was in revision, Depienne and 
colleagues reported on seven individuals with HNRNPU 
variants focusing on their developmental and epilepsy phe-
notype (Depienne et al. 2017).

In this study, we provide detailed phenotypic analysis of 
five individuals with novel (likely) pathogenic variants in 
the HNRNPU gene identified by whole-exome sequencing 
(WES) and array analysis, and include comprehensive clin-
ical information of two previously published HNRNPU-
mutation-positive individuals (Allen et  al. 2013; Hamdan 
et al. 2014). The aim of this study is the further characteri-
zation of HNRNPU-mutation-positive individuals and their 
comparison to previously published patients with HNRNPU 
variants and microdeletions in the 1q44 region to elucidate 
the much discussed role of HNRNPU in human disease.

Materials and methods

Individuals

Clinical information of the seven individuals was pro-
vided by the parents and the evaluating clinicians. Writ-
ten informed consent was obtained from the families of 
the index individuals for participation in this study. The 
study was performed according to the Declaration of Hel-
sinki protocols and was approved by the local institutional 
review board [ethical votum 08-3663 and 5360/13 for the 
Technical University Munich] and by the ethics commit-
tee of the University Medical Center Göttingen (individual 
5). Peripheral blood lymphocytes were collected from the 
affected individuals and their parents, and genomic DNA 
was extracted by standard extraction procedures.

Chromosomal analysis

The conventional karyotyping in blood lymphocytes and 
microarray analyses for molecular karyotyping were nor-
mal in individuals 1–4, 6, and 7 [Individual 1:105 k-Chip 
(Agilent, Santa Clara, CA, USA); Individual 2: 250  k 
SNP array (Affymetrix, Santa Clara, CA, USA); Indi-
vidual 3: 135  k-feature whole-genome microarray [Sig-
natureChip OS2.0, Signature Genomic Laboratories 
(Spokane, WA, USA) by Roche Nimble-Gen, Madison, 
WI, USA] (Allen et al. 2013); Individual 4: no array per-
formed; Individual 6: Agilent 180  K custom HD-CGH 
microarray (Agilent, Santa Clara, CA, USA). Individual 
7: HumanOmniExpress-12 BeadChip (Illumina, San 
Diego, CA, USA).

Whole‑exome sequencing

For individual 1, trio-based whole-exome sequencing 
(WES) was performed as described elsewhere (Bramswig 
et  al. 2015). For individuals 2, 6, and 7, diagnostic WES 
was performed as described elsewhere (de Ligt et al. 2012). 
The molecular findings and WES methods for individual 
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3 [case 1464.524, (Hamdan et  al. 2014)] and individual 
4 [trio hv, (Allen et  al. 2013)] have previously been pub-
lished. The variants were verified by Sanger sequencing; 
primer sequences will be provided upon request.

Exome capture on the individual 5′s DNA was accom-
plished using the NimbleGen SeqCap EZ Human Exome 
Library v2.0 enrichment kit followed by sequencing on an 
Illumina HiSeq 2000. The Varbank pipeline of the Cologne 
Center for Genomics (CCG) (Hussain et  al. 2014) was 
used to analyze the exome data as described before (Keupp 
et  al. 2013). The data set was analyzed independently by 
three team members. In addition we used a Wollnik-lab in-
house bioinformatic pipeline, which includes copy number 
variation analyses with XHMM (Fromer et  al. 2012) and 
CODEX (Jiang et al. 2015).

qPCR analysis for HNRNPU and EFCAB2 genes 
in individual 5

The CNV analysis was performed by quantitative real-time 
PCR using SYBR® Green. The qPCR was carried out using 
the StepOne™ Real-Time PCR System (Applied Biosys-
tems, Foster City, CA, USA). The primers for HNRNPU 
analysis are located in intron 1 (forward: 5′-AGAG-
GCTTGGCCTTTATGGG-3′) and exon 2 (reverse: 
5′-GGCCATGATCTTCTCGTGGT-3′), for the EFCAB2 
in exon 1 (forward: 5′-TGAGCAGGCCGGGAC-3′) and 
intron 1 (reverse: 5′-TCCCCTACCTTACCTTCCCTG-3′), 
and for the reference gene KANK1 are located in intron 11 
(forward: 5′-CGACCACTTGGTGTTTTGGC-3′) and exon 
12 (reverse: 5′-AGCAGCTATGTAGTCCCCCA-3′). 10 ng 
DNA was used for qPCR. The ddCt method was used to 
calculate real-time PCR results. To simulate the dCt created 
by one copy, two copies and three copies of HNRNPU and 
EFCAB2 genes, one control sample with different DNA 
amounts were used. Using the Ct values of the different 
DNA amounts (5, 10, and 15 ng) of the control sample, we 
calculated the expected 1, 2 and 3 copies.

