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HNRNPR Variants that Impair Homeobox Gene Expression
Drive Developmental Disorders in Humans

Floor A. Duijkers,1 Andrew McDonald,2,13 Georges E. Janssens,2,13 Marco Lezzerini,2,13 Aldo Jongejan,3

Silvana van Koningsbruggen,1 Wendela G. Leeuwenburgh-Pronk,4 Marcin W. Wlodarski,5

Sébastien Moutton,6,7,8 Frédéric Tran-Mau-Them,6,7 Christel Thauvin-Robinet,6,7,8 Laurence Faivre,6

Kristin G. Monaghan,9 Thomas Smol,10,11 Odile Boute-Benejean,10,11 Roger L. Ladda,12 Susan L. Sell,12

Ange-Line Bruel,6,7 Riekelt H. Houtkooper,2 and Alyson W. MacInnes2,*

The heterogeneous nuclear ribonucleoprotein (HNRNP) genes code for a set of RNA-binding proteins that function primarily in the spli-

ceosome C complex. Pathogenic variants in these genes can drive neurodegeneration, through a mechanism involving excessive stress-

granule formation, or developmental defects, through mechanisms that are not known. Here, we report four unrelated individuals who

have truncating or missense variants in the same C-terminal region of hnRNPR and who have multisystem developmental defects

including abnormalities of the brain and skeleton, dysmorphic facies, brachydactyly, seizures, and hypoplastic external genitalia. We

further identified in the literature a fifth individual with a truncating variant. RNA sequencing of primary fibroblasts reveals that these

HNRNPR variants drive significant changes in the expression of several homeobox genes, as well as other transcription factors, such as

LHX9, TBX1, andmultipleHOX genes, that are considered fundamental regulators of embryonic and gonad development. Higher levels

of retained intronic HOX sequences and lost splicing events in the HOX cluster are observed in cells carrying HNRNPR variants, suggest-

ing that impaired splicing is at least partially driving HOX deregulation. At basal levels, stress-granule formation appears normal in pri-

mary and transfected cells expressing HNRNPR variants. However, these cells reveal profound recovery defects, where stress granules fail

to disassemble properly, after exposure to oxidative stress. This study establishes an essential role for HNRNPR in human development

and points to a mechanism that may unify other ‘‘spliceosomopathies’’ linked to variants that drive multi-system congenital defects and

are found in hnRNPs.
Introduction

The heterogeneous ribonucleoprotein R (hnRNPR) protein

is a part of a multi-megadalton complex, termed the spli-

ceosome C, that functions in the nucleus to process and

transport mRNA.1 At least 20 abundant hnRNPs have

been designated the ‘‘core’’ hnRNP proteins (hnRNPA1

through hnRNPU) on the basis of their association with

nascent RNA transcripts.2,3 These hnRNPs are increasingly

viewed as multi-functional, their roles extending past

splicing in the nucleus to operating at several levels of

gene regulation.4

The localization of certain hnRNPs is not limited to the

nucleus; some hnRNPs are observed shuttling in and out

of the cytoplasm.5,6 In the cytoplasm, some hnRNPs

have been found localized in stress granules. These are

dense aggregations of protein, RNAs, and stalled initia-

tion complexes that appear when cells are exposed

to acute oxidative stress.7,8 Stress granules appear very
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rapidly upon cellular exposure to oxidative insult and

serve to retain and protect mRNAs that are not immedi-

ately required for the stress response. When the insult

is over, the stress granules dissipate, and the mRNAs are

released and then free to associate with the translation

machinery. Excessive formation of stress granules is a

feature of cells carrying HNRNPA1 and HNRNPA2/B1

variants that drive degenerative diseases such as amyo-

trophic lateral sclerosis 1 (ALS1; MIM: 105400) and

frontotemporal dementia (FTD; MIM: 600274).9,10 These

variants occur in the ‘‘prion-like domains’’ (PrLDs) of the

hnRNPs. These domains are generally low in complexity,

unstructured, and enriched in glycines and uncharged

polar amino acids (especially arginine, glutamine, and

tyrosine).11 These PrLD-residing variants appear to aggra-

vate the tendency of the hnRNPA1 and A2/B1 proteins

to self-polymerize, leading to increases of pathologic

cellular inclusions in the motor neurons of affected

individuals.9,10
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jon, France; 8Centre de Génétique et Centre de Référence Anomalies du Dé-
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Beyond neurodegeneration, several variants in genes

coding for hnRNPs have also been reported in humans

with neurodevelopmental defects and syndromic features.

Variants in HNRNPK are found in Au-Kline syndrome

(AUKS; MIM: 616580); variants in HNRNPH2 link to

X-linked, syndromic, Bain type mental retardation

(MRXSB;MIM:300986); andvariants inHNRNPU are linked

to early infantile epileptic encephalopathy-54 (EIEE54;

MIM: 617391). The clinical phenotypes described within

these syndromes include intellectual disability (ID), sei-

zures, facial dysmorphism, abnormalities of the skeleton,

and in some cases, defects in the central nervous system,

heart, and kidneys.12–17 However, despite these indications

that hnRNPs have a function in neurodevelopment, the

pathophysiological role of the variants reported to be in

the genes coding for these proteins is unknown.

Here, we report de novo truncating and missense variants

in HNRNPR in four unrelated individuals presenting with

overlapping neurodevelopmental phenotypes and dys-

morphic features. Our functional analysis of cells carrying

these variants reveals a deregulation of the expression of

several homeobox and T-box genes with well-established

roles in embryonic development, and it indicates that

the full-length hnRNPR protein is required to maintain

the tight regulation of these genes.
Material and Methods

Individuals Participating in this Study
Written informed consent was obtained from the affected individ-

uals and/or their parents prior to inclusion in this study, which

was performed in accordance with the ethical standards of the

Declaration of Helsinki. All procedures were carried out according

to the ethical standards of the Amsterdam Universitair Medische

Centra (UMC), the Université de Bourgogne-Franche Comté, the

Université de Lille, and Penn State Children’s Hospital, as well as

their respective national boards.
Whole-Exome Sequencing
Whole-exome sequencing (WES) was performed with a trio diag-

nostic approach (affected individual and both parents). Libraries

were prepared with the Kapa HTP kit (Illumina), and in

the Netherlands, capture was performed with the SeqCap EZ

MedExomekit (RocheNimbleGen). In France and theUSA, theAgi-

lent CRE capture kit (Agilent Technologies) was used. Sequencing

was done on an Illumina HiSeq2500 (USA) or HiSeq4000

(Netherlands and France) HTv4 with paired-end, 125 bp reads.

The read alignment to GRCh37 (hg19) and the variant calling

were done with a pipeline based on the Burrows-Wheeler Aligner

BWA-MEM 0.7 and the Genome Analysis Toolkit (GATK) 3.3.0.

The median coverage of the captured target region was at least

1003. Variant annotation andprioritizingwere donewithCartage-

nia Bench Lab next-generation-sequencing (NGS) (Agilent Tech-

nologies).We excluded variants located outside the5 6 nucleotide

exons and intron/exon boundaries and variants with a minor

allele frequency (MAF) of >1% in control databases, including

dbSNP137; the 1000 Genomes Project (release of February, 2012);

the Exome Variant Server (EVS), the National Heart, Lung, and
The America
Blood Institute (NHLBI) Exome Sequencing Project GO (ESP5400

release); and our in-house exome controls. Variants that fit with a

de novo or recessive mode of inheritance were further analyzed.

Cell Lines and Cell Culture
Fibroblasts were obtained by a punch biopsy in the upper arm and

maintained in DMEM (GIBCO) þ 10% fetal calf serum (FCS) and

1% penicillin/streptomycin. Lymphoblastoid cell lines (LCLs)

were derived from Epstein-Barr virus (EBV)-immortalization of

peripheral mononuclear cells isolated from whole blood with

Ficoll (GE Life Sciences) and grown in RPMI (GIBCO) containing

15% FCS, 1% L-glutamine, and 1% penicillin/streptomycin, as

previously described.18 HeLa cells were maintained in DMEM

(GIBCO) þ 10% FCS and 1% penicillin/streptomycin.

Plasmids
N-terminal, HA-tagged wild-type (GenBank: 001102398), and

mutant hnRNPR genes were synthesized and cloned into

pCDNA3.1(-) (Invitrogen) by Genscript Biotech, and the se-

quences were verified by Sanger sequencing.

HeLa Cell Transfection
HeLa cells were plated in a 6-well dish between 70%–80% conflu-

ency. The following day, HA-tagged hnRNPR plasmids from WT,

c.1609dupG (p.Ala537Glyfs*10), or c.1652dupG (p.Pro552Serfs*34)

were expressed by transfection with jetPRIME DNA and siRNA

transfection reagent (Polyplus transfection, #114-15) according

to the manufacturer’s specifications. In brief, a transfection mix

consisting of 2 mg DNA (unless otherwise specified), 4 ml jetPRIME

reagent, and 200 ml jetPRIME buffer was used in each well. Cells

were harvested after a 24 hr incubation with transfection mix (at

37� C) and processed accordingly.

