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A B S T R A C T

Purpose: RABGAP1 is a GTPase-activating protein implicated in a variety of cellular and
molecular processes, including mitosis, cell migration, vesicular trafficking, and mTOR
signaling. There are no known Mendelian diseases caused by variants in RABGAP1.
Methods: Through GeneMatcher, we identified 5 patients from 3 unrelated families with ho-
mozygous variants in the RABGAP1 gene found on exome sequencing. We established lym-
phoblastoid cells lines derived from an affected individual and her parents and performed RNA
sequencing and functional studies. Rabgap1 knockout mice were generated and phenotyped.
Results: We report 5 patients presenting with a common constellation of features, including
global developmental delay/intellectual disability, microcephaly, bilateral sensorineural hearing
loss, and seizures, as well as overlapping dysmorphic features. Neuroimaging revealed common
features, including delayed myelination, white matter volume loss, ventriculomegaly, and
thinning of the corpus callosum. Functional analysis of patient cells revealed downregulated
mTOR signaling and abnormal localization of early endosomes and lysosomes. Rabgap1
knockout mice exhibited several features in common with the patient cohort, including micro-
cephaly, thinning of the corpus callosum, and ventriculomegaly.
Conclusion: Collectively, our results provide evidence of a novel neurodevelopmental syndrome
caused by biallelic loss-of-function variants in RABGAP1.

© 2022 American College of Medical Genetics and Genomics.
Published by Elsevier Inc. All rights reserved.
Introduction

RABGAP1 (also termed as GAPCenA, TBC1D11, or Rab
GTPase-activating protein 1) is a GTPase-activating protein
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that has been found to interact with many different RAB
GTPase proteins, including RAB6A, RAB6B, RAB2,
RAB4, and RAB36.1-3 RABGAP1 consists of an N-terminal
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TBC (TRE2/BUB2/CDC16) domain, which promotes gua-
nosine triphosphate hydrolysis, and a C-terminal coiled-coil
domain.1,3,4 It has been implicated in a diverse number of
cellular processes, including endosomal trafficking, mitosis,
and cell migration.1,5-10 RABGAP1 has also been shown to
modulate intracellular lysosomal positioning and vesicular
trafficking to promote mTOR complex 1 (mTORC1)
signaling, a critical pathway in cell proliferation and
growth.11 No pathogenic variants in RABGAP1 have been
reported in association with human diseases.

We report in this article 5 affected individuals from 3
unrelated families presenting with a spectrum of neuro-
developmental abnormalities, including global develop-
mental delay/intellectual disability, microcephaly, bilateral
sensorineural hearing loss, seizures, overlapping dysmor-
phic features, and brain anomalies, including ven-
triculomegaly and thinning of the corpus callosum.
Homozygous predicted loss-of-function (LOF) variants in
the RABGAP1 gene were identified in all 5 individuals
through exome sequencing (ES). Functional studies using
patient cells revealed a reduction in mTOR signaling and
abnormal positioning of lysosomes and early endosomes,
consistent with loss of RABGAP1 function. Finally, a
mouse knockout of Rabgap1 was found to have similar
brain anomalies, including thinning of the corpus callosum
and ventriculomegaly. Altogether, we provide evidence of a
novel neurodevelopmental syndrome caused by biallelic
LOF variants in RABGAP1.
Materials and Methods

RABGAP1 variants were discovered through ES after clin-
ical evaluation. Contact between clinicians and researchers
was mediated by GeneDx/GeneMatcher. Informed consent
was obtained for all participants for publication.

Detection and quantification of RABGAP exon 4/5
splicing levels using quantitative polymerase chain
reaction

Levels of RABGAP, RABGAPL1, and TBP exon pairs
were detected/quantified using quantitative polymerase
chain reaction (qPCR) after first strand complementary
DNA (cDNA) synthesis using total RNA extracted from
proband (patient 1), parental, and control unaffected patient
lymphoblastic cell lines (LCLs). cDNA was prepared from
1 ug of total RNA from each of the patient samples listed
earlier, using SuperScript IV VILO Master Mix (Thermo
Fisher Scientific) as per manufacturers protocol in a total of
volume of 20 uL.