Transcript analysis in individual 4

Peripheral blood of individual 4 was collected into PAX-
gene Blood RNA tubes (PreAnalytiX), and RNA was iso-
lated using the PAXgene Blood RNA Kit (Qiagen). cDNA 
was generated with the help of the Omniscript RT Kit 
(Qiagen), and a forward primer that overlaps the bounda-
ries of exon 8 and exon 9, HNRNPU-forward 5′-GGATAA-
GATGATGGTGGCAGG-3′ (NM_031844.2: c.1602-1622, 
exons 8 and 9), and a reverse primer located in exon 12, 
HNRNPU-reverse 5′-CCGATTCCACCACTTCCTCC-3′ 
(NM_031844.2: c.2230-2249, exon 12), and the GoTaq G2 
DNA polymerase (Promega) were used to amplify a 648 bp 
exon–intron-boundary spanning fragment of the HNRNPU 

cDNA. Because the forward primer overlaps the exon-8-9-
boundary, no PCR product can be amplified from genomic 
DNA. The sequence at the mutation site was determined by 
Sanger sequencing using the above-mentioned primers.

Results

Seven individuals with HNRNPU‑variants

Individual 1 was identified in a cohort of 311 patients with 
ID (1/311; trio-based WES, Institute of Human Genetics, 
University Duisburg-Essen and Institute of Human Genet-
ics, University Bonn). Individuals 2, 6, and 7 were identi-
fied in a cohort of 2000 patients with ID (3/2000) (diagnos-
tic WES, Radboud University Medical Center). Individual 
3 was identified in a cohort of 264 probands with epileptic 
encephalopathy [1/264; trio-based WES, CHU Sainte-Jus-
tine Research Center; (Hamdan et al. 2014)]. Individual 4 
was identified in a cohort of 41 individuals with ID [1/41; 
trio-based WES, Epi4K Consortium; (Allen et  al. 2013)]. 
The variant information and some clinical findings of indi-
viduals 3 and 4 were previously published as indicated 
above (Allen et  al. 2013; Hamdan et  al. 2014). Routine 
array analysis for multiple congenital anomalies identi-
fied the HNRNPU duplication in individual 5. The clinical 
information of individuals 1–7 is summarized in Table 1.

Individual 1 is the only child of healthy, non-consan-
guineous parents with an uneventful family history. He 
was born at 32 weeks of gestation with a weight of 1680 g 
(−0.47 SD), a length of 42 cm (−0.39 SD), and an OFC 
of 29  cm (−0.74 SD). Due to perinatal asphyxia, he was 
intubated and ventilated for 2 days. He showed muscular 
hypotonia and required tube feeding for 4 weeks. He was 
diagnosed with atrial septal defect (ASD II), right renal 
agenesis, and hypoplastic aorta abdominalis. In addition, 
he was diagnosed with sensorineural hearing loss and got 
hearing aids at the age of 3 months. At the age of 7 months, 
he got glasses for hyperopia. He reached head control at the 
age of 12 months, sat at the age of 18 months, and crawled 
at 31 months. At the age of 14 months, he developed epi-
leptic spasms, showed hypsarrhythmia in the EEG, and 
presented with multiple (up to 100) seizures per day. The 
administration of valproate led to significant improvement 
and he did not have any seizures for two years. Brain MRI 
showed a thin corpus callosum, cerebral atrophy, multiple 
lesions including glial lesions, and atrophy of the cerebellar 
vermis. His first assessment was at the age of 32/12 years 
when his height was 90  cm (−2.03 SD), his weight was 
13  kg (−1.06 SD, BMI: 16.05  kg/m2), and his OFC was 
51  cm (+0.44 SD). He presented with severe ID. Facial 
dysmorphisms included hypertelorism, deep nasal bridge, 
short nose with an upturned nasal tip, long philtrum, and 
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thin upper vermillion. When he was reexamined at the 
age of 10 4/12 years, his height was about 125 cm (−2.91 
SD), his weight 33  kg (−0.51 SD, BMI: 21.12  kg/m2), 
and his OFC 54 cm (−0.02 SD). He had developed severe 
scoliosis. He was able to walk several steps with help. 
Facial dysmorphisms were similar to the previous assess-
ment and also included downturned corners of the mouth. 
He had large incisors which showed a malposition due to 
chewing on a chain and pulling it through his front teeth. 
Due to the remarkable phenotypic overlap with published 
individuals with microdeletions in 1q44 [especially with 
patient 6 published by van Bon and colleagues (van Bon 

et  al. 2008)], a microdeletion 1q44 was suspected at the 
age of 11 4/12  years. However, the re-evaluation of the 
array data could not detect any aberration in this region. 
Over the years, anti-epileptic treatment included different 
combinations of valproate with sultiame, levetiracetam, or 
lamotrigine. The combination of valproate and lamotrig-
ine led to good control of his myoclonic epilepsy with six 
to seven seizures per year. His last assessment was at the 
age of 146/12 years, his height was about 151  cm (−1.86 
SD), and his OFC 57 cm (+1.16 SD). He walked with the 
help of a walker, but was not able to walk alone. He did 
not speak, but communicated with gestures and sounds. 