Confocal Analysis
Fibroblasts or transfected HeLa cells were plated to 50% conflu-

ence on glass coverslips in a 24-well plate. The following day, cells

were treated for 60 min with 1 mM sodium arsenite (Sigma

#S7400) dissolved in DMEM þ 10% FCS at 37�C. For recovery ex-

periments, cells were washed 33 with 13 PBS before the medium

was replaced with fresh DMEM þ10% FCS. Cells were fixed for

10 min at room temperature (RT) with 2% paraformaldehyde

(Sigma #P6148) in PBS and washed 23 with PBS. Cells were then

permeabilized for 5 min at RT with 0.1% Triton X-100 (Sigma

#T8787) in PBS and washed 33 with PBS. Cells were then blocked

for 30 min at RT with 1% BSA (Sigma #A2153) in PBS, and then

they were incubated 1:100 in blocking buffer at RT for 30 min

with antibodies against G3BP1 (BD Transduction Laboratories

#611126), TIA1 (Abcam #ab40693), hnRNPR (Atlas Antibodies

#HPA026092), or HA (Santa Cruz Biotechnology #sc-57592). Cells

were then incubated at RT for 30 min with anti-mouse or anti-rab-

bit immunoglobulin conjugated to biotin and diluted at 1:200 in

blocking buffer (Dako #E0433 [mouse] or #E0432 [rabbit]), then

they were washed23 with PBS and subjected to a final incubation

in the dark for 30 min at RT with streptavidin conjugated to FITC

(Thermo Fisher Scientific #11-4317-87), or Alexa Fluor 633 (Life

Technologies #A21052 [mouse] or #A21070 [rabbit]) at a 1:200

dilution in blocking buffer. Cells were then washed 33 with PBS

and mounted on slides with Prolong Gold Antifade Mountant

(Thermo Fisher Scientific #P36935) and left to dry overnight in

the dark at RT. Images were acquired with a Leica SP-8 confocal

microscope. For quantifications, biological triplicates of each
n Journal of Human Genetics 104, 1040–1059, June 6, 2019 1041



conditionwere generated on different days and analyzed by gener-

ating 333 tiles at 403objective three times from each slide.
Immunoblots
LCLs or trypsinized transfected HeLa cells were washed 13 with

13 PBS and resuspended in RIPA buffer containing cOmplete

Mini EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich). Ly-

sates were incubated in ice for 10 min and then centrifuged at

14,000 rpm for 10min in a pre-chilled centrifuge to remove debris.

Protein quantification of the supernatant was carried out with

bicinchoninic acid (BCA) assay, and equal amounts of protein

(20–30 mg) were loaded onto NuPAGE Novex 4%–12% Bis-Tris

Gel 1.5 mm, 10 Well (Invitrogen). Resolved protein lysates were

subsequently transferred to nitrocellulose membranes via iBlot 2

Transfer Stacks (Invitrogen) for 7 min at 14 V in iBlot 2 Dry Blot-

ting System (Invitrogen). Membranes were blocked for 1 h in 5%

dried milk in PBS-T at RT on a rocking platform before being

probed with rabbit anti-hnRNPR polyclonal antibody at 1:1000

(Novusbio, NBP1-89676), HA tag antibody (4810) (Novus Biologi-

cals, NBP2-43714), or mouse anti-bactin monoclonal antibody at

1:5000 (Sigma, A5441). Next, they were incubated with appro-

priate secondary antibodies, then subjected to chemifluorescence

detection.
RNA Isolation
Total RNA was isolated with TRIzol reagent (Invitrogen) according

to the manufacturer’s instructions. RNA was next treated with

RNase-Free DNase Set (QIAGEN) for DNA removal and then with

RNeasy MinElute Cleanup Kit (QIAGEN) for RNA concentration

and purification.
RNA Sequencing
Primary fibroblasts from two affected individuals (one male and

one female) were compared with fibroblasts from two healthy

controls (one male and one female). Samples were processed

and sequenced at a depth of 50 million reads by Genome Scan

for Illumina sequencing platform with the NEBNext Ultra Direc-

tional RNA Library Prep Kit (NEB #E7420) according to the man-

ufacturer’s instructions. In brief, rRNA was depleted from total

RNA with the rRNA depletion kit (New England Biotech

#E6310). After fragmentation of the rRNA-reduced RNA, a

cDNA synthesis was performed in order to ligate the sequencing

adapters and perform PCR amplification of the resulting product.

The quality and yield after sample preparation was measured

with the Fragment Analyzer. The size of the resulting products

was consistent with the expected size distribution (a broad peak

between 300–500 bp). Clustering and DNA sequencing with the

Illumina cBot and HiSeq 4000 was performed according to the

manufacturer’s protocol with a concentration of 3.0 nM of

DNA. HiSeq control software HCS v3.4.0 was used to run the

HiSeq sequencing platform and perform image analysis, base call-

ing, quality checks, and conversion of the data into fastq format

with the Illumina data analysis pipeline RTA v2.7.7 and Bcl2fastq

v2.17 tools.

The quality of the reads in the fastq files was confirmed with

FastQC version 0.11.4. FastQC performs multiple quality tests

and provides the user with warnings about possible problems

with the raw data. Paired-end reads were mapped to the

H. sapiens genome with HISAT2 version 2.1.0.19 After successful

mapping, the counts per gene were extracted from the .SAM files

with HTSeq version 0.9.1.20
1042 The American Journal of Human Genetics 104, 1040–1059, Jun
The statistical analysis was performed in R with DESeq2 version

1.16.1.21 DESeq2 models the raw counts with the negative bino-

mial distribution and normalizes between samples by calculating

size factors using the median ratio method.22 The statistical test

is based on a generalized linear model (GLM) that uses the nega-

tive binomial model as an error distribution model. To more accu-

rately model dispersion parameters, the trend of dispersion to

abundance is taken into account via an empirical Bayes procedure.

The significance of the GLM coefficients are determined by aWald

test.
Results

Five Unrelated Individuals Carry Variants in HNRNPR

We identified three unrelated individualswhohave overlap-

ping clinical characteristics, includingdevelopmental delay,

microcephaly, seizures, facial dysmorphism, brachydactyly,

andothercongenital abnormalities, andadenovo truncating

variant in HNRNPR (GenBank: NM_001102398.2). One in-

dividual (P1) harbors a c.1609dupG (p.Ala537Glyfs*10)

variant, and two individuals (P2 and P3) have the same

c.1652dupG (p.Pro552Serfs*34) variant. Additionally, we

identified a fourth individual (P4) who has developmental

delay, microcephaly, facial dysmorphism, brachydactyly,

and other congenital abnormalities and harbors a

c.1763G>A (p.Arg588His) missense variant in HNRNPR.

We then received some clinical information regarding a

previously reported individual (P5) who has epileptic

encephalopathy and a truncating variant (c.1663C>T

[p.Gln555Ter]) in the last exon of HNRNPR.23 We were able

to surmise that the neurodevelopmental phenotype and

brain MR imaging of individual P5 revealed developmental

delay, corpus callosum agenesis, and cerebellar vermis

hypoplasia, all of which are quite comparable to P2 and P4

in our study (Ambry Genetics, personal communication).

Although the clinical information we were able to gather

on this individual is limited, the similar C-terminal trun-

cating variant inHNRNPR coupled to the similar clinical fea-

tures that we were able to obtain leads us to believe that the

genotype-phenotype correlation of this individual matches

the others in this study. All individuals were born after a

normal pregnancy and have healthy, non-consanguineous

parents. The clinical information of individuals P1–P5 is

summarized in Table 1. A full description of the clinical

phenotypes is located in the Supplemental Note. Contact

between the clinics was established through an entry for

HNRNPR in GeneMatcher.24

Three individuals described in this paper and one indi-

vidual described in the literature23 have a truncating

variant in the last exon of HNRNPR, and one individual

harbors amissense variant in the same exon. None of these

variants have been previously reported in variant popula-

tion databases such as ExAC or gnomAD. The p.Arg588His

variant substitutes a conserved arginine residue and is

predicted to be ‘‘probably damaging,’’ ‘‘not tolerated,’’ or

‘‘disease causing’’ by PolyPhen-2, MutPred2, SIFT, and

Mutation Taster.25–28 The CADD score for the p.Arg588His
e 6, 2019



Table 1. Clinical Features of Individuals Carrying HNRNPR Variants

This Study Previously Published Case23

Individual 1 (P1) Individual 2 (P2) Individual 3 (P3) Individual 4 (P4) Individual 5 (P5)

hnRNPR variant c.1609dupG
(p.Ala537Glyfs*10)

c.1652dupG (p.Pro552Serfs*34) c.1652dupG (p.Pro552Serfs*34) c. 1763G>A (p.Arg588His) c.1663C>T, (p.Gln555Ter)

Sex f m f m NA

Age at last follow-up 12 years 3 years 10 years 8 years infant

Height (percentile) 140 cm (90th) 83 cm (<1st) 112.4 cm (3rd) 101 cm (<1st) NA

Weight (weight per
height percentile)

43 kg (95th) 10.6 kg (10th) 23.8 kg (95th) 13.4 kg (<1st) NA

Head circumference
(percentile)

49 cm (<1st;
50th at birth)

44 cm (<1st; 30th at birth) 44,5 cm (3rd; unknown at birth) 48 cm (<1st; 50th at birth) NA

Neurological Features

Developmental delay severe moderate to severe moderate (IQ 52) severe þ

Seizures þ (febrile) þ þ � þ (epileptic encephalopathy)