To detect the expected altered splicing between exons 4
and 5 in the proband, 1uL of a 10-fold dilution of the cDNA
reaction was used in PCR consisting of MyTaq HS Mix 2X
(Froggabio) and 1 uL of RABGAP1Ex4F and RABGA-
Pex5R primers (50 ng/ul) in a total volume of 50 uL using
the following amplification cycle, 95 ◦C for 2 minutes fol-
lowed by 40 cycles of 95 ◦C for 20 seconds, 58 ◦C for 20
seconds, and 72 ◦C for 30 seconds. PCR products were
resolved using Tris, acetate, and EDTA gel electrophoresis
on a 2% agarose gel.

For real-time qPCR of RABGAP exon pairs, patient
cDNA samples were diluted 10-fold. PCR mixtures con-
sisted of 3 uL diluted cDNA mixture, 0.5 uL of 50 ng/uL
forward and reverse primers, distilled water, and 5 uL of iQ
SYBR Green Supermix (Bio-Rad). Amplification was per-
formed on a CFX96 Touch Real Time qPCR machine
(BioRad) using the following cycle program 95 ◦C for 5
minutes, 40 cycles of 95 ◦C for 15 seconds, 52 ◦C for 15
seconds annealing, and 72 ◦C for 15 seconds extension step.
RAPGAP and RABGAPL1 exon pairs were normalized to
TBP and relative to their respective target genes in the
control unaffected patient samples using 2(–delta delta C
[T]) method (see Supplemental Materials and Methods for
primers used for amplification of target exon pairs).
RNA sequencing

RNA was extracted from LCLs using an RNeasy Kit
(Qiagen) and quality was determined using TapeStation
RNA ScreenTape (Agilent). A total of 250 ng of RNA
spiked with SIRV Set 3 (Lexogen) was enriched for poly(A)
and libraries were prepared using an automated NEBNext
Poly(A) mRNA Magnetic Isolation Module and NEBNext
Ultra II Directional RNA Library Prep kit for Illumina
(NEB) on the NGS Workstation (Agilent). Libraries were
analyzed for quality using TapeStation High Sensitivity
DNA ScreenTape (Agilent) and quantified using KAPA li-
brary quantification (Roche) before sequencing on a Nova-
Seq 6000 System (Illumina).
RNA sequencing analysis

Raw sequencing reads were aligned to a hybrid genome of
hg19 (1000 Genomes reference genome, hs37d5) and the
spike-in sequences (SIRVome, SIRV set3) using Spliced
Transcripts Alignment to a Reference (v2.6.1c). Gene
annotation was obtained from Ensembl (v75) and combined
with SIRVome transcript annotation. Gene expression level
quantification was performed using RNA-Seq by Expecta-
tion Maximization (v1.2.22). Splicing junctions were visu-
alized using the Integrated Genomics Viewer.

Cell culture

Human LCLs were generated from patient 1 and her mother
and father at the The Centre for Applied Genomics (TCAG)
at the Hospital for Sick Children. A separate healthy control
was also used. Lymphoblastoid suspension cells were
cultured in RPMI-1640 (Wisent Bioproducts) supplemented
with 15% fetal bovine serum (Wisent Bioproducts) and 1%
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antibiotics (Wisent Bioproducts). Cells were grown in a
humidified atmosphere with 5% carbon dioxide at 37 ◦C.

Immunofluorescence

Lymphoblastoid suspension cells were seeded on cover slips
treated with 0.01% polylysine (ThermoFisher Scientific). For
indirect immunofluorescence, cells were fixed in ice-cold 4%
paraformaldehyde for 15 minutes at room temperature,
blocked for 1 hour, then incubated overnight at 4 ◦C with an-
tibodies to LAMP2 (DSHB, H4B4, lysosomal marker) and
RAB5 (abcam ab66746, early endosomal marker) diluted at
1:100 dilution in blocking solution. Secondary antibodies
(Alexa Fluor 488; Invitrogen) were applied for 1 hour at room
temperature at 1:1000 dilution. Micrographs were captured
with an Infinity1 camera (Lumenera Corp) through an
Olympus BX43 light microscope. Quantification was per-
formed manually using ImageJ from Ki67, Lamp2 and Rab5
immunofluorescence images taken at 60× magnification.