Fig. 1   Facial phenotypes of 
individuals with HNRNPU 
variants. a, b Individual 1 at the 
age of 146/12 years presenting 
with coarse facial features, deep 
set eyes, depressed nasal bridge, 
short nose with anteverted 
nares, long and flat philtrum, 
and thin upper vermillion. 
c Individual 2 at the age of 
32 years showing a coarse 
face with broad full eyebrows, 
hypertelorism and epicanthal 
folds, short broad nose, and full 
lips. d Individual 3 at the age 
of 4 years with telecanthus. e, 
f Individual 4 presenting with 
hypertelorism, deep-set eyes, 
and short neck. g Individual 5 at 
the age of 25 days with micro-
cephaly, hypertelorism, short 
nose with bulbous nasal tip, thin 
upper vermillion, and micro-
retrognathia. h, i Individual 6 
at the age of 23 years show-
ing synophrys, hypertelorism, 
depressed nasal bridge and 
broad nasal tip, and full lips

Fig. 2   Schematic representa-
tion of HNRNPU with the SAP 
domain, the protein–protein 
interaction domain B30.2/SPRY, 
ATP binding and the RNA 
binding RGG–box (Uni-Prot 
Q00839), and depiction of the 
described HNRNPU variants 
(NM_031844.2/NP_114032.2)
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He salivated and showed a similar facial phenotype to 
his previous assessments, but his facial features appeared 
coarser (Fig. 1a, b). WES revealed a heterozygous de novo 
missense variant in the HNRNPU gene [NM_031844.2; 
chr1:g.245,023,684T>C [GRCh37/hg19]; c.970A>G; 
p.(Arg324Gly)] and a heterozygous de novo frameshift 
mutation in the KDM6B gene [NM_001080424.1; 
chr17:g.7,756,440delG [GRCh37/hg19]; c.4733delG; 
p.(Cys1578Serfs*11)]. The HNRNPU variant involves 
an evolutionary conserved amino acid, which is located 
in the B30.2/SRY domain, which mediates protein–pro-
tein interactions (Fig. 2). Four in silico tools (PROVEAN, 
SIFT v5.2.2, PolyPhen-2, and MutationTaster) predict the 
HNRNPU variant as probably disease causing. It was not 
found in the ExAC or in the 1000 Genomes databases. 

Individual 2 is the second child of healthy, non-consan-
guineous parents with an unremarkable family history. She 
was born at term with a weight of 2780 g (−1.64 SD) and a 
length of 48 cm (−1.68 SD). After 2 weeks, she was admit-
ted to the hospital because of severe oedema and failure to 
thrive. This was due to a Pentalogy of Fallot for which she 
was operated on at the age of 2 years. She had severe feed-
ing problems that improved after the operative correction 
of her cor vitium. Several fever-related seizures occurred 
until the age of 5 years, but EEG results were normal. A 
cerebral brain MRI has not been performed. She was first 
seen at the clinical genetic center at the age of 32  years 
when her height was 151 cm (−2.13 SD), her weight was 
64.7 kg (+0.57 SD), and her OFC was 52 cm (−1.8 SD). 
She was a friendly female with obsessive–compulsive 
behavior. She had mild webbing of neck and had a coarse 
face with broad full eyebrows, hypertelorism, epicanthal 
folds, short forehead, short broad nose, full lips, small 
palate, short philtrum, prominent jaw, and crowded teeth 
(Fig.  1c). Her extremities showed small hands and feet 
with short and broad fingers and toes, cutaneous syndac-
tyly of digits 2–3 and 3–4. She had a metabolic screen and 
investigation of the RAI1 gene, which gave normal results. 
Trio-based WES was performed and revealed a heterozy-
gous de novo non-sense mutation in the HNRNPU gene 
[NM_031844.2; chr1:g.245,025,823G>A [GRCh37/hg19]; 
c.817C>T; p.(Gln273*)].

Individual 3 (Hamdan et  al. 2014) was born following 
an uneventful pregnancy and delivery. He was born with a 
weight of 3310 g (−0.95 SD). He has severe global devel-
opmental delay. He started to sit at the age of 22 months, 
crawl at 24 months. At the age of 4 years, he could stand 
with support and take a few steps with support. He did not 
have a pincer grasp but could reach for objects and bring 
them to his mouth. He does not understand simple com-
mands. He does not speak. He has some autistic features 
with poor eye contact and repetitive stereotypic move-
ments. He had febrile seizures at the age of 12 months, then 

unprovoked generalized tonic–clonic seizures at the age of 
18 months following which he was treated with clobazam 
and remains well controlled, with one seizure per year on 
average. EEG was normal. At the age of four years, his 
weight was 17.7 kg (+0.69 SD), his height 96 cm (−1.75 
SD), and OFC 48.6 cm (−1.65 SD). His eye contact was 
poorly sustained. He had a large forehead, apparent tel-
ecanthus (Fig. 1d) and bilateral single palmar creases. His 
tone was decreased centrally and in his limbs. Fragile X 
testing and metabolic studies (plasma lactate, ammonia, 
and very long chain fatty acids measurements; plasma 
amino acids and urine organic acids chromatographies; iso-
electric focusing of serum transferrin; urine purines/pyrimi-
dines measurements) were normal. Brain MRI at the age 
of 18 months showed broad sylvian fissures, enlarged sub-
arachnoid spaces, and discrete non-specific signal anoma-
lies in the white matter in the periventricular region and the 
right frontal sub-cortical region. Trio-based WES revealed 
a de novo non-sense mutation in HNRNPU [NM_031844.2; 
chr1:g.245,027,099G>A [GRCh37/hg19]; c.511C>T: 
p.(Gln171*)] (Hamdan et al. 2014).

