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Summary
Hereditary spastic parapareses (HSPs) are clinically heterogeneous motor neuron diseases with variable age of onset and severity.

Although variants in dozens of genes are implicated in HSPs, much of the genetic basis for pediatric-onset HSP remains unexplained.

Here, we re-analyzed clinical exome-sequencing data from siblings with HSP of unknown genetic etiology and identified an inherited

nonsense mutation (c.523C>T [p.Arg175Ter]) in the highly conserved RAB1A. The mutation is predicted to produce a truncated protein

with an intact RAB GTPase domain but without two C-terminal cysteine residues required for proper subcellular protein localization.

Additional RAB1A mutations, including two frameshift mutations and a mosaic missense mutation (c.83T>C [p.Leu28Pro]), were iden-

tified in three individuals with similar neurodevelopmental presentations. In rescue experiments, production of the full-length, but not

the truncated, RAB1a rescued Golgi structure and cell proliferation in Rab1-depleted cells. In contrast, the missense-variant RAB1a dis-

rupted Golgi structure despite intact Rab1 expression, suggesting a dominant-negative function of the mosaic missense mutation.

Knock-down of RAB1A in cultured human embryonic stem cell-derived neurons resulted in impaired neuronal arborization. Finally,

RAB1A is located within the 2p14–p15 microdeletion syndrome locus. The similar clinical presentations of individuals with RAB1A

loss-of-function mutations and the 2p14–p15 microdeletion syndrome implicate loss of RAB1A in the pathogenesis of neurodevelop-

mental manifestations of this microdeletion syndrome. Our study identifies a RAB1A-related neurocognitive disorder with speech

and motor delay, demonstrates an essential role for RAB1a in neuronal differentiation, and implicates RAB1A in the etiology of the neu-

rodevelopmental sequelae associated with the 2p14–p15 microdeletion syndrome.
Hereditary spastic paraparesis (HSP) is a heterogeneous

motor neuron disease that often presents with lower ex-

tremity weakness and spasticity resulting in an abnormal

gait and joint contractures.1 Due to the vast clinical vari-

ability, and because it is often a diagnosis of exclusion,

HSP requires genetic confirmation for a definitive diag-

nosis. The genetic landscape of HSP is complex, and

dozens of genes, termed spastic paraplegia (SPG) loci,

have been identified.2,3 While SPG loci are classified as

containing variants associated with either dominant or

recessive disease, this dichotomy has been challenged

by the identification of mutations in REEP24 (MIM:

609347), ATL15,6 (SPG3A [MIM: 606439]), SPAST7 (SPG4

[MIM: 604277]), and Paraplegin8,9 (SPG7 [MIM:

602783]) implicated in both dominant and recessive dis-

ease inheritance. Additionally, a modifier mutation in
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SPAST/SPG4 was associated with differences in disease

severity.10

Spastic paraparesis is classified as either pure or compli-

cated, with complicated HSP presenting with variable sec-

ondary clinical manifestations. Complicated disease more

often results from recessive or X-linked mutations, while

pure HSP results from dominant or de novo mutations.11

HSP-associated genes, including those associated with

pure and complicated forms, encode proteins with func-

tions that converge on pathways critical for proper neuron

formation and function.2,3 The considerable genetic het-

erogeneity of HSP has prompted clinical evaluation using

exome sequencing (ES); however, despite the comprehen-

sive nature of ES, recent studies demonstrated that amajor-

ity of individuals with HSP, or other related neurologic

conditions, remain without a genetic diagnosis despite
r Children, Dallas, TX 75219, USA; 2Eugene McDermott Center for Human

allas, TX 75390, USA; 3Departments of Pediatrics University of Texas South-

urgery, University of Texas Southwestern Medical Center, Dallas, TX 75390,

77030, USA; 6Department of Molecular & Human Genetics, Baylor College

USA; 8Department of Integrative Life Sciences, Graduate School of Life Sci-

euroscience, University of Texas Southwestern Medical Center, Dallas, TX

dical Center, Dallas, TX 75390, USA; 11Peter O’Donnell Brain Institute, Uni-

for the Genetics of Host Defense, University of Texas Southwestern Medical

E 19803, USA; 14Thomas Jefferson University, Philadelphia, PA 19144, USA;

A; 16Department of Neurology and Neurotherapeutics, University of Texas

nal of Human Genetics 110, 2103–2111, December 7, 2023 2103

mailto:jonathan.rios@tsrh.org
https://doi.org/10.1016/j.ajhg.2023.10.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajhg.2023.10.009&domain=pdf