Immunoblotting

LCL protein lysates (30 μg/lane) were resolved through
sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
and proteins were transferred onto polyvinylidene fluoride
membranes, according to standard procedures. Membranes
were blocked in 5% skim milk powder and 3% bovine
serum albumin and incubated overnight with primary anti-
body. Primary antibodies used were pAKT (1:1000, Cell
Signaling Technology, 4060), AKT (1:1000, Cell Signaling
Technology, 9272), pS6 (1:1000, Cell Signaling Technol-
ogy, 9205), Total S6 (1:1000, Cell Signaling Technology,
9202), and HSP90 (1:1000, Origene, TA500494). After
extensive washing, membranes were incubated for 1 hour
with horseradish peroxidase-conjugated goat antirabbit
secondary antibody (1:5000, BioRad) in 5% skim milk
powder and 3% bovine serum albumin.

Rabgap1 mouse model generation

Rabgap1 knockout(-/-) mice (C57BL/6NCrl-Rabgap1tm1b

(EUCOMM)HMGU/Ieg) were generated through allele conversion
of C57BL/6N-Rabgap1tm1a(EUCOMM)Hmgu/Cnrm mouse line
originating from The European Conditional Mouse Muta-
genesis Program's embroynic stem cell clone,
HEPD0553_3_H04. For further details on the construction of
this clone, see the page at the International Mouse Pheno-
typing Consortium portal, https://www.mousephenotype.org/
data/genes/MGI:2385139.

The tm1b allele was produced by deletion of exon 5 of
Rabgap1 and the neomycin cassette using a cell-permeable
Cre recombinase.12 This allele is considered a true knockout
(KO) because skipping over of the LacZ cassette will not
produce a functional protein. The cassette expresses LacZ
under the control of the Rabgap1 promoter as fusion protein
with exon 4. For genotype analysis, genomic DNA was
extracted from tissue samples collected from mice during
ear labeling at weaning age (3-weeks) and PCR was per-
formed using Rabgap1 specific primers (F Rabgp1 5' arm
ctttgccctgcaatatgccat Rabgp1, 3' arm ggtatttgtccagagagatga,
and LAR3 caacgggttcttctgttagtcc; expected size (base pairs
[bp]) wild type: 645 bp and mutant: 513 bp). Heterozygous
mice were intercrossed to generate homozygous mutants.

Mouse phenotyping

A cohort of 19 Rabgap1-/- mice (10 males/9 females) and
wild-type controls (22 males/26 females) underwent the
early-adult screening pipeline at the German Mouse Clinic
as partner institution of the International Mouse Phenotyp-
ing Consortium (https://www.mousephenotype.org/).12,13,14

X-ray imaging was performed in an UltraFocus DXA
system (Faxitron Bioptics, LLC) with automatic exposure
control. To investigate a possible microcephaly in Rabgap1
young mutant mice, X-ray images from 16-week-old female
(5 controls and 5 Rabgap1-/-) and male (5 controls and 4
Rabgap1-/-) mice were analyzed using NDP.view2 software
(Hamamatsu). In particular, we measured skull length (dis-
tance from the edge of the nasal bone until the first cervical
vertebra) and width (distance representing maximum skull
width across parietal bones). The relationship, in percentage,
between skull length and width with body length was
calculated. For statistical analyses, a Wilcoxon-Mann-
Whitney test was applied to skull measurements.