Individual 4 (Allen et  al. 2013) is the second child of 
non-consanguineous parents with no significant family 
medical history. She was born at 40  week gestation after 
an uncomplicated delivery with birth weight of 2640  g 
(−1.97 SD) and length 47  cm (−2.13 SD). Shortly after 
birth, she was noted to have low tone and difficulty feed-
ing but did not require supplementation. Parents became 
concerned about her development at 6 months of age lead-
ing to evaluation and initiation of therapies at 9 months of 
age. She sat at 18 months and walked at 2½ years of age. 
First spoken words occurred at 3 years of age. Autism was 
diagnosed at 5  years of age. She currently speaks in 1–2 
words utterances. She is able to identify 3–4 colors; she 
does not read or count. She has severe ID. There have been 
several admissions for aggressive behavior and psychosis. 
She continues on risperidone to manage these difficulties. 
At 11 years of age, she was noted to have short stature and 
delayed bone age. At age 15, there was an incidental find-
ing of a right maxillary cyst with an associated tooth that 
required surgical intervention. Pathology demonstrated 
odontogenic keratocyst. Seizures began at 16 months of age 
with a generalized tonic–clonic seizure. Absence seizures 
were noted around 30  months of age and atonic seizures 
began at 3 years of age. Subsequent EEGs were consistent 
with a diagnosis of Lennox–Gastaut Syndrome. Several 
anti-seizure medications have been used including pheno-
barbital, topiramate, lamotrigine, carbamazepine, rufina-
mide, clobazam, and vagus nerve stimulation. Generalized 
tonic–clonic seizures are now rare, occurring once per year. 
Atonic seizures occur daily in the morning. Absence sei-
zures occur 4–5 times a day. She has had periods of sev-
eral months without seizures. MRI demonstrates several 
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nodules of sub ependymal gray matter bilaterally in the 
frontal horns of the lateral ventricles. Frontal lobes contain 
punctate foci of T2 abnormality and there is a Chiari I mal-
formation. At the age of 17 years, her height was 146.5 cm 
(−2.44 SD), her weight was 63.6  kg (+0.84 SD), and 
her OFC was 54.2  cm (−0.19 SD). Facial dysmorphisms 
included hypertelorism, deep-set eyes, and short neck 
(Fig. 1e, f). Trio-based WES revealed a small deletion vari-
ant in the HNRNPU gene overlapping the splice acceptor 
site of intron 9 and the beginning of exon 10 (Allen et al. 
2013) [NM_031844.2; chr1:245,019,922_245,019,931del
ATTTGTcttt [GRCh37/hg19]; intron sequence is indicated 
in lower case letters]. The effect of this variant was investi-
gated by transcript analysis. We found that the mutant allele 
yields a stable transcript. In the absence of the normal splice 
acceptor chr1:245,019,928_245,019,929, a cryptic splice 
acceptor within exon 9, chr1:245,019,904_245,019,905, 
is used to yield a mature mRNA that lacks the codons 582 
through 589 of the wild-type transcript. Thus, the effect for 
this variant could be determined as an in frame deletion of 
eight codons, c.1744_1767del, p.Thr582_Gln589del. This 
part of the protein is not known as a specific domain (http://
www.uniprot.org/uniprot/Q00839), but the in silico tool 
PROVEAN (http://provean.jcvi.org/index.php) predicts 
the deletion of eight amino acids as deleterious for protein 
function with a score of −34.661.

Individual 5 was born by emergency Caesarean sec-
tion at the 34th week of gestation to consanguineous par-
ents (first cousins). It was the fourth pregnancy; they have 
two healthy sons and have lost one girl who suffered from 
hydrocephaly, possible brain maldevelopment, and intrac-
ranial hemorrhage at the age of 4.5  months. The indi-
vidual’s prenatal history was complicated by prematurity, 
intrauterine growth retardation (IUGR), fetal distress, and 
perinatal asphyxia. He was transferred intubated to the neo-
natal intensive care unit immediately after birth. His birth 
weight was 1815 g (−1.24 SD), and he presented with dis-
tinct microcephaly and multiple arthrogryposis. Neonatal 
seizures started in the first week of life and required pheno-
barbital treatment. Physical examination was performed at 
the age of 25 days when he showed the following measure-
ments: weight 1890 g (−2.73 SD for 37th week of gesta-
tion), length 42 cm (−3.42 SD for 37th week of gestation), 
and OFC 27  cm (−4.93 SD for 37th week of gestation). 
Clinical features were distinct microcephaly, closed ante-
rior fontanelle, sloping forehead, facial dysmorphism with 
hypertelorism, short nose, bulbous nasal tip, high palate, 
thin upper vermillion, microretrognathia, big ears, and a 
small notch on the left ear (Fig. 1g). He also showed cryp-
torchidism, hypospadia, scrotal raffe, pes equinovarus and 
multiple joint contractures, hypotony, clonus, and focal 
myoclonies particularly on lower extremities. Echocardiog-
raphy revealed a PDA. He presented with pale optic discs 

and the thorax X-ray showed 10 ribs. Cerebral ultrasonog-
raphy displayed an increased ventricular index of 0.55 and 
the cranial CT showed microcephaly, a cystic malformation 
between posterior fossa and the fourth ventricle, a Dandy–
Walker malformation, and a hemorrhage on the left plexus 
choroideus. Abdominal ultrasonography revealed mini-
mal bilateral renal pelvic ectasia; the left testis was in the 
inguinal canal. He passed away at about 2 months of age 
at home. We performed WES in individual 5, but the initial 
analysis and interpretation of WES variants did not identify 
likely causative variants. Therefore, we also determined 
copy number variants from the WES data and a duplica-
tion on chromosome 1 with a minimal size of 108 kb was 
predicted (chr1:g.245,025,709_245,133,797). The first 
three exons of the HNRNPU gene and the first exon of the 
EFCAB2 gene are located within this duplicated region and 
we confirmed the presence of the duplication by qPCR with 
amplicons located in the first exons of both genes.