Generalized hypotonia þ � þ þ NA

Brain abnormalities; magnetic
resonance imaging

short corpus callosum
(conserved proportions
with microcephaly)

hypoplastic corpus callosum,
frontal atrophy, cerebellar
vermis hypoplasia

microcephaly short corpus callosum, cerebellar
vermis hypoplasia, microcephaly

corpus callosum agenesis,
cerebellar vermis hypoplasia

Behavior Stereotypic movements,
attention deficit disorder

Stereotypic movements,
attention deficit disorder

Stereotypic movements, pervasive
developmental disorder

� NA

Cardiac defects � VSD � � NA

Urogenital defects � cryptorchidism, micropenis hypoplastic labia � NA

Facial dysmorphism þ þ þ þ mild

Unusual head hair
1st year of life

þ þ þ NA NA

Brachycephaly � þ þ þ NA

Face shape bitemporal narrowing round, bitemporal narrowing angular lower facies, round face round face NA

Ear abnormalities þ þ þ þ NA

Upslanted palpebral
fissures

þ þ þ � NA

Telecanthus � þ � � NA

Short palpebral fissures þ þ � � NA

Abnormal nasal bridge wide depressed narrow � NA

(Continued on next page)
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Table 1. Continued

This Study Previously Published Case23

Low columella � � þ þ NA

Tooth abnormalities þ þ þ � NA

Micrognathia and/or
retrognathia

� þ þ þ NA

Short and/or broad neck � þ þ � NA

Thorax and/or Spine

Rib abnormalities � 11 rib pairs Hypoplastic 12th rib pair;
abnormal articulation of
the costovertebral
junction and ribs

� NA

Abnormalities in vertebra
and/or pelvis

coxa valga hip dysplasia Subtle narrowing interpediculate
distance lumbosacrally, increased
cartilage pelvis, widening
symphysis pubis, scoliosis

� NA

Extremities

Short hands � þ þ þ NA

Short feet þ þ þ � NA

Pes valgus þ � � þ NA

Brachydactyly þ þ þ þ NA

Broad thumb and/or
big toe

þ 5 5 � NA

Clinodactyly in digit 2
of the hands and feet

þ þ � � NA

Hypoplastic end phalanges
of the fifth digit and/or
toe and clinodactyly

þ þ þ þ NA

Eye Abnormalities

Abnormal retina � Pale retina, pale papillae � Pale ret NA

Oculomotor defects � � þ � NA

Nystagmus � þ � � NA

Hypermetropia þ � þ � NA

Strabismus þ þ þ � NA
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The Ame
rica
variant (chromosome 1, position 23637095, CADD

GRCH37-v1.4) is 33, suggesting that it is highly patho-

genic.29 The degree of developmental delay in the four in-

dividuals included in this study is moderate to severe, and

they all have severe feeding difficulties. They all have

microcephaly and facial dysmorphism that is partly iden-

tical, e.g., upslanted palpebral fissures (Figures 1, S1, and

S2). However, some facial characteristics are different,

and some features are only present in two or three of the

four individuals (see also Table 1 and Figure 1). Brachydac-

tyly is present consistently and most outspoken in the first

and fifth ray of the hand (Figures 2 and S3). Abnormalities

of the toes are also observed in P1–P3 (Figure S4). Only 11

rib pairs are present in P2 and P3 (Figure S5). Also present

are other differences, such as the presence of cardiac abnor-

malities (P2), structural brain abnormalities, apart from

microcephaly, such as reduced corpus callosum and cere-

bellar vermis hypoplasia (P2, P4, and P5) (Figures 1D, 1E,

and S6), genital abnormalities (P2 and P3), and the

differing extent of skeletal defects. Taken together, it is

clear that many similarities exist between these individ-

uals; however, it is difficult to say at this moment in time

if this is a recognizable phenotype.

HNRNPR Mutations Truncate a Predicted Prion-like

Domain

Fibroblasts and immortalized lymphoblast cell lines

(LCLs) were generated from two individuals with HNRNPR

variants; one individual (P1) harbored the c.1609dupG

(p.Ala537Glyfs*10) variant and one (P2) harbored

the c.1652dupG (p.Pro552Serfs*34) variant. Sanger

sequencing verified the presence of these variants

(Figure 3A). Both of these variants lie in the hnRNPR argi-

nine/glycine-rich domain (RGG domain), a motif that

mediates interactions between proteins and nucleic acids

(frequently via methylation of the arginine residues).30

As such, these truncating variants in P1 and P2 are pre-

dicted to abolish the protein’s glutamine/asparagine-rich

domain (QN domain), a domain that is commonly found

in prion proteins and that drives self-propagating amyloid

fibrils in neurodegenerative diseases such as Huntington

(Figure 3B).31 Moreover, the p.Ala537Glyfs*10 variant

is predicted to truncate two of the four arginine res-

idues that are known to be methylated by PRMT1 in

the RGG domain,32 although the p.Pro552Serfs*34 and

p.Gln555Ter variants should truncate only the last of the

four sites (Figure 3B). Themissense variant p.Arg588His oc-

curs in the QN domain (Figure 3B). As mentioned above,

none of these variants nor the p.Gln555Ter variant23

have been reported in variant population databases. In

fact, the gnomAD database reports far fewer observed

numbers of variants of HNRNPR compared to expected

numbers [expected/observed synonymous variants ¼
125.2/112 (Z ¼ 0.93, o/e ¼ 0.89); expected/observed

missense variants ¼ 364/174 (Z ¼ 3.54, o/e ¼ 0.48); ex-

pected/observed loss-of-function (LoF) ¼ 30/2 (pLI ¼ 1,

o/e ¼ 0.07)]. These expected/observed ratios and the pLI
n Journal of Human Genetics 104, 1040–1059, June 6, 2019 1045
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Figure 1. Facial Features and MRIs of Individuals Carrying Vari-
ants in HNRNPR
(A) Individual 1 (P1), who carries the heterozygous variant
c.1609dupG (p.Ala537Glyfs*10). The photographs were taken
when the subject was 12 years of age.
(B) Individual 2 (P2), who carries the heterozygous variant
c.1652dupG (p.Pro552Serfs*34). The photographs were taken
when the subject was 3 years of age.
(C) Individual 3 (P3), who carries the heterozygous variant
c.1652dupG (p.Pro552Serfs*34). The photographs were taken
when the subject was 4 1/4 years of age.
(D) Magnetic resonance images (MRIs) of P2 taken when the sub-
ject was 1 week of age. A small cerebellum can be observed. Arrow-
heads indicate the frontal atrophy, and an arrow indicates the
reduced corpus callosum.
(E) MRIs of P4 taken when the subject was 7 years and 10 months
of age. An arrow indicates the reduced corpus callosum.
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score suggest that LoF variants are especially not tolerated

well in HNRNPR.

Immunoblot analysis of LCLs done with antibodies

against hnRNPR reveals the presence of the truncated pro-

teins in addition to the full-length and short isoforms of

hnRNPR (Figure 3C). It appears that the p.Ala537Glyfs*

10 variant is co-migrating with the short isoform of

hnRNPR because this band is more intense than that in

the healthy control cells and because the long isoform ap-

pears diminished in both variant cell lines. This migration

pattern is replicated by transfecting HeLa cells with hemag-

glutinin (HA)-tagged plasmids encoding either the full-

length wild-type hnRNPR protein, p.Ala537Glyfs*10, or

p.Pro552Serfs*34 and blotting the cells with antibodies

against the HA tag (Figure 3D). Algorithms for calculating

putative PrLDs on the basis of amino acid sequences33

reveal a predicted PrLD in the last �120 amino acids of

the C-terminal region of hnRNPR (Figure 3E). This pre-

dicted PrLD in hnRNPR would be disrupted by either

variant in HNRNPR.

The spliceosome C complex is localized in the nucleus of

cells, and as such, most of the integral hnRNPs (including

hnRNPR) contain a nuclear localization signal (NLS)