For high throughput pathological analyses, we analyzed 4
Rabgap1-/- mice (2 female/2 male) and 2 wild-type mice
(1 female/1 male) at the age of 16 weeks. One additional
Rabgap1-/- femalemouse was received for sectioning owing to
welfare reasons at the age of 33weeks. Themicewere received
for high throughput analysis, euthanized with carbon dioxide,
and organs were analyzed macroscopically as described pre-
viously.15,16 For the histological analysis, hematoxylin and
eosin staining of brains was performed on 4% buffered
formalin-fixed paraffin-embedded sections (3 μm). Brains
were analyzedusing sagittal and limited serial coronal sections.
The cut regions and positionswere determinedbyAllenMouse
Brain Atlas (https://mouse.brain-map.org/static/atlas). In
addition to routinely performed hematoxylin and eosin stain-
ing, brain sections were stained using Luxol fast blue for better
visualization of myelinated tracts. Myelin/myelinated axons
stained blue to green. The slides were analyzed by 2 inde-
pendent pathologists.

For further experimental details, see Supplemental
Materials and Methods.
Results

Biallelic LOF variants in RABGAP1

Through GeneMatcher, we identified 5 patients interna-
tionally with homozygous variants in RABGAP1, inherited

https://www.mousephenotype.org/data/genes/MGI:2385139
https://www.mousephenotype.org/data/genes/MGI:2385139
https://www.mousephenotype.org/
https://mouse.brain-map.org/static/atlas
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from consanguineous heterozygous parents. All variants
were identified through ES. In total, 3 different homozygous
variants in RABGAP1 were identified and all were predicted
to result in loss of RABGAP1 function (Figure 1A). Two of
the variants affect canonical splice sites (NC_000009.12
[NM_012197.3]: c.591-1G>T detected in 2 siblings and
c.1101+1del detected in 1 patient) and the third variant
results in a premature stop codon (c.1072C>T; p.Arg358*
detected in 2 siblings). All variants are upstream of both the
TBC and the C-terminal coiled-coil domain in the
RABGAP1 protein. To validate an effect of the canonical
splice site variants on splicing, LCLs were generated from
one of the siblings carrying the c.591-1G>T variant and
from her parents. We were not able to obtain cell lines from
the other 2 patients with splice variants. RNA sequencing
revealed a novel splicing event resulting in the loss of 8 base
pairs from the 5′ end of exon 5, predicted to result in a
frameshift and premature stop codon (Figure 1B). This
novel splicing event was also observed in the heterozygous
parents. RNA sequencing results were validated through
PCR by showing a decrease in the size of a PCR product
spanning exons 4 and 5 (Figure 1C). When compared with
internal controls and with the Genotype-Tissue Expression
database, both proband and parents exhibited decreased
RNA levels of RABGAP1, consistent with nonsense-
mediated messenger RNA decay (Figure 1D). Of note, the
parents are both healthy, have normal head circumferences,
and have no neurodevelopmental challenges. In addition, ES
identified several other variants in the patient cohort, which
can be found in Supplemental Table 1.
Patients with biallelic LOF variants in RABGAP1
present with microcephaly, global developmental
delay, and multiple congenital anomalies

Clinical features of our cohort are summarized in Figure 1H.
The patients’ ages ranged from 2 to 13 years. All affected
individuals with biallelic variants in RABGAP1 presented
with severe global developmental delay/intellectual
disability. Significant microcephaly (on average, 3-4 SD
below the mean) was present in all individuals except pa-
tient 4. In total, 4 patients had bilateral sensorineural hearing
loss from birth. Two patients have a diagnosis of attention-
deficit/hyperactivity disorder and one of the patients is
pending further assessment for autism spectrum disorder.
Prominent neurologic findings included congenital unilat-
eral ptosis (1/5), exotropic strabismus (1/5), hypotonia (3/5),
severe hypertonia and spasticity (2/5), hyperreflexia (3/5),
and epilepsy (one patient with absence seizures; another
patient with focal to generalized tonic-clonic seizures and
episodes of status epilepticus). Notable overlapping
craniofacial features included a beaked nose (4/5), micro-
retrognathia (4/5), and synophrys (3/5) (Figure 1E, F, and
H). Additional clinical features are detailed in Supplemental
Table 1 and the Supplemental Note.
Neuroimaging shows delayed myelination and
thinned corpus callosum in patients with biallelic
LOF variants in RABGAP1