Individual 6 was born from non-consanguineous healthy 
parents after a pregnancy that was complicated by poly-
hydramnios. He was born at term with a weight of 3400 g 
(+0.31 SD), a length of 50 cm (+0.13 SD), and a normal 
OFC (exact measurement unknown). His neonatal history 
was uneventful. His developmental milestones were late-
normal for the first 18 months, but he has always been dif-
ferent in making social contact. He walked at 18  months 
of age, spoke several words and was able to climb the 
stairs. The onset of epilepsy was at 10 months of age with 
a convulsion during fever. After that, convulsions without 
fever started to occur. He was treated with valproate, but 
still had multiple temporal seizures per week. He started 
with teeth grinding and showed stereotypic hand move-
ments. At 2 years of age, he was admitted to the hospital 
in status epilepticus. He had received a vaccination (mea-
sles, mumps, and rubella) 1 week prior to this event. He 
had a fever and a viral infection was presumed, but not 
detected. After this event, he lost the ability to walk and 
stopped speaking. The epilepsy was first deduced as tempo-
ral epilepsy, but evolved into West syndrome at 2.5 years, 
based on hypsarrythmia in the EEG and epileptic spasms. 
Vigabatrin was added to his medication and later changed 
to lamictal, but this seemed to cause more frequent sei-
zures. He had multiple (up to 40) seizures a day, occurring 
mostly in the morning after awaking and before bedtime. 
His hands turned blue-purple frequently, sometimes related 
to the seizures, but sometimes without clear cause. His epi-
lepsy evolved into a Lennox–Gastaut-like phenotype with 
a matching EEG and tonic and atonic insults and absences. 
At 4  years of age, he could walk several steps indepen-
dently again. The epilepsy remained difficult to control; 
he showed frequent temporal seizures, tonic seizures, and 
infrequent atonic seizures, sometimes provoked by fever, 
but mostly occurring spontaneously and most frequently in 

http://www.uniprot.org/uniprot/Q00839
http://www.uniprot.org/uniprot/Q00839
http://provean.jcvi.org/index.php
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the mornings. Several anti-eplieptic drugs were tried, but 
none induced seizure control. He became obese at 10 years 
of age. At 12 years of age, he became somnolent, caused 
by several subdural hematomas after frequent falls caused 
by atonic seizures. The patient has used a ketogenic diet 
for several years with good effect in the beginning. Neu-
rological examination showed a spastic quadriplegia at 
first, but later on, he became more hypotonic. He can walk 
several steps with help, but because of the danger of fall-
ing, he uses a wheelchair. He has a severe intellectual 
disability and signs of an autism spectrum disorder. His 
sleeping pattern is normal. He was diagnosed with corti-
cal visual impairment, with a vision of 0.2 in both eyes. He 
has a divergent strabismus, rotatory nystagmus, myopia, 
and astigmatism. He has osteoporosis, probably because 
of immobility combined with anti-epileptic drugs. He has 
an extra tooth that came through in his palate, and seem-
ingly exists of several fused elements. His central incisors 
are thickened and long (Fig. 1h). MRI brain at 2 years of 
age showed wide ventricles frontotemporal and retarded 
frontal myelinisation. MRI brain at 12 years of age showed 
wide ventricles, subdural hematomas and a glandula pine-
alis cyst. Physical examination at 23 years of age showed 
a height of 175 cm (−1.24 SD), a weight of 69 kg (−0.55 
SD), and an OFC of 61 cm (+1.81SD). He has an acces-
sory whorl in his hair. Facial dysmorphisms included a 
synophrys, mild hypertelorism, a depressed nasal bridge, 
a broad nasal tip, and full lips with eversion of the lower 
lip (Fig. 1h, i). The ears showed slightly overfolded helices 
laterally. He has tapering fingers. His facial features appear 
coarser over the years. Array analysis revealed two vari-
ants inherited from his healthy mother of normal intellect 
[arr 8p23.1(10,066,633–10,780,057) × 3 mat (713 kb), arr 
13q31.3(90,863,461–91,085,378) × 1 mat (222 kb)]. WES 
revealed a heterozygous de novo missense variant in the 
HNRNPU gene [NM_031844.2; chr1:g.245,022,129A>G 
[GRCh37/hg19]; c.1132T>C; p.(Ser378Pro)]. The variant 
involves an evolutionary conserved amino acid, and four 
in silico tools (PROVEAN, SIFT v5.2.2, PolyPhen-2, and 
MutationTaster) predict it as probably disease causing. It 
is located in B30.2/SRY domain (Fig. 2). The variant was 
absent in the ExAC and the 1000 genomes databases.