A B

C

D

Figure 1. RAB1A loss-of-function mutations in families with a dominant developmental and neurocognitive disease
(A) Pedigrees of families with identified RAB1A mutations. Affected individuals are shown with black fill symbols and unaffected with
open symbols. Individual RAB1A genotypes are shown below. RAB1A genemutations in each pedigree are shown above. Individuals not
available for testing and/or lacking clinical evaluations are shown with question mark.
(B) Results of pVAAST analysis for the 44 genes harboring candidate variants in family 1. Genes with loss-of-function (LoF) variants are
shown with squares; missense variants are circles. Relative expression of gene orthologs in mouse neurons is shown by blue color. Sym-
bol size reflects the gene pLI score (from gnomAD). Genes without mouse orthologs or without expression data are shown in black.
(C) Schematic showing the GTPase domain and two C-terminal prenylated cysteine residues of RAB1a. Amino acid alterations identified
in this study are indicated above.
(D) Representative co-localization of the Golgi-localized GM130 (red) and full-length (WT), truncated (p.Arg175Ter), and cysteine-
mutant (p.Cys204Ala) GFP-RAB1a (green) in transfected COS-7 cells.
periodic re-analysis.12,13 These results suggest that addi-

tional disease-causing mutations in other genes remain

to be discovered.

We first evaluated a family with paternally inherited

complicated HSP (family 1 in Figure 1A). Both siblings pre-

sented with neurocognitive differences, developmental

motor delay, vision impairment (both siblings wore

glasses), and spastic paraplegia (II.1 and II.2 in Figure 1A;

Table 1; supplemental note). Brain MRI were normal. The

siblings’ father was identified with a gait abnormality,

lower extremity spasticity, and a past diagnosis of cerebral

palsy, although he had a normal birth history and MRI.

Clinical ES of both siblings was performed at the Baylor Ge-

netics Laboratory (BGL), as previously described,14 but this

failed to identify genetic diagnoses in either sibling.

Following informed consent approved by the Institutional

Review Board at the University of Texas Southwestern

Medical Center, we performed ES of samples from both
2104 The American Journal of Human Genetics 110, 2103–2111, Dec
parents and integrated results following re-analysis of clin-

ical ES from both siblings. Heterozygous nonsynonymous

variants identified in both affected siblings were filtered to

include only those with evidence for paternal inheritance,

that were not present in an in-house control database, and

that were rare (<1% minor allele frequency) in the public

Exome Variant Server and ExAC databases. Following

filtering, 44 genes harboring candidate variants were prior-

itized using the gene-based association analysis tool

pVAAST (Table S1), which integrates an inheritance LOD

score with a deleteriousness score that is then compared

to the frequency of similarly deleterious variants in a con-

trol population.15 pVAAST analysis identified nonsense

mutations in RAB1A, encoding the Ras-related RAB1a,

and CPN1, encoding the carboxypeptidase N subunit 1,

as the most significantly associated genes and with the

highest pVAAST scores (Figure 1B; Table S1). The nonsense

mutation in CPN1 was not considered a plausible
ember 7, 2023



Table 1. Clinical characteristics of individuals with RAB1A mutations or the 2p14–p15 microdeletion syndrome

Individual Genotypea Ageb Sex
Speech
delay

Motor
delay Neurocognition MRI Microcephaly Dysmorphism Vision Musculoskeletal Other Reference

Family 1,
II.1c

c.523C>T
(p.Arg175Ter)

16 years male N/A yes learning
disability

normal no N/A yes spastic
paraplegia

this report

Family 1,
II.2c

c.523C>T
(p.Arg175Ter)

16 years female N/A yes sensory
integration
disorder,
dyslexia

normal no N/A yes bilateral foot cavus, scoliosis spastic
paraplegia

this report

Family 2,
II.1

c.127dup
(p.Thr43Asnfs*50)

12 years female yes yes autism,
seizures, ID,
anxiety

normal no yes light
sensitivity

abnormal
involuntary
movements

hemangioma,
constipation,
severe insomnia

this report

Family 3,
II.1

c.60_61del
(p.Val22Trpfs*8)

16 years male N/A N/A autism,
anxiety,
aggression

N/A no bifid uvula N/A hyperextensibility,
fatigue, joint pain

tremor, muscle
weakness,
nephrotic
syndrome

this report

Family 4,
II.2

c.83T>C
(p.Leu28Pro)
(mosaic)

15 years male yes yes abnormal
EEG without
seizure,
cognitive
delay, ADHD,
anxiety

foreshortened
corpus callosum,
mildly prominent
ventricular system,
widening of the
foramen of
Magendie

yes yes spondyloepimetaphyseal
dysplasia, scoliosis and
spinal fusion, short
stature

chronic
constipation,
periodic limb
movement
disorder

this report

6 de novo
2p14–p15
microdeletion

8 years male yes yes seizures, ID normal yes yes hyperopia N/A Wohlleber et al.28;
individual 1

7 de novo
2p14–p15
microdeletion

12 years female yes yes mild ID normal yes yes no N/A Wohlleber et al.28;
individual 2