(Figure 3B). Some hnRNPs (such as hnRNPA1) are also re-

ported to shuttle in and out of the cytoplasm.5 Previous

proteomic analysis identified hnRNPR as a component pre-

sent in cytoplasmic stress granules induced by sodium

arsenite (NaAsO2) treatment.8 Because disease-linked vari-

ants in the predicted PrLD of hnRNPA1 result in an excess

of stress-granule formation at basal levels,9 we stained fi-

broblasts derived from affected individuals and healthy

controls with antibodies against hnRNPR and the stress-

granulemarker Ras GTPase-activating protein-binding pro-

tein1 (G3BP1). hnRNPR localization in untreated cells was

predominantly nuclear in all cell lines (Figure S7). Oxida-

tive stress induction with sodium arsenite resulted in the

formation of stress granules that co-localized with hnRNPR

in healthy control cells, as well as cells derived from both

affected individuals, confirming previous proteomics re-

sults suggesting hnRNPR is a component of stress granules

(Figure S7).8 However, no stress granules were observed in

any cells in the absence of oxidative stress, suggesting that

unlike the ALS-driving mutations in hnRNPA1 and A2/B1,

the variant hnRNPR proteins reported here do not possess

an intrinsic tendency to assemble into self-seeding fibrils

(Figure S7).9

RNA Sequencing Reveals Differential Expression of

Genes Important for Embryonic Development

To determine whether variants in HNRNPR affect RNA

expression, unbiased next-generation RNA sequencing

(RNA-seq) was performed on duplicate fibroblast samples

from P1 (p.Ala537Glyfs*10), P2 (p.Pro552Serfs*34), and

two unrelated, healthy controls (one male and one fe-

male). RNA was isolated and sequenced on the Illumina

platform at a read depth of 50 million. The multidimen-

sional scaling (MDS) plot shows the expected clustering
e 6, 2019
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Figure 2. Hand and Foot Features of Individuals Carrying Variants in HNRNPR
(A–C) Photographs of the hands of P1 (A), P2 (B), and P3 (C), taken when the subjects were the ages of 12 years, 3 years, and 10 years,
respectively, showing short first and fifth digits with clinodactyly.
(D) An X-ray of the hand of P1, taken when the subject was 12 years of age, showing brachymesophalangy of the fifth finger, extra ses-
ame bones, advanced skeletal age, and a special scaphotrapezoid coalition.
(E) An X-ray of the hand of P2, taken when the subject was one month of age, showing mild shortening of the basal phalanx of digit 1,
brachyacrophalangy of digits 1 and 2, brachyacro- andmesophalangy of digit 5, and clinodactyly of the distal phalangeal joint of digit 2.
No ossification of the middle phalanx of the fourth digit and both phalanges of the fifth digit was yet noted.
(F) An X-ray of the hand of P3, taken when the subject was 4 years of age, showing abnormal epiphyses, a short first and second digit,
brachymesophalangy of the second and fourth digit, and brachyacro- andmesophalangy of the fifth digit. Incomplete ossification of the
thumb was noted.
of the duplicate cell samples from the same individuals

(Figure 4A). In untreated cells, 40 individual RNAs were re-

vealed to be significantly upregulated in the cells carrying

HNRNPR variants compared to healthy control cells

(Table 2), and 32 RNAs were significantly downregulated

(Table 3).

Analysis of the gene ontology (GO) terms linked to the

significantly up- and downregulated genes revealed that

many of the differentially expressed RNAs play established

roles in embryonic development (Figures 4B and 4C). The

most significantly enriched GO terms associated with the

upregulated RNAs in the cells carrying HNRNPR variants

include functions such as embryonic skeletal system

morphogenesis and development, anatomical structure

morphogenesis, and embryonic organ morphogenesis

(Figures 4B and S8). The most significantly enriched GO

terms associated with the downregulated RNAs include
The America
functions such as female and male gonad development,

development of primary female andmale sexual character-

istics, and sex differentiation (Figures 4C and S9). Further

GO analysis of Interpro domains revealed that the most

significant enrichment of differentially expressed RNAs

(both up- and downregulated) are in those coding for ho-

meobox proteins (Figure 4D).

Several Homeobox Genes and Developmental

Regulators Are Differentially Expressed in Cells Carrying

HNRNPR Variants

Figure 5A shows a volcano plot of the RNA-seq results, and

the most significantly deregulated RNAs are labeled. A sur-

prising number of these RNAs (boxed in Figure 5A) have

been previously reported to have important roles in devel-

opment. Indeed, the expression of each of these individual

transcripts is markedly changed in cells with variants in
n Journal of Human Genetics 104, 1040–1059, June 6, 2019 1047
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Figure 3. Frameshifting Variants in HNRNPR Truncate a Predicted PrLD in hnRNPR Protein
(A) Chromatograms of DNA sequencing of fibroblasts derived fromhealthy controls (top panels) and from P1 (p.Ala537Gly fs*10) and P2
(p.Pro552Ser fs*34) (bottom panels). Arrows in the bottom panels indicate the frameshift.
(B) Protein domains of hnRNPR. The acidic domain (in purple), RNA-binding domains (RRM1, RRM2, and RRM3; in blue), the nuclear
localization signal (NLS; in red), the arginine/glycine domain (RRG; in gray), and the glutamine/asparagine domain (QN; in green) are

(legend continued on next page)
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HNRNPR compared to controls (Figure 5B). TBX1, upregu-

lated 15-fold in the cells carryingHNRNPR variants (Figures

5A 5and B), is an RNA coding for a T-box transcription fac-

tor that has a critical and well-established role in the devel-

opment of all animal species.34 Specifically, the overex-

pression of Tbx1 in mice is linked to microcephaly, heart

defects (ventricular septal defect [VSD]), and the impair-

ment of trachea development.35–37 In humans, TBX1 vari-

ants can cause heart defects, and it is also the culprit gene

suspected to drive the heart defects in individuals with de-

letions of the 22q11.2 chromosomal region in DiGeorge

syndrome (DGS; MIM:188400).38,39 Another noteworthy

gene found upregulated 18-fold in the cells carrying the

HNRNPR variants is FOXG1, a gene that has duplications

and deletions and has been implicated in the congenital

variant of Rett syndrome (MIM: 613454).40,41 Also inter-

esting in terms of embryonic development is the upregula-

tion of pregnancy-specific glycoprotein 4 (PSG4). This gene

has an unspecified function but is normally expressed

exclusively in the placenta and has not been reported ex-

pressed ex utero (Figure 5A).42 The most significantly upre-

gulated gene in the HNRNPR mutant cells is glutathione

S-transferase m1 (GSTM1), which is increased in expression

more than 400-fold over the cells from healthy controls

(Figure 5A). This enzyme has a well-studied role in the

metabolic detoxification of electrophilic compounds and

xenobiotic toxins, including the detoxification of anti-

seizure medications.43–45

Most strikingly, several clustered homeobox HOX genes

(A5, B4, and B5) are found highly expressed in the cells car-

rying HNRNPR variants (Figures 5A and 5B). These genes

code for highly conserved DNA-binding transcription fac-

tors that regulate some of the most essential develop-

mental decisions such as anterior-posterior axis formation

and cell fate.46,47 Sashimi plots of HOXA5 suggest that in

healthy control cells, HOXA5 might be kept at low levels

by a splicing event (boxed in red); this event has been

revealed to remove a segment of RNA, transcribed from

the genomic position chr7:27,140,186–27,141,774, that

would include the 30 UTR of HOXA5 mRNA located be-

tween chr7:27,141,051–27,141,835 (Figure 6A, shaded in

blue on the genomic map). This splicing event is not pre-

sent in either of the cell lines carrying HNRNPR variants,

and as such, expression of the HOXA5 30 UTR is unim-

peded, and expression of the 50 end of the RNA is signifi-

cantly higher (Figure 6A). In addition to the increased

expression of HOXA5, the RNA-seq also identified a signif-
illustrated. Arginine residues reported to be methylated by PRMT1 in
in individuals P1–P5.
(C) An immunoblot of lymphoblast cell lines derived from a healthy
known isoforms (full length and short form) of hnRNPR are indicated
fs*10 runs at the same height as the hnRNPR short form).
(D) An immunoblot of HeLa cells transfected with plasmids that code
HA-hnRNPR p.Pro552Ser fs*34 done by using antibodies against the
(E) FoldIndex predicts an intrinsically unfolded region in the C termi
below zero on bottom panel). The algorithms of Alberti et al.62 (red c
curve below zero) also predict a PrLD at the C terminus of hnRNPR.

The America
icant increase in the expression of HOXB4, HOXB5, and a

sense intronic sequence of HOXB3 in cells carrying the

HNRNPR variants (Figures 5A and 5B). Sashimi plots

covering a portion of theHOXB cluster reveal the increased

expression of this intronic sequence located at chr17:

48,579,630–48,582,259 (boxed in blue) in addition to a

general increase in expression of non-annotated intergenic

sequences between the HOXB genes (Figure 6B). This in-

tronic sequence includes the microRNA mir10A, which

interestingly has been identified as one of the top upregu-

lated microRNAs in murine embryonic stem cells induced

with retinoic acid to differentiate toward a neuronal line-

age.48 Given that the tightly coordinated regulation of

HOX genes is indispensable for myriad aspects of human

development, including limb and digit formation,49 it is

likely that even subtle alteration or deviation of the HOX

code can have profound downstream effects in tissue

patterning.