Individual 7 is the only child of healthy, non-related 
parents. Her father and her paternal aunt have had learn-
ing problems. The patient was born at 38  weeks of ges-
tation with a weight of 2835  g (−1.08 SD), a length of 
48 cm (−1.34 SD), and an OFC of 32.5 cm (−1.71 SD). 
The mother had a cerebral vascular incident 5  days after 
delivery. At the age of 11 months, she had her first febrile 
tonic–clonic seizure. In the following months, the seizures, 
absences, occurred also without fever. She was treated with 
valproate. Her development was delayed; she could walk at 
the age of 18 months with a broad based gait. At the age of 

3 years and 8 months, a new assessment was done; she had 
a normal weight, height, and OFC. Facial dysmorphisms 
included bulbous nasal tip with fleshy alae nasi, a thick 
columella, and a thin upper vermillion. She had hyper-
trophic gums and short broad thumbs. Her gaze is intermit-
tently exotropic (strabismus divergens). She could speak 
some words and sometimes short sentences. The estimated 
level was of a child of 19 months. Brain MRI showed no 
abnormalities. WES revealed a heterozygous de novo non-
sense mutation in the HNRNPU gene [NM_031844.2; 
chr1: g.245027087G>A [GRCh37/hg19]; c.523C>T; 
p.(Gln175*)].

A schematic representation of HNRNPU with its func-
tional domains and the location of the described variants 
are depicted in Fig.  2. The phenotypes of the seven indi-
viduals with HNRNPU variants are compared to the seven 
recently published individuals with HNRNPU variants and 
the phenotypes of individuals with 1q44 deletions includ-
ing the HNRNPU gene (Table 2; Ballif et al. 2012; Caliebe 
et  al. 2010; Depienne et  al. 2017; Nagamani et  al. 2012; 
Thierry et al. 2012; van Bon et al. 2008).

Discussion

Hn RNP U plays an important role in mammalian 
development

The large family of hnRNPs plays a crucial role in the 
splicing process and affects cellular homeostasis in 
health and several diseases, such as cancer and neurode-
generative diseases (Geuens et al. 2016). Different stud-
ies have demonstrated that the family member hnRNP U 
plays a crucial role in mammalian development. A hypo-
morphic mutation of Hnrnpu causes early embryonic 
lethality in mice (Roshon and Ruley 2005). A conditional 
knockout mouse, in which Hnrnpu is only deleted in the 
heart, revealed that hnRNP U is necessary for postnatal 
heart development and function in mice (Ye et al. 2015). 
RNA-sequencing data of Hnrnpu mutant hearts showed 
defective alternative splicing (Ye et al. 2015). More spe-
cifically, in  vitro experiments displayed that hnRNP U 
is involved in the control of alternative splicing by the 
regulation of U2 snRNP maturation (Xiao et  al. 2012). 
In addition, hnRNP U has also been implicated in many 
other processes of RNA metabolism, such as RNA trans-
port and stability control (Xiao et al. 2012). HNRNPU is 
expressed at low levels in the fetal brain and adult heart, 
kidney, liver, brain and cerebellum (Thierry et al. 2012). 
The haploinsufficiency index for HNRNPU is 7.65% and 
the pLI score is 1.00 indicating a high likelihood that 
HNRNPU exhibits haploinsufficiency and is intolerant to 
loss-of-function (LoF) mutations (https://decipher.sanger.

https://decipher.sanger.ac.uk/
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ac.uk/). A haploinsufficiency index of 0–10% indicates 
that a gene is more likely to exhibit haploinsufficiency, 
while a haploinsufficiency index of 90–100% indicates 
that a gene is more likely to not exhibit haploinsufficiency 

(https://decipher.sanger.ac.uk/). Genes with pLI ≥ 0.9 are 
extremely intolerant to LoF mutations, whereas genes 
with pLI  ≤  0.1 are tolerant to LoF mutations (https://
decipher.sanger.ac.uk/). Due to the above-mentioned 

Table 2   Clinical features of patients with HNRNPU variants and comparison to previously published individuals with HNRNPU variants 
(Depienne et al. 2017) and microdeletions in the 1q44 region

n.a. not available, n.d. not described
a  Only the individuals with a deletion encompassing HNRNPU were included, e.g., 10 of 22 individuals described by Baliff et al. have a deletion 
covering HNRNPU

Clinical features This study 
(7)

Depienne 
et al. (7)