Neuroimaging results were reviewed for all patients. Delayed
myelination, white matter volume loss, and thinning of the
corpus callosum (Figure 1G) were seen in 4 of 5 patients. In
addition, patient 4 had cortical atrophy of the right hemi-
sphere after diffuse cortical swelling due to a prolonged
episode of status epilepticus, a large cisterna magna, and
severe ventriculomegaly with a distal aqueductal stenosis,
requiring multiple ventriculostomies. Her presentation with
profound ventriculomegaly, hydrocephaly, severe epilepsy,
feeding difficulties, obesity (above +3 SD, World Health
Organization body mass index-for-age girls), and absence of
microcephaly (+1.3 SD) are unique to our cohort. It should
be noted that she was found to have additional homozygous
variants of uncertain significance in FLVCR2 (NM_
017791.3:c.452G>A p.Arg151His). Homozygous patho-
genic variants in FLVCR2 cause proliferative vasculopathy
and hydranencephaly-hydrocephaly syndrome, also known
as Fowler syndrome.17 Although she lacks the key features
of proliferative vasculopathy and hydranencephaly-
hydrocephaly syndrome (ie, absence of intracranial calcifi-
cations and abnormal vascular proliferations), it cannot be
ruled out that these additional variants may be contributing to
her phenotype.

Patient cells harboring biallelic variants in
RABGAP1 exhibit decreased mTOR signaling
and abnormal lysosomal and endosomal
positioning

Previous studies have revealed that a knockdown of
RABGAP1 in cells results in an abnormal localization of
both lysosomal and endosomal compartments.11 Cells with
decreased RABGAP1 were found to have a more dispersed
appearance of both LAMP2 (which marks lysosomes and
late endosomes) and early endosomal markers.11 Examina-
tion of RAB5 (an early endosomal marker) localization in
the LCLs revealed a significant increase in the number of
cells with dispersed RAB5 staining in the affected patient
and heterozygous parents when compared with a healthy
control (Figure 2A). LAMP2 staining was also more
distributed in the patient and their parents when compared
with a healthy control although the patient also exhibited a
significant increase when directly compared with their par-
ents (Figure 2B). Overall, these findings are consistent with
loss of RABGAP1 function.

In addition, studies have shown that RABGAP1 is
required for mTORC1 activity, and RABGAP1 knockdown
in cells resulted in decreased phospho-S6 levels, a common
readout for the mTOR pathway.11 We measured the levels
of both phospho-AKT (a readout for AKT signaling, a
critical upstream kinase) and phospho-S6 in lymphoblastoid