Several genes that are downregulated in cells carrying

HNRNPR variants are associated with GO terms describing

male and female gonad development. The most substan-

tially downregulated RNA in cells carrying the mutation

is LHX9, which codes for the LIM homeobox 9 protein

(Figures 5A, 5B, and 6C). The counts per million (CPM)

reads in Figure 5B, as well as the Sashimi plots in

Figure 6C, strongly suggest that transcription of LHX9 is

completely silenced in cells carrying the HNRNPR vari-

ants. Importantly, this gene has been characterized as a

crucial regulator of gonadogenesis and forebrain develop-

ment in mice.50,51 Also downregulated in the cells car-

rying the HNRNPR variants (and contributing to the GO

terms describing gonad development) are RNAs coding

for the proto-oncogene c-Kit and the FOG family member

zinc-finger protein ZFPM2, which play a role in male

germ cell migration, proliferation, and survival, as well

as in the development of the fetal testis, respectively (Fig-

ures 5A and 5B).52,53 Another downregulated homeobox

gene with a developmental function in the HNRNPR

mutant cells is IRX3 (Figures 5A and 5B), which has

been shown in different animal models to play a critical

role in dorsoventral patterning of the neural tube and

the heart.54,55

Although it is not possible to determine which deregu-

lated gene is potentially driving a specific clinical feature

of the individuals reported here, the results of the RNA-

seq taken all together reveal that HNRNPR variants drive

a combinatorial effect on the expression of several genes
the RGG domain are indicated, as are the positions of the variants

control, P1, and P2 by using antibodies against hnRNPR. The two
by the arrows, as are the truncated proteins (hnRNPR p.Ala537Gly

d for full-length HA-hnRNPR, HA-hnRNPR p.Ala537Gly fs*10, and
HA tag.
nus of hnRNPR (red curve reaching 1 on the top panel, gray curve
urve below zero on the bottom panel) and Toombs et al.63 (green
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Figure 4. Gene Ontology Analysis of De-
regulated RNAs in Cells Carrying HNRNPR
Variants
(A) A multidimensional scaling (MDS) plot
of RNA-seq samples showing the duplicate
fibroblast samples in very close proximity.
(B) The top ten gene ontology (GO) terms
enriched in RNAs that are upregulated in fi-
broblasts with HNRNPR variants compared
to fibroblasts from healthy controls (using
adjusted p values < 0.05).
(C) The top ten GO terms enriched in
RNAs that are downregulated in fibroblasts
with HNRNPR variants compared to fibro-
blasts from healthy controls (using adjusted
p values < 0.05).
(D) All of the enriched InterPro terms from
the analysis of both up- and downregulated
RNAs in the fibroblasts carrying HNRNPR
variants compared to fibroblasts from
healthy controls.
that are well-established to have tightly regulated roles in

human development.

Truncated hnRNPNR Proteins Excessively Localize to

Stress Granules and Impair Their Disassembly

Given that it is known that the HNRNPA1 and A2/B1 vari-

ants driving ALS and FTD result in an increased tendency
1050 The American Journal of Human Genetics 104, 1040–1059, June 6, 2019
of the mutant hnRNPs to assemble

into self-seeding fibrils that stain posi-

tively for stress-granule markers,9 the

localization of truncated hnRNPR

proteins was examined. In order to

determine whether the truncation of

hnRNPR affects the protein’s localiza-

tion, HeLa cells were transfected with

plasmids coding for HA-hnRNPR, HA-

hnNRNPR p.Ala537Glyfs*10, or HA-

hnRNPR p.Pro552Serfs*34. These cells

were then fixed and stained with anti-

bodies against the HA tag and the

stress-granule marker TIA1. At basal

levels, full-length and truncated

hnRNPRproteins are localized predom-

inantly in the nucleus, and there is no

excessive formation of stress granules

(Figure 7A), in line with what was

shown in primary cells in Figure S7.

However, cells exposed to sodium arse-

nite for 60min revealed that despite the

fact that a similar number of cells

formed stress granules, a substantially

larger fraction of cells expressing either

of the mutant constructs displayed a

strong co-localization between stress

granules and the truncated HA-tagged

variants compared to cells expressing

the wild-type construct (Figures 7A,
7B, and S10). These results suggest that although the trun-

cated hnRNPR proteins do not induce excessive formation

of stress granules at basal levels, compared to full length

hnRNPR, they do appear to have a higher affinity for stress

granules once they have formed.

To determine whether this increased affinity of hnRNPR

variants for stress granules affects their dynamics,



Table 2. Significantly (Adjusted P Value < 0.05) Upregulated RNAs Comparing Fibroblasts Carrying HNRNPR Variants (from P1 and P2) to
Healthy Control Cells

Upregulated RNAs in P1 and P2’s Cells Versus Healthy Control Cells

HGNC Symbol Ensembl Gene ID Entrez Gene Description Adjusted P Value Log2 FC

GSTM1 ENSG00000134184 2944 glutathione S-transferase mu 1 9.25 3 10�4 8.84

PSG4 ENSG00000243137 5672 pregnancy specific beta-1-glycoprotein 4 1.33 3 10�2 7.68

ADAMTS16 ENSG00000145536 170690 ADAM metallopeptidase with
thrombospondin type 1 motif 16

1.17 3 10�2 5.21

NA ENSG00000234156 NA Antisense of OR1B1 2.92 3 10�2 4.72

MIR503 ENSG00000208005 574506 microRNA 503 2.24 3 10�2 4.69

FOXG1 ENSG00000176165 2290 forkhead box G1 8.46 3 10�3 4.26

NA ENSG00000282556 NA LincRNA 8.68E 3 10�3 4.24

GMNC ENSG00000205835 647309 geminin coiled-coil domain containing 4.09 3 10�2 4.18

RGPD2 ENSG00000185304 729857 RANBP2-like and GRIP domain containing 2 5.25 3 10�3 3.93

TBX1 ENSG00000184058 6899 T-box 1 3.53 3 10�2 3.93

GNG4 ENSG00000168243 2786 G protein subunit gamma 4 3.61 3 10�2 3.90

PLPPR5 ENSG00000117598 163404 phospholipid phosphatase related 5 3.32 3 10�2 3.59

SNORD31B ENSG00000201847 1Eþ08 small nucleolar RNA, C/D box 31B 4.90 3 10�2 3.58

RPL34P19 ENSG00000230240 NA ribosomal protein L34 pseudogene 19 3.96 3 10�2 3.51

NA ENSG00000257178 NA Intronic sense RNA HOXB3 3.53 3 10�2 3.50

DPYSL4 ENSG00000151640 10570 dihydropyrimidinase like 4 7.79 3 10�3 2.68

C3 ENSG00000125730 718 complement C3 4.40 3 10�2 2.51

TOR4A ENSG00000198113 54863 torsin family 4 member A 4.44 3 10�2 2.24

CFD ENSG00000197766 1675 complement factor D 8.46 3 10�3 2.20

HOXB5 ENSG00000120075 3215 homeobox B5 8.68 3 10�3 2.15

SPON2 ENSG00000159674 10417 spondin 2 3.61 3 10�2 2.10

PLAU ENSG00000122861 5328 plasminogen activator, urokinase 1.22 3 10�3 2.09

PI4KAP1 ENSG00000274602 728233 phosphatidylinositol 4-kinase alpha
pseudogene 1

1.15 3 10�2 2.01

HOXA5 ENSG00000106004 3202 homeobox A5 1.17 3 10�2 1.92

SGIP1 ENSG00000118473 84251 SH3 domain GRB2 like endophilin
interacting protein 1

4.54 3 10�3 1.84

PCBP3 ENSG00000183570 54039 poly(rC) binding protein 3 2.36 3 10�2 1.78

COL18A1 ENSG00000182871 80781 collagen type XVIII alpha 1 chain 3.96 3 10�2 1.78

BMS1P2 ENSG00000251079 NA BMS1, ribosome biogenesis factor
pseudogene 2

4.40 3 10�2 1.69

STEAP3 ENSG00000115107 55240 STEAP3 metalloreductase 3.18 3 10�4 1.67

IGF2BP3 ENSG00000136231 10643 insulin like growth factor 2 mRNA
binding protein 3

3.52 3 10�3 1.60

B3GNT5 ENSG00000176597 84002 UDP-GlcNAc:betaGal beta-1,3-N-
acetylglucosaminyltransferase 5

4.22 3 10�2 1.57

MIR503HG ENSG00000223749 84848 MIR503 host gene 1.17 3 10�2 1.46

GFOD1 ENSG00000145990 54438 glucose-fructose oxidoreductase
domain containing 1

7.79 3 10�3 1.13

HOXB4 ENSG00000182742 3214 homeobox B4 3.48 3 10�2 1.13

TBKBP1 ENSG00000198933 9755 TBK1 binding protein 1 3.49 3 10�2 1.10

(Continued on next page)
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Table 2. Continued

Upregulated RNAs in P1 and P2’s Cells Versus Healthy Control Cells

AGAP9 ENSG00000204172 642517 ArfGAP with GTPase domain, ankyrin
repeat and PH domain 9

2.24 3 10�2 1.05

SLFN12 ENSG00000172123 55106 schlafen family member 12 4.90 3 10�2 0.81

PLXNB1 ENSG00000164050 5364 plexin B1 3.96 3 10�2 0.80

SRGAP1 ENSG00000196935 57522 SLIT-ROBO Rho GTPase activating protein 1 3.48 3 10�2 0.58

SASH1 ENSG00000111961 23328 SAM and SH3 domain containing 1 3.61 3 10�2 0.44
fibroblasts from two unrelated, healthy controls and indi-

viduals carrying the p.Ala537Glyfs*10 or p.Pro552Serfs*

34 variant of hnRNPR were exposed to sodium arsenite

for 60 min. These cells were then either immediately fixed,

or the sodium arsenite was removed, and the cells were

allowed to recover for 30, 45, or 60 min before fixation

and staining with antibodies against hnRNPR and G3BP1

(another marker of stress granules). The fibroblasts from

the healthy controls revealed that most of the stress gran-

ules induced in the 60-min exposure to sodium arsenite

had dissipated within the 60-min recovery period (Figures

7C, 7D, and S11). The fibroblasts carrying the truncated

hnRNPR proteins did not reveal excessive formation of

stress granules at basal levels and formed stress granules

in response to sodium arsenite similarly to healthy control

cells. However, by the end of the 60 min recovery period, a

substantial number of cells carrying the truncated hnRNPR

variants had persistent, visible stress granules (Figures 7C,

7D, and S11). Taken together, these results suggest that

the presence of the truncated hnRNPR proteins in stress

granules hinders their disassembly.
Discussion

This study reports four unrelated children who have over-

lapping neurodevelopmental and dysmorphic phenotypes

andwho all carry de novo truncating ormissense variants in

the gene coding for the spliceosome C complex protein

hnRNPR. An in-depth and unbiased examination of the

transcriptomes of primary cells from affected children

carrying different variants of hnRNPR (p.Ala537Glyfs*10

and p.Pro552Serfs*34) reveals that the most significant

changes in RNA expression occur in transcripts coding

for homeobox and T-box genes that play fundamental

roles in eukaryotic development. Although many muta-

tions in homeobox and T-box genes have been linked to

impaired human development, this report connects the

deregulated expression of several of these genes collec-

tively with a de novo variant affecting the spliceosome.