van Bon et al. 
(10/11)*

Caliebe et al. 
(4/4)*

Ballif et al. 
(10/22)*

Nagamani 
et al. (3/7)*

Thierry et al. 
(11/11)a

Total

General features

 Severe ID 6/6 7/7 10/10 4/4 n.a. 3/3 11/11 50/50

 Microcephaly 2/7 1/6 8/10 3/4 3/8 3/3 3/11 23/49

 Hypotonia 6/7 3/5 10/10 4/4 n.a. 1/3 4/9 28/38

 Speech impair-
ment

6/6 7/7 10/10 4/4 n.a. n.a. 10/10 37/37

 Seizures 6/7 6/7 9/10 4/4 8/10 2/3 11/11 46/52

 Corpus callosum 
abnormalities

1/6 2/6 8/9 4/4 3/7 3/3 1/11 22/46

 Short stature 4/7 3/6 7/10 2/4 3/6 1/2 4/11 24/46

Facial features

 Prominent 
metopic ridge

2/7 n.a. 5/10 0/4 0/1 n.a. n.a. 7/21

 Deep set eyes 5/7 n.a. 5/10 n.a. 1/1 n.a. n.a. 11/18

 Hypertelorism 5/7 n.a. 2/10 3/4 1/1 1/1 4/10 16/23

 Depressed nasal 
bridge

3/7 n.a. 4/10 0/4 n.a. 1/1 n.a. 8/22

 Short nose 4/7 n.a. 8/10 n.a. 1/1 n.a. n.a. 13/18

 Anteverted nares 4/7 n.a. 7/9 1/4 1/1 n.a. n.a. 13/21

 Bulbous nasal tip 6/7 n.a. 8/10 n.a. 1/1 n.a. 5/10 20/28

 Long philtrum 3/7 n.a. 4/10 1/4 1/1 n.a. 4/10 13/32

 Thin upper ver-
million

3/7 n.a. 6/10 3/4 1/1 n.a. n.a. 13/22

 Eversion of upper 
lip

4/6 n.a. 4/9 n.a 1/1 n.a. n.a. 9/16

 Micro/retrog-
nathia

1/7 n.a. 0/10 2/4 n.a. n.a. n.a. 3/17

 Teeth abnormali-
ties

5/6 n.a. 4/9 n.a. 1/1 n.a. 1/1 11/17

 Short neck 4/7 n.a. n.a. 0/4 n.a. n.a. n.a. 4/11

 Low set ears/ear 
abnormalities

5/7 n.a. 5/10 0/4 n.a. n.a. 4/10 14/31

Other features

 Other CNS abnor-
malities

5/6 2/6 n.a. 4/4 n.a. 3/3 8/11 22/30

 Feeding difficul-
ties

4/7 2/5 5/10 0/4 n.a. n.a. n.a. 11/26

 Hearing deficit 1/6 n.d. 0/10 n.a. n.a. n.a. n.a. 1/16

 Cardiac abnor-
malities

4/6 1/5 3/10 2/4 n.a. 2/3 n.a. 12/28

 Renal abnormali-
ties

3/4 n.d. 2/10 1/4 n.a. n.a. 1/1 7/19

https://decipher.sanger.ac.uk/
https://decipher.sanger.ac.uk/
https://decipher.sanger.ac.uk/
https://decipher.sanger.ac.uk/
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murine developmental phenotypes, the expression pat-
tern, and the 1q44 microdeletion phenotypes (as dis-
cussed below), HNRNPU presents a promising candidate 
gene for neurodevelopmental phenotypes.

The 1q44 microdeletion phenotypes

Many studies describing the phenotypes of individuals 
with 1q43q44 deletions have been published and it has 
been discussed in great detail which gene could be causa-
tive for the main clinical features such as ID, speech 
delay, seizures, CCA, and microcephaly (Ballif et  al. 
2012; Boland et al. 2007; Caliebe et al. 2010; Hill et al. 
2007; Nagamani et  al. 2012; Poot 2013; Thierry et  al. 
2012; van Bon et  al. 2008). However, there were some 
discrepancies between these studies with regard to the 
deleted critical regions and the associated phenotypes. In 
addition, sequencing of the AKT3 gene in a cohort with 
45 patients with agenesis of the corpus callosum (Boland 
et  al. 2007) and sequencing of the HNRNPU gene in a 
cohort with 191 ID patients (Thierry et  al. 2012) did 
not reveal any pathogenic variants. Caliebe and col-
leagues concluded that other genes and other mechanisms 
besides hemizygosity, e.g., for AKT3 or HNRNPU may 
be involved in the phenotypic variability of these indi-
viduals, but HNRNPU sequencing might be worthwhile 
in patients with CCA (Caliebe et al. 2010). Other studies 
suggested that HNRNPU, FAM36A, and HNRNPU-AS1 
(also referred to as NCRNA00201) are promising candi-
date genes for ID and seizures (Ballif et al. 2012; Thierry 
et al. 2012). In summary, conflicting data and phenotypic 
variability among the 1q44 deletion-positive individuals 
did not allow for the identification of a single causative 
gene for selected clinical features, but there was strong 
support for HNRNPU being a candidate gene for ID and 
seizures. Recently, Depienne and colleagues reported 
on seven individuals with HNRNPU mutations present-
ing with epilepsy and developmental delay (DD)/ID 
(Depienne et al. 2017), which will be discussed in more 
detail below.

Mutational spectrum of HNRNPU variants

In this study, we present detailed clinical descriptions of 
seven individuals with HNRNPU variants including three 
non-sense and two missense variants, one intragenic dele-
tion, and one duplication. Based on these findings, we 
suspect haploinsufficiency to be the major pathogenic 
mechanism. Depienne et  al. reported on one non-sense, 
four frameshift, and two splice site HNRNPU mutations 
(Depienne et  al. 2017). The two missense variants identi-
fied in our study, p.(Arg324Gly) and p.(Ser378Pro), result 
in the substitution of the affected amino acids to amino 

acids with different chemical and steric properties, and 
are located within the B30.2/SPRY domain of the pro-
tein (Fig.  2). B30.2/SPRY domains, which mediate pro-
tein–protein interactions, have been found in many protein 
families involved in a variety of functions in different bio-
logical processes (Perfetto et al. 2013). The 198aa-domain 
of HNRNPU is conserved to almost 100% identity in all 
mammalian HNRNPU orthologues, and even its coding 
DNA sequence is highly conserved. Although no specific 
function of the two affected amino acids is known, it is 
well conceivable that the predicted amino-acid substitu-
tions in this extremely invariable domain influence protein 
function.