8 de novo
2p14–p15
microdeletion

4 years male yes yes N/A N/A N/A yes yes hypotonia Jorgez et al.26;
individual 2

9 de novo
2p14–p15
microdeletion

21 m male yes yes N/A cerebral atrophy,
colpocephaly,
enlarged
cisterna magna

yes yes N/A hypotonia failure to thrive Jorgez et al.26;
individual 4

10 de novo
2p14–p15
microdeletion

16 years male N/A yes short attention
span, aggression

N/A yes yes N/A osteopenia, scoliosis,
pes planus, ankle eversion

failure to thrive Jorgez et al.26;
individual 5

11 de novo
2p14–p15
microdeletion

4 years male yes yes hyperactivity N/A N/A yes esotropia mild camptodactyly,
pes planus

Jorgez et al.26;
individual 7

12 de novo
2p14–p15
microdeletion

4 years male yes yes hyperactivity,
ID

hemosiderin
deposition,
changes in
lateral
ventricles

yes yes myopia delayed tooth
eruption

diagnosed
spastic
cerebral
ataxia

Hancarova
et al.27

N/A, not available or not reported; ID, intellectual disability; EEG, electroencephalogram; ADHD, attention deficit/hyperactivity disorder.
aGenBank: NM_004161.5.
bAge at publication or genetic testing.
cSiblings
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candidate because of the low loss-of-function (LoF) intoler-

ance score16 (gnomAD pLI ¼ 0.00) for CPN1, the lack of

expression in mouse neurons,17 and the lack of known

involvement in neurologic function and development.

Furthermore, mutations in CPN1 are associated with auto-

somal-recessive carboxypeptidase N deficiency (MIM:

212070) that is clinically distinct from HSP.

Among all candidate genes with paternally inherited LoF

variants, RAB1A was the only gene with a LoF intolerance

score to suggest selection against haploinsufficiency (gno-

mAD pLI ¼ 0.82) and was among the most highly ex-

pressed orthologous genes in mouse neurons (Figure 1B).

Paternal inheritance of the RAB1A nonsense mutation

(GenBank: NM_004161.5) (c.523C>T [p.Arg175Ter]) was

confirmed in both siblings and the affected father by

Sanger sequencing; the variant was absent in the mother’s

and unaffected brother’s samples (Figure S1A). To further

evaluate the neurodevelopmental abnormalities associated

with RAB1A haploinsufficiency, we queried the BGL clin-

ical ES database, identifying two additional unrelated indi-

viduals with predicted LoF frameshift mutations, each

located within the region encoding the RAB GTPase

domain (Figure 1A, families 2 and 3). In family 2, the pro-

band (II.1 in Figure 1A) was 3 years of age at the time of

testing and is now 12 years of age with a history of speech

and motor developmental delay, autism, seizures, facial

dysmorphisms, and visual sensitivity to light (family 2,

II.1 in Table 1). The father in family 2 was reported to

have unspecified developmental delay, learning disability,

and abnormal behaviors, though a more detailed clinical

evaluation was not available. This frameshift mutation

(c.127dup [p.Thr43Asnfs*50]) identified in family 2 was

located within exon 3 near the region encoding the N ter-

minus of the protein, suggesting loss of the GTPase

domain and premature truncation leading to nonsense-

mediated decay (NMD) (Figure 1C). The mutation was

confirmed in the proband and father by Sanger sequencing

(Figure S1B); the variant was absent in the mother. In fam-

ily 3, the proband (II.1 in Figure 1A) was 16 years of age at

testing, which identified a frameshift mutation

(c.60_61del [p.Val22Trpfs*8]) within exon 2 resulting in

loss of the GTPase domain, premature truncation, and,

likely, NMD (Figures 1A and 1C). Evaluations for speech

and motor delay were not available, though he also pre-

sented with autism, aggression, bifid uvula (dysmor-

phism), and muscle weakness (family 3, II.1 in Table 1).

Additional genetic analyses in family 3 as well as detailed

clinical histories of probands in families 2 and 3 were not

available.

Finally, in the course of performing ES in individuals

with undiagnosed skeletal dysplasia, we identified a de

novo mosaic RAB1A missense mutation (c.83T>C

[p.Leu28Pro]) within the RAB GTPase domain in one pro-

band (Figure 1C; II.2 of family 4 in Figure 1A). Mosaicism

was predicted based on the relatively low allele fraction

from ES of the individual’s blood sample (Table S2), which

was confirmed by Sanger sequencing (Figure S1C). To
2106 The American Journal of Human Genetics 110, 2103–2111, Dec
investigate further the potential mosaic nature of this

allele, we also sequenced DNA from a saliva sample from

the proband. In contrast to results from the blood sample,

sequencing of the saliva sample showed equal representa-

tion of the heterozygous RAB1A alleles, further supporting

mosaic differences in the mutant allele burden in this indi-

vidual. This mosaic individual presented with neurodeve-

lopmental features similar to the others, though he is

notable for the more involved skeletal findings (family 4,

II.2 in Table 1; supplemental note). Because mutations in

RAB1A were not previously implicated in a human disease

in OMIM, clinical ES of all probands included here failed to

identify a genetic diagnosis.