Figure 1 Biallelic variants in RABGAP1 cause a novel neurodevelopmental syndrome. A. Schematic of the RABGAP1 gene and
RABGAP1 protein with patient variants indicated. B. Sashimi plot denoting splice junctions at the 5′ end of exon 5 in RABGAP1 and
resulting predicted protein sequence when the alternate junction is used. Human lymphoblastoid cell lines (LCLs) were generated from
patient 1, her mother, and her father to perform RNA sequencing and analysis. C. Polymerase chain reaction products from primers spanning
exon 4 and the middle of exon 5 showing the size of the product (red arrow) in the proband (patient 1) when compared with the M and F. The
noticeably thicker bands in parent lanes (M and F) may be due to the presence of 2 poorly resolved bands that differ by only 8 base pair. MW
of a ladder is also indicated. D. Comparison of mean transcripts per million for RABGAP1 in the GTEx database, internal controls (n = 6),
and patient 1 and her mother and father. E. Facial features, including a front and side profile of patient 1. F. Facial features, including a front
and side profile of patient 2. G. Representative brain magnetic resonance imaging images from our patient cohort. Patient 1 at 7 months (from
left to right): sagittal T1 shows a thin undermyelinated corpus callosum (arrow) tapering toward a hypoplastic splenium (arrow) and
microcephaly. Axial T2 reveals incomplete, but age appropriate, myelin maturation of the white matter tracts (arrow) traversing the basal
ganglia. Axial T1, however, shows delayed frontal lobe myelination (arrow). Diffusion weighted imaging is normal. Patient 1 at 4.5 years
(from left to right): the dysgenetic shape of the corpus callosum (arrow) persists after myelin maturation on sagittal T1 image. The prepontine
cistern (short arrow) has become mildly prominent, also suggesting relative thinning of the brainstem. Axial T2 and T1 weighted images
reveal normal myelin maturation of the periarterial white matter (arrow) and peripheral white matter. The white matter volume is less than
expected but has not decreased from the initial MRI at 7 months of age. Axial fluid-attenuated inversion recovery (FLAIR) shows normal
signal. Patient 2 at 2 years 7 months (from left to right): the same configuration (arrow) of the corpus callosum is present on sagittal T1,
despite satisfactory myelin maturation of the structure. The prepontine cistern is mildly prominent (short arrow), consistent with mild
brainstem volume loss. Axial T2 now shows the low signal white matter tracts (arrow). Axial T1 shows progressive myelin maturation in the
peripheral white matter (arrow) although the peripheral white matter tracts are thin for age. Axial FLAIR shows normal signal. Microcephaly
is present, as is a mildly trigonocephalic head shape. Patient 3 at age 11 months. Shows white matter volume loss with delayed myelination
that improved on subsequent imaging at 4 years. Patient 4 at 4 months. Reveals a large cisterna magna on T1 sagittal view and T2 images
show severe ventriculomegaly and distal aqueductal stenosis (before third ventriculostomy). Patient 5 at 1 month. Shows thinning of the
corpus callosum and absence of myelination of the posterior limb of the internal capsule (PLIC). At 5 months, there is myelination of the
PLIC but no further myelination elsewhere. H. Summary of the clinical features found across the patient cohort. Note dashed lines through
the box means the feature was not known or able to be diagnosed given the patient’s age. ADHD, attention-deficit/hyperactivity disorder;
CC, C-terminal coiled-coil domain; F, father; GTEx, Genotype-Tissue Expression; M, mother; MW, molecular weight; P, proband; PID,
N-terminal phosphotyrosine interaction domain; TBC, TRE2/BUB2/CDC16 domain; WT, wild type.
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Figure 2 Characterization of patient 1’s lymphoblastoid cell line and a mouse knockout model of Rabgap1. A. Comparison of percent
of lymphoblastoid cells with either localized or distributed expression of RAB5 between a healthy control, proband (patient 1) and her parents
(****P < .0001). B. Comparison of percent of lymphoblastoid cells with either localized or distributed expression of LAMP2 between a
healthy control, proband (patient 1) and her parents (****P < .0001). C. Total S6, phospho S6, total AKT, and phospho AKT protein levels
in a healthy control, proband, and her parents. pS6 and S6 are both 70 kDa. pAKT and AKT are both 60 kDa. HSP90 was used as a loading
control (90 kDa). D. Skull width and skull length comparison between WT (n = 10) and Rabgap1 knockouts (n = 9) (**P < .05). E, F.
Coronal brain sections with hematoxylin and eosin (H&E) staining of a WT and a Rabgap1 knockout mouse. CC denotes the corpus cal-
losum, arrows indicate the normal ventricle in (F) and the dilated ventricle in (G). G, H. Sagittal brain sections with H&E staining of a WT
and a Rabgap1 knockout mouse. CC denotes the corpus callosum, arrows indicate the normal ventricle in (H) and the dilated ventricle in (I).
I, J. Coronal brain sections with Toluidine blue staining of a WT and Rabgap1 knockout mouse. Arrows indicate the corpus callosum. NS,
not significant; WT, wild type.
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cells derived from the proband, the parents, and a healthy
control. Interestingly, there was decreased levels of both
phospho-S6 and phospho-AKT in the proband when
compared with either parent or the healthy control
(Figure 2C). Altogether, our results are consistent with
downregulated mTOR signaling in the patient cells,
consistent with loss of RABGAP1.
Rabgap1 KO mice also exhibit microcephaly,
thinning of the corpus callosum, and
ventriculomegaly