Given what has been previously published about specific

homeobox and T-box genes, it seems reasonable to specu-

late on how some of the developmental phenotypes of

the individuals reported here may be driven by changes

in the expression of these genes. For example, mice lacking
1052 The American Journal of Human Genetics 104, 1040–1059, Jun
the LIM homeobox gene Lhx9 fail to form discrete gonads

but have no other major developmental phenotypes.50

The silencing of LHX9 is readily apparent in primary cells

carryingHNRNPR variants andmay help explain the hypo-

plastic defects in the external genitalia (micropenis and hy-

poplastic labia) of P2 andP3. The fact that onemale andone

femalewere present inboth the affected individuals (P1 and

P2) andhealthy controls (1 and2) suggests that ourfindings

related to gonad development are shared across both gen-

ders, although we must point out that the singular data

from either gender may have influenced this result. Lhx9

is also expressed in the developing mouse forebrain,51 an

area of the brain that is substantially compromised in P2’s

development (see Figure 1D). The effect of LHX9 silencing

may well be compounded by the loss of c-Kit and ZFPM2,

which also play roles in gonad cell development and differ-

entiation.52,53 The upregulated expression of FOXG1 may

contribute to the neurodevelopmental phenotype. The de-

regulated expression of TBX1 and IRX3 may contribute to

theheart defects, given thatmice engineered to overexpress

Tbx1 reveal ventricular septal defects (as did P2 at birth),

and mice with deleted Irx3 reveal heart abnormalities

that are associated with arrhythmias (as observed in

P3).35,36,38,55,56 IRX3 loss may also contribute to the brain

phenotypes, given what is known about its fundamental

role in the patterning of the neural tube.54

The deregulation of HOX gene expression in the cells

from affected individuals may also contribute to the path-

ogenesis of these HNRNPR variants. Pathogenic variants in

several HOX genes have been reported to be linked to an

array of human developmental phenotypes, a number of

which are reported in the individuals of this study; these

phenotypes include brain and cognitive abnormalities,

rib defects, ear defects, facial dysmorphism, cardiovascular

defects, fifth finger clinodactyly, short hands and feet, and

brachydactyly.49 Although the abnormal expression of

non-mutated HOX genes has not yet been reported in

the context of human development, animal models have

demonstrated that that overexpression of HOX genes has

profound downstream effects on cell fate and tissue

patterning.57,58 It therefore seems likely that if the

HNRNPR variants drive the combined deregulation of

TBX1, LHX9, FOXG1, IRX3, and HOX expression, collec-

tively this gives rise to many of the clinical phenotypes

that we observe in the individuals of this study. Given
e 6, 2019



Table 3. Significantly (Adjusted P Value < 0.05) Downregulated RNAs Comparing Fibroblasts Carrying HNRNPR Variants (from P1 and P2)
to Healthy Control Cells

Downregulated RNAs in P1 and P2’s Cells Versus Healthy Control Cells

HGNC Symbol Ensembl Gene ID Entrez Gene Description Adjusted P Value Log2 FC

LHX9 ENSG00000143355 56956 LIM homeobox 9 1.00 3 10�2 �7.51

RPSAP47 ENSG00000188856 NA ribosomal protein SA pseudogene 47 3.52 3 10�3 �6.88

DGKB ENSG00000136267 1607 diacylglycerol kinase beta 8.68 3 10�3 �5.78

LYPD6B ENSG00000150556 130576 LY6/PLAUR domain containing 6B 1.02 3 10�2 �5.45

NA ENSG00000261573 NA Antisense of PTPRC 2.49 3 10�2 �5.32

CLEC2A ENSG00000188393 387836 C-type lectin domain family 2 member A 2.24 3 10�2 �5.24

ANKRD30B ENSG00000180777 374860 ankyrin repeat domain 30B 3.85 3 10�2 �4.37

KRTAP4-9 ENSG00000212722 100132386 keratin associated protein 4-9 3.85 3 10�2 �3.99

PAX9 ENSG00000198807 5083 paired box 9 3.96 3 10�2 �3.93

NA ENSG00000268747 NA Processed pseudogene 8.46 3 10�3 �3.77

RPSAP15 ENSG00000237506 NA ribosomal protein SA pseudogene 15 4.54 3 10�3 �3.35

RCN1P2 ENSG00000214455 NA reticulocalbin 1 pseudogene 2 8.63 3 10�3 �3.24

PREX2 ENSG00000046889 80243 phosphatidylinositol-3,4,5-trisphosphate
dependent Rac exchange factor 2

2.42 3 10�3 �3.01

LYPD6 ENSG00000187123 130574 LY6/PLAUR domain containing 6 1.40 3 10�2 �2.98

ZIC1 ENSG00000152977 7545 Zic family member 1 4.64 3 10�3 �2.90

KIT ENSG00000157404 3815 KIT proto-oncogene receptor tyrosine kinase 3.96 3 10�2 �2.71

ZIC4 ENSG00000174963 84107 Zic family member 4 3.88 3 10�2 �2.68

MEX3B ENSG00000183496 84206 mex-3 RNA binding family member B 3.76 3 10�2 �2.22

ZFPM2 ENSG00000169946 23414 zinc finger protein, FOG family member 2 5.75 3 10�3 �2.07

CPS1 ENSG00000021826 1373 carbamoyl-phosphate synthase 1 1.17 3 10�2 �1.70

MRPL23 ENSG00000214026 6150 mitochondrial ribosomal protein L23 3.96 3 10�2 �1.61

PLK2 ENSG00000145632 10769 polo like kinase 2 3.85 3 10�2 �1.55

SGCD ENSG00000170624 6444 sarcoglycan delta 4.73 3 10�4 �1.53

C5orf30 ENSG00000181751 90355 chromosome 5 open reading frame 30 1.33 3 10�2 �1.38

SORT1 ENSG00000134243 6272 sortilin 1 2.92 3 10�2 �1.19

ITGA4 ENSG00000115232 3676 integrin subunit alpha 4 3.85 3 10�2 �1.12

RPSAP58 ENSG00000225178 NA ribosomal protein SA pseudogene 58 3.96 3 10�2 �1.06

IRX3 ENSG00000177508 79191 iroquois homeobox 3 3.85 3 10�2 �1.05

CTSC ENSG00000109861 1075 cathepsin C 3.53 3 10�2 �1.01

FNDC10 ENSG00000228594 643988 fibronectin type III domain containing 10 3.96 3 10�2 �1.00

FBLN7 ENSG00000144152 129804 fibulin 7 3.95 3 10�2 �0.95

DIXDC1 ENSG00000150764 85458 DIX domain containing 1 2.24 3 10�2 �0.65
that truncated hnRNPR proteins are detectable in two

distinct cell types, i.e., lymphocytes and fibroblasts,

derived from individuals carrying the variants, and given

that HNRNPR is ubiquitously expressed in human tis-

sue,59 it is likely that the truncated hnRNPR proteins are

also expressed during embryogenesis, when the levels of

homeobox and T-box genes are under strict control to

ensure proper development and tissue patterning.
The America
Several other genes, including HNRNPH2, HNRNPK, and

HNRNPU, that code for components of the spliceosome C

complex have been described in individuals with develop-

mental disorders.12–17,60 Although the reports to date are

limited to clinical data, and no pathophysiological data

are available yet, there are many overlapping phenotypes

between the individuals reported in these studies compared

with those reported here. The neurodevelopmental
n Journal of Human Genetics 104, 1040–1059, June 6, 2019 1053
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Figure 5. RNA-Seq Results Reveal the Deregulation of Many RNAs Coding for Homeobox Proteins in Cells Carrying HNRNPR Variants
(A) A volcano plot of RNA-seq results showing deregulated RNAs in fibroblasts carrying HNRNPR variants compared to fibroblasts from
healthy controls, using a cut-off of an adjusted p value < 0.05. Downregulated RNAs are plotted in blue, and upregulated RNAs are
plotted in yellow. Downregulated RNAs coding for homeobox proteins and those found in the GO enrichment term ‘‘gonad develop-
ment’’ are boxed in blue, and upregulated RNAs coding for homeobox proteins and those found in the GO enrichment term ‘‘embryonic
skeletal system morphogenesis’’ are boxed in yellow.
(B) Graphs depicting the RNA-seq counts per million (CPM) of each individual RNA boxed in (A). Blue bars represent the data from the
healthy controls, and beige bars represent the data from the individuals carrying variants in HNRNPR.
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scale). Red boxes indicate splice junctions
found in both healthy control cell lines
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(B) Sashimi plots focused on a portion of
the HOXB cluster. The annotated intronic
HOXB3 sequence is boxed in blue.
(C) A sashimi plot focused on LHX9 (50 to 30).
abnormalities, such as ID, developmental delay, and sei-

zures, together with the facial dysmorphismand skeletal ab-

normalities, seem to be unifying phenotypes. Although it is

currently beyond the scope of this study, it will be inter-

esting to test whether primary cells from individuals

affected by variants in other HNRNP genes also reveal de-

regulated expression levels of RNAs, such as homeobox

and T-box RNAs, that are crucial for development when

the RNAs are sequenced at a high read depth.