Individual 1 also carries a heterozygous de novo 
frameshift mutation in the KDM6B gene. The KDM6B gene 
(also known as JMJD3) encodes a H3K27 demethylase. 
Its deletion in mice leads to impaired neuronal differentia-
tion (Park et al. 2014). To date, there are no relevant vari-
ants listed in the Decipher database, and to the best of our 
knowledge, KDM6B has not been associated with a clinical 
phenotype, so that it remains unclear whether the KDM6B 
variant influences the individual’s phenotype. However, 
the clinical overlap of individual 1 to the HNRNPU- and 
1q44-associated spectrum (as discussed below) supports 
the notion that the HNRNPU variant explains at least part 
of his phenotype.

Individual 5 carries a duplication with a minimal size 
of 108 kb including the first three exons of HNRNPU and 
the first exon of EFCAB2 (no OMIM reference). Unfortu-
nately, we are not able to prove the location of the dupli-
cated fragment as were unable to collect additional mate-
rial from the deceased individual to determine the effect 
of this variant on HNRNPU function. There were no other 
likely causative variants identified in WES and individual 5 
showed features at the severe end of the HNRNPU-associ-
ated spectrum. Thus, this duplication presents an important 
finding and calls for further evaluation of a larger number 
of patients with similar duplications.

In summary, our study broadens the clinically relevant 
mutational spectrum of the HNRNPU gene.

HNRNPU variants cause epilepsy and severe ID

Our phenotypic analysis yielded the following HNRNPU-
associated phenotype. All individuals presented with 
severe ID (6/6) with the exception of the newborn indi-
vidual 5, who passed away at the age of 2 months. Speech 
impairment was severe in all individuals (6/6). More spe-
cifically, three individuals (1, 3, and 6) were non-verbal, 
two individuals (2 and 4) showed hardly any speech, and 
individual 7 spoke words and short sentences. Most indi-
viduals displayed early onset seizures (6/7, age of onset: 
neonatal to 16 months) except individual 2, who showed 
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fever-related seizures only at a young age with a normal 
EEG. In individual 5, we cannot exclude that the neona-
tal seizures could possibly be due to structural malforma-
tions and ventricular hemorrhage. The epilepsy-associ-
ated findings are similar to those reported by Depienne 
et al. with 6/7 individuals with HNRNPU variants show-
ing early onset epilepsy and 7/7 individuals presenting 
with moderate to severe ID with severe speech impair-
ment (Depienne et  al. 2017). In addition, most indi-
viduals in our study (5/6) demonstrated structural CNS 
abnormalities as detected by brain MRI, such as cerebral 
atrophy, heterotopia, wide ventricles, but with no appar-
ent pattern among the affected individuals. Teeth abnor-
malities, such as large incisors or crowded teeth, were 
another common feature (5/6) as well as hypotonia (6/7). 
Teeth abnormalities were not mentioned by Depienne and 
colleagues, CNS abvnormalities was reported in 3/6, and 
hypotonia was noted in 3/5 individuals (Depienne et  al. 
2017).

Only individual 1 displayed an abnormal corpus cal-
losum (1/6), similar to the numbers reported by Depienne 
et al. (2/6) (Depienne et al. 2017). Only two individuals in 
our cohort presented with microcephaly (2/7) as well as 
one individual in the cohort published by Depienne et  al. 
(1/6) indicating that HNRNPU does not play a crucial role 
in corpus callosum development or in the pathogenesis of 
microcephaly. Depienne and colleagues provide a detailed 
discussion of the role of ZBTB18 in CC development and 
the role of AKT3 in microcephaly (Depienne et al. 2017).

Although the facial phenotypes of some individuals, e.g., 
individuals 1 and 2 show resemblance to previously pub-
lished individuals [patient 6 published by van Bon et  al. 
(2008); patient 3 published by Thierry et al. (2012); patient 
17 published by Ballif et al. (2012)]. Individual 1 presented 
with a HNRNPU missense mutation, while individual 2 pre-
sented with a HNRNPU non-sense mutations, so that there 
does not seem to be a correlation between the type of muta-
tion and the occurrence of the facial phenotype. Overall, 
phenotypic comparison of our HNRNPU-mutation-positive 
individuals does not lead to a recognizable facial phenotype 
(Fig. 1; Table 1). Interestingly, 4/6 individuals in our cohort 
displayed cardiac abnormalities and 3/4 individuals showed 
renal abnormalities, while only 1/6 individuals reported by 
Depienne et al. presented with cardiac abnormalities and no 
renal abnormalities were described (Depienne et al. 2017). 
The reason for the discrepant numbers between the two 
cohorts and for the low number of patients with 1q44 micro-
deletions displaying cardiac or renal abnormalities remains 
unclear. Additional studies and the investigation of addi-
tional individuals with HNRNPU variants are needed to elu-
cidate the role of HNRNPU in cardiac and renal diseases.

In summary, we broaden the clinical and mutational 
spectrum of heterozygous HNRNPU variants, which lead to 

early onset epilepsy and severe ID with speech impairment 
and variable CNS, cardiac, and renal abnormalities.
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