Through GeneMatcher, we learned about a Rabgap1 KO
mouse model and were intrigued to find similar neurologic
features as those seen in our patient cohort. During
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macroscopic examination of the mice used for histopatholo-
gy, 2 of 5 Rabgap1 KO mice exhibited marked domed and
thinned skull bones. X-ray images were analyzed and
microcephaly, reflected in significantly reduced skull width,
was diagnosed in mutant animals (Figure 2D). On histolog-
ical analysis, 4 of 4 Rabgap1 KO mice exhibited thinning of
the corpus callosum whereas control, healthy mice had
normal appearing corpora callosa (Figure 2I and J). The fifth
Rabgap1 KO mouse examined had such severe hydroceph-
alus with compressed tissue that the corpus callosum was not
detectable. The mice with deformity of the skull also showed
severe dilation of the third and lateral ventricles and atrophy
of the cortex (2/5; Figure 2F and H). Hydrocephalus/ven-
triculomegaly has been reported in certain inbred strains of
mice as a background feature (an incidence of 0.01-0.03% in
the BL6 mice strain) and in genetically modified mice (with
variable incidence).18 Given the low number of animals and
patients in our cohort, it is difficult to conclude, without
further studies of larger cohorts, whether ventriculomegaly is
a hallmark feature.
Discussion

We provide evidence for a novel neurodevelopmental syn-
drome caused by biallelic LOF variants in RABGAP1.
Variants in RABGAP1 identified in our patient cohort are
classified as pathogenic in accordance with American Col-
lege of Medical Genetics and Genomics guidelines, ful-
filling the criteria for pathogenicity with the following
observations: not observed in large population databases
(absent in Genome Aggregation Database); the 2 splice site
variants are located in a canonical splice site, both of which
are predicted to affect splicing in silico, and one of the splice
site variants showed abnormal splicing that is predicted to
result in a frameshift and premature stop codon (Figure 1B
and C); the third variant results in a premature stop codon;
the specific neurodevelopmental features shared by affected
individuals from different families; and further supported by
the similar phenotype seen in the Rabgap1 KO mice.19 The
mechanisms by which loss of RABGAP1 result in the
clinical features seen in our patients will require further
investigation. mTOR signaling has been previously shown
to be critical for brain development and a dysregulation in
its signaling is associated with various neurodevelopmental
and neuropsychiatric disorders.20 Although there were some
overlapping craniofacial abnormalities, including beaked
nose, microretrognathia, and synophrys, it is difficult to
conclude on a recognizable facial pattern with a small
sample size. Of note, a similar constellation of craniofacial
features and neurologic findings have been reported in a rare
condition called Warburg micro syndrome or Maltsolf
syndrome (both due to Rab18 deficiency caused by patho-
genic variants in RAB3GAP1, RAB3GAP2, RAB18, or
TBC1D20).21,22 However, our cohort lacked congenital
cataracts, microphthalmia, and hypogonadism, which are
the hallmarks of Rab 18 deficiency although a wider
phenotypic spectrum may exist as more cases are described.
The reason for overlapping features may be explained by an
indirect link between RABGAP1 and TBC1D20 as shown
in a yeast 2-hybrid study, however further experimental
studies will be required to test this hypothesis.23

We present evidence that biallelic variants in RABGAP1
lead to abnormal neurodevelopment through a LOF mech-
anism, which may be mediated by downregulation of
the mTORC1 signaling pathway. We propose the term
RABGAP1-related disorder to describe this condition asso-
ciated with neurodevelopmental and multiple congenital
anomalies caused by pathogenic RABGAP1 variants.
Data Availability

Clinical data and materials will be shared upon request to
the corresponding author.
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