It is intriguing that all the pathogenic variants now re-

ported for HNRNPR occur in the last exon of the gene and

cluster in the same C-terminal region (amino acids 537–

588), and that far fewer missense and LoF variants are
The American Journal of Human G
observed in thegnomADvariantpopula-

tion database than are expected. The few

HNRNPR LoF variants that have been re-

ported ingnomADall affect residues that

are at least 75 amino acids further

upstream of Ala537. The fact that trun-

cated hnRNPR proteins are observed

in primary cells carrying the variants

(Figure 3C) supports an argument that

mRNAs carrying pathogenic truncating

variants resulting in premature stop co-

dons escape nonsense-mediated decay

and are expressed, whereas this may

not be thecase for thevariants that intro-

duce more N-terminal premature stop

codons.61 Taken together, these observa-

tions raise the possibility that the patho-

genic HNRNPR variants are more than

LoF and might likely be acting as domi-

nant-negative or gain-of-function vari-

ants that require partial expression of

the RGG domain (which is predicted to

be abolished in the LoF variants reported

in gnomAD). This will be an interesting

area of future work when a clear readout

of hnRNPR protein function is available.

In contrast to the self-seeding stress-

granule assembly that is driven by the

missense variants that are driving ALS
and FTD and are reported in HNRNPA1 and HNRNPA2/

B1,9 the truncated hnRNPR proteins remain localized in

the nucleus and do not drive the formation of cytoplasmic

stress granules at basal levels. However, cells that carry

truncated hnRNPR and that are exposed to oxidative stress

in the form of sodium arsenite do reveal impairments of

stress-granule dynamics. A far greater proportion of trun-

cated hnRNPR proteins was revealed to co-localize with

stress-granule markers, suggesting that these proteins

have a higher affinity for binding stress-granule compo-

nents, and this finding would be in line with a gain-of-

function variant. This is in line with the finding that stress

granules in the fibroblasts of affected individuals do not
enetics 104, 1040–1059, June 6, 2019 1055
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dissipate at the same rate as stress granules in healthy con-

trol cells once the sodium arsenite is removed and the cells

are allowed to recover. Thus, it appears that although the

truncated proteins do not drive the formation of stress

granules per se, once they are associated with them, they

associate very tightly. Although this cellular phenotype is

readily detectable, it is far from clear how this might

contribute to the developmental phenotypes of the

affected individuals. At present, there is no evidence of

neurodegeneration in any of the individuals in this study

or those who have other hnRNP-related developmental

syndromes. However, it cannot be excluded that these

individuals may be at an increased risk of ALS, FTD, or

other degenerative diseases in the future, given all the

recent evidence linking RNA-binding-protein variants,

stress-granule formation, and degeneration. Although the

missense variant p.Arg588His was not tested directly, it is

interesting to note that this variant occurs in the predicted

PrLD of hnRNPR, similarly to the missense variants re-

ported in hnRNPA1 and hnRNPA2/B1.9

This study identifies de novo loss-of-function variants in

HNRNPR, which has not been previously linked to hu-

man disease, and these variants drive a developmental

disorder in several individuals with overlapping clinical

phenotypes. Importantly, the RNA-seq results suggest

that different variants in the same gene drive similar

changes in the expression of a collection of genes that

play fundamental roles in the extraordinarily complex

process of human embryonic development. Given the

number of other individuals who have similar develop-

mental phenotypes and who carry variants in the family

of HNRNP genes, this report establishes the groundwork

for future studies that may reveal that these disorders

are driven by a similar deregulation of other developmen-

tally important genes.
Supplemental Data

Supplemental Data can be found online at https://doi.org/10.

1016/j.ajhg.2019.03.024.
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Supplemental Note: Case reports 

Individual 1 (P1) is a 12-year-old female (Figure 1A). Birth measurements at 39 weeks of 

gestation were normal with a weight of 3610 gram (75th percentile), a length of 50 cm (50th 

percentile), and a head circumference of 34 cm (50th percentile). During the neonatal period, 

she presented with poor weight gain and feeding difficulties, first thought to be a severe 

gastroesophageal reflux. At 3 months of age the individual was referred to the French clinic 

because of hypotonia, acquired microcephaly (below 1st percentile at 3 months while at 50th 

percentile at birth), and significant strabismus. At the age of 3 months rough hair was also 

observed and at the age of 18 months she experienced febrile seizure and esophagitis. At age 

9 years and 6 months the patient developed precocious puberty and still had feeding problems, 

mainly  bulimia, and regurgitation. She has a severe global developmental delay. She could 

sit unsupported at age 11 months and gait was acquired at 4 years of age. She had progressive 

valgus and flat feet that impaired walking. She has not developed any spoken language but 

can communicate with hand movements, and comprehension skills for simple tasks are 

correct. She is able to undress and eat alone but requires assistance for other daily tasks. 

Behavioral disturbances are characterized by hand stereotypies, attention disorder, and 

tantrums. Upon clinical examination she showed a narrow forehead, up-slanted palpebral 

fissures, convergent strabismus, ear lobule hypoplasia, wide nasal bridge, short and broad 

thumbs and halluces, and clinodactyly of the fifth fingers and toes (Figures 1A, 2A, and S4A). 

She had some degree of limb stiffness. Her primary teeth had to be extracted because of loss 

failure and dental crowding with permanent tooth growth. 

Additional investigations were performed and hand X-rays show hypodense lesions on distal 

phalanges and the first metacarpal, as well as brachymesophalangy of the fifth finger (Figure 

2D).  MRI of the brain shows microcephaly and a short corpus callosum (but with conserved 

proportions with microcephaly). Ultrasound investigation of the kidneys, vertebral x-rays and 

audiometry are normal. Genetic DNA-tests such as karyotyping, array-CHG and DNA-

investigations for Angelman syndrome were normal; as was the metabolic screening. Trio 



whole exome sequencing (WES) identified HNRNPR as a candidate when a de novo frameshift 

variant chr1: g.23637248_23637249insC, NM_001102398.1: c.1609dupG, p.(Ala537Glyfs*10) 

was found. 

 

Individual 2 (P2) is a 3-year old boy that presented at birth with multiple congenital 

abnormalities, breathing problems, and dysmorphic features (Figures 1B and S1). He was born 

with a severe laryngomalacia, for which wedge excision of the adenoids and a tracheostomy 

was performed. He also had a few small, muscular ventral septum defects (VSDs) that closed 

spontaneously. Furthermore, he had cryptorchidism, a micropenis, and is suspected to have a 

precocious puberty. He was diagnosed with nightly hypoventilation at the age of 9 months for 

which nocturnal respiratory support was started. He has had a few epileptic seizures, but this 

is not one of his main clinical problems.  He was surgically operated on for severe hip dysplasia. 

Physical examination revealed a boy with characteristic facial features including bitemporal 

narrowing, short and narrow palpebral features, almond-shaped eyes, telecanthus, low set 

ears with thickened helix, and some degree of retrognathia (Figures 1B and S1). He also has 

a short and thick neck with excess skin folds. The hands appear short, with a combination of 

short middle phalanges and ulnar deviation of the distal phalanx of the second digit on both 

hands (Figures 2B, S3, and S4B). The distal bending folds of these fingers are absent. 

Clinodactyly of the fifth digit was also apparent and the feet show a chaotic implant of the toes 

(Figures 2B and S3). During his first year he had remarkable hair (Figure S1B) and he was 

diagnosed with hirsutism at 21 months of age. The boy was very cheerful in the first two years 

of life. After this his behavioral problems have become increasingly clear with attention deficit 

disorder, head banging, repeated removal of his cannulas and stereotypic behavior. 

Developmental delay was present from the beginning; however, the degree of developmental 

delay has also become more apparent in the last year. At the age of 3 years and 5 months his 

motor development is estimated at approximately 11 months but this may underestimate his 

developmental potential because of his severe hip dysplasia. He can now stand upright with 



support but is unable to walk. He cannot speak, but this is probably due to his tracheostomy. 

He also does not understand sign language or pictograms yet. The only signal he uses is for 

his own name. This signal is named after his favorite position laying on this back with both 

hands behind the head and frog-like leg position.  

Additional investigations that have been performed are an MRI-scan of the brain showing 

underdevelopment and atrophy of the frontal lobes, a hypoplastic corpus callosum, and small 

cerebellar hemispheres and vermis (Figure 1D). Thoracic x-rays show 11 rib pairs (Figure 

S5A). X-rays of the hands and feet show a remarkable pattern of brachydactyly, delayed 

ossification, and clinodactyly (Figure 2E. DNA diagnostics showed a small maternally inherited 

CNV by SNP-array (arr[hg19] 1p34.1(44,680,009-44,686,395)x1 mat), which is probably 

innocent. Trio-based exome sequencing revealed a heterozygous variant c.1652dupG 

p.(Pro552Serfs*34) in HNRNPR. 

 

Individual 3 (P3) is a 10-year old female (Figures 1C and S2). At 2½ months of age she 

presented as a symmetrically small infant with a height and weight in the 3rd percentile and 

head circumference of at the 50th percentile. She has generalized hypotonia and swallowing 

problems for which she still requires tube feeding.  At the first clinical examination she showed 

brachycephaly with prominent frontal bossing. Later a short, sloping forehead, with mild facial 

asymmetry, arched eyebrows, a narrow nasal bridge, depressions in the nasal tip, a low placed 

columella, short philtrum, angular lower facies, and mild micrognathia became apparent 

(Figure 1C).  Her eyes are almond-shaped and her ears are small and cup-shaped (Figure 

1C). Her left ear is smaller and shows an abnormal lobule (Figure 1C). The incisors are widely 

spaced, while the rest of the teeth are crowded. She has sparse, fine scalp hair and excess 

skin folds in the neck. More recently she still shows sparse scalp hair, but generalized  

hirsutism and a low posterior hairline.  She has symmetrically small, puffy hands and feet 

(Figure 2C).  There was bilateral clinodactyly of the 5th digits, proximal placed short thumbs 

and brachydactyly (more specific marked hypoplasia of the middle and distal phalanges; 



Figure 2C).  The digits are tubular in shape (Figure 2C).  There are bilateral unusual palmar 

creases and hyperkeratosis pilaris. Her toes reveal a cutaneous syndactyly from the second 

to the fourth digit and short, curved 5th toes (Figures 2D and S4C). She has hypoplastic labia 

majora and a normal clitoris.  Developmentally at 8 months, poor eye contact was noted.  She 

was rolling, sitting, reaching, transferring objects, and babbling by this age.  She crawled at 13 

months and stood with support by 14 months.  She walked with assistance by 20 months and 

walked independently by 33 months.  A Denver II developmental assessment performed at 24 

months revealed age appropriate personal-social skills. Fine motor-adaptive skills were 

delayed to about 13-17 months.  Spoken language was at the approximate 16-month level but 

the patient knew body parts and could point to 4 pictures age-appropriately.  Gross motor skills 

were delayed as she was not able to jump or climb stairs.  A formal developmental evaluation 

was performed at an outside center at the age of 9 8/12 years.  This revealed speech delay 

with the ability to use single words, use of some signs, and ability to use a tablet.  Fine motor 

development was delayed; she was ambidextrous, could dress herself slowly, but not use 

zippers or buttons.  She was working on utensils.  She could write the first letter of her name 

and pick her name out from distractors.  Gross motor development was delayed as she 

continued to need help with stairs.  She was not completely toilet trained.  By our last evaluation 

at 10 9/12 years, she carried a diagnosis of  moderate developmental delay (IQ tested 52), 

pervasive developmental disorder and exhibited stereotypic behavior. She often rubs her 

knuckles into her bones, wants to touch her elbows or the elbows of others and chews on her 

hands or necklace.  She was still not fully toilet trained. 

Simple, focal seizures are present. Her visual maturation was delayed and she has myopic 

astigmatism, intermittent esotropia, and anisometropia. A heart exam revealed variable 

systolic murmur along the left sternal midline without abnormalities on ultrasound.  

Other additional investigations were performed as well and brain MRI shows microcephaly, but 

no other abnormalities. Radiographs show 11 rib pairs (Figure S5B), abnormal articulation at 

the costovertebral junction of the ribs, subluxation of the radial head, subtle narrowing of the 



interpediculate distance at the lumbosacral region. X-rays of the hands demonstrate 

hypoplastic phalanges with abnormal epiphyses and delayed ossification of the thumb (Figure 

2F). The big toe of the foot shows shortening and broadening of both phalanges (Figure S4C). 

Trio exome sequencing revealed a de novo heterozygous variant in HNRNPR c.1652dupG 

p.(Pro552Serfs*34). This is the same variant identified in P2. 

 

Individual 4 (P4) is an 8-year old male. Birth measurement at 39 weeks of gestation were 

normal with a weight of 3340g (50th percentile), a length of 50 cm (50-75th percentile) a head 

circumference of 34 cm (50th percentile).  During the first year he presented with hypotonia, 

severe gastroesophageal reflux, feeding difficulties and constipation. He had Nissen 

fundoplication and was fed via percutaneous gastrostomy. Later a partial achalasia of the 

esophagus was diagnosed. 

He was referred to clinical genetic at 6 years for severe global developmental delay, acquired 

microcephaly and growth delay. He could sit unsupported at two years and walked with ataxia 

at 4 years. At six years, the language was at a 9-month-old level. He could use three signs. 

He had no behavioral disturbances. 

Clinical examination showed a high forehead, micrognathia, wide palpebral fissures, low 

columella, low-set and anteverted ears. He had short hands and brachydactyly, clinodactyly of 

fifth fingers, fetal pads and syndactyly of the fingers. He had a sacrococcygeal fistula. 

Additional investigations performed  included a brain MRI showing cerebellar hypoplasia, 

mega cisterna magna and a short corpus callosum (Figure 1E and S6). Medullary MRI showed 

normal medullary signs and arachnoidal cyst. Ultrasound of the kidneys and heart, vertebral 

X-Ray, and audiometry tests were normal. Ophthalmological examination showed normal 

vision and albinoid retina. 

Karyotype, CGH-array, DNA investigations for Fragile X syndrome (FXS; MIM:300624) and 

Angelman syndrome (AS; MIM: 105830) were normal. Trio exome sequencing revealed a 

heterozygous missense variant in HNRNPR c.1763G>A p.(Arg588His). 
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Figure S1. Photographs of P2 at different ages. Head and side portrait photographs of P2 at
A) One month B) Six months and C) 21 months of age.
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Figure S2. Photographs of P3 at different ages. Head and side portrait photographs of P3 at
A) Three years and 9 months of age and B) 10 years and 10 months of age.
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Figure S3. Photographs of P2 at different ages. Photographs of the hands and feet of P2 at
A) One month B) Six months and C) 21 months of age.
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Figure S4. Foot features of individuals carrying variants in HNRNPR. Photographs of the feet of P1 (A), 
P2 (B), and P3 (C) taken at the ages of 12 years, 3 years, and 10 years, respectively showing broad 1st digit in 
P1 and P3 and small 5th digits with clinodactyly. D) X-ray of the foot of P2 taken at one month of age showing 
hypoplastic midphalanges of digits 2-3, hypoplastic endphalanges of digits 2-4 and absence of ossification of 
the mid phalanx of digits 4-5 and end phalanx of digit 5.
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Figure S5. Skeletal features of individuals carrying variants in HNRNPR.
A) X-ray of P2 at one week of age showing only 11 rib pairs. B) X-ray of P3 at 
20.5 months of age showing only 11 rib pairs.  



Figure S6. MRI of P4. MRI taken at 7 years and 10 months of 
age in an individual carrying the missense variant p.Arg588His 
in hnRNPR revealing cerebellar vermis hypoplasia (arrows).

P4
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Figure S7. Truncated hnRNPR proteins do not drive stress granule formation at basal levels. 
Immunofluorescence of primary fibroblasts from healthy control individuals or those carrying variants
truncating hnRNPR (P1 and P2). Cells were untreated (top) or treated with 1mM NaAsO2 for 60’ then 
stained with antibodies against hnRNPR (green), the stress granule marker G3BP1 (red), and DAPI (blue). 
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Figure S8. GO terms associated with upregulated RNAs in HNRNPR mutant cells. 
GO analysis of the differentially expressed RNAs (adjusted p value <0.05) deteremined 
by RNA-seq of untreated fibroblasts derived from individuals carrying HNRNPR mutations
(P1 and P2) and healthy controls. 
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Figure S9. GO terms associated with downregulated RNAs in HNRNPR mutant cells. 
GO analysis of the differentially expressed RNAs (adjusted p value <0.05) deteremined 
by RNA-seq of untreated fibroblasts derived from individuals carrying HNRNPR variants
(P1 and P2) and healthy controls. 
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Figure S10. Truncated HA-hnRNPR variants co-localize more excessively with
stress granules. HeLa cells transfected with HA-tagged hnRNPR contructs either
untreated or exposed to 1mM NaAsO2 for 30’ and stained with antibodies against 
TIA1 (green), HA (red). DAPI (blue) is shown in the overlay.
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Figure S11. Stress granule disassembly is impaired in cells carrying 
truncated hnRNPR. Confocal microscopy of fibroblasts derived from a healthy 
control, P1 p.Ala537Glyfs*10, or P2 p.Pro552Serfs*34. Cells are untreated 
or treated with 1mM NaAsO2 for 30’ and either immediately fixed or allowed to 
recover for 30‘ or 45’. Cells stained with DAPI (blue) and antibodies against 
hnRNPR (green) and the stress granule marker G3BP1 (red).Cells with stress 
granules are indicated with arrowheads.
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