The nonsense mutation identified in family 1 occurs in

the last exon of the gene and, therefore, was not predicted

to result in nonsense-mediated decay. However, while

premature truncation was predicted to maintain a fully

intact GTPase domain (Figure 1C), it was also predicted

to result in the exclusion of two C-terminal prenylated

cysteine residues that direct the subcellular localization

and activity of Rab proteins.18–20 Therefore, we hypothe-

sized that the truncated RAB1a lacking the C-terminal

cysteines would mis-localize within cells, resulting in a

non-functional protein. A construct encoding an N-ter-

minal GFP-fused RAB1a was transfected into COS-7 cells.

Wild-type RAB1a properly co-localized with the Golgi

marker GM130 in COS-7 cells, while the truncated

RAB1a failed to localize to the Golgi and was detected

throughout the cytosol and with no evidence of NMD

(Figure 1D). Furthermore, alteration of the two C-termi-

nal cysteine residues to alanine in an otherwise full-

length RAB1a was sufficient to cause the same diffuse

cellular mis-localization (Figure 1D).

We next tested the function of variant Rab1a in rescue ex-

periments using Rab1-cKO cells.21 Rab1-cKO cells were pre-

viously engineered from Madin-Darby canine kidney

(MDCK) cells to conditionally deplete both endogenous

Rab1a and Rab1b, which have redundant functions in pro-

moting cell survival and proliferation.22 When Rab1-cKO

cells are treated with doxycycline and auxin, endogenous

Rab1 is depleted, resulting in disruption of Golgi

morphology and ER-to-Golgi trafficking.21 For rescue exper-

iments, constructs encoding wild-type or variant RAB1a

were transiently expressed in untreated and treated Rab1-

cKO cells, followed by evaluation of Golgi morphology

and cell proliferation. In untreated Rab1-cKO cells, wild-

type RAB1a co-localized with AID-tagged Rab1b to the peri-

nuclear Golgi region, while truncated RAB1a remained cyto-

solic and failed to co-localize with AID-Rab1b (Figure 2A).

Golgi morphology was not disrupted following transient

expression of constructs encoding full-length or truncated

RAB1a (Figure 2A). In treated Rab1-depleted cells, full-

length RAB1a co-localized with the trans-Golgi polypeptide

N-acetylgalactosaminyltransferase 2 (GalNT2) and rescued

Golgi morphology compared to the empty vector negative

control, while the truncated RAB1a did not (Figure 2B).

Consistent with these results, production of the full-length
ember 7, 2023
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Figure 2. Variant RAB1a fail to rescue Golgi morphology in Rab1-depleted cells
(A and B) Co-localization of full-length (WT) and truncated (p.Arg175Ter) EGFP-RAB1a (green) with AID-tagged Rab1b or the trans-Golgi
protein GalNT2 (red) in (A) untreated Rab1-cKO cells or (B) Rab1-depleted Rab1-cKO cells treated with doxycycline and auxin. Scale bar,
10 mm.
(C) Time-course quantification of EGFPþ Rab1-depleted Rab1-cKO cells treated with doxycycline and auxin expressing an empty vector
(gray) construct or constructs encoding full-length (WT, orange) or truncated (p.Arg175Ter, blue) RAB1a. Mean and SEM are shown from
three independent experiments. Statistically significant differences were determined by one-way ANOVA with Tukey’s test. **p < 0.01.
(D and E) Co-localization of full-length (WT) and missense-variant (p.Leu28Pro) EGFP-RAB1a (green) with endogenous Golgi-localized
GalNT2 (red) in (D) untreated Rab1-cKO cells or (E) Rab1-depleted Rab1-cKO cells treated with doxycycline and auxin. Scale bar, 10 mm.
(F) Time-course quantification of EGFPþ Rab1-depleted Rab1-cKO cells treated with doxycycline and auxin and expressing empty vector
(gray) construct or constructs encoding full-length (WT, orange) or missense-variant (Leu28Pro, blue) RAB1a. Mean and SEM are shown
from three independent experiments. Statistically significant differences were determined by one-way ANOVA with Tukey’s test.
*p < 0.05; ***p < 0.001.
(G) Predicted structures of wild-type and p.Leu28Pro RAB1a by AlphaFold2 using UniProt accession P62820.
(H) Predicted structure of wild-type and mutant switch 1 region (S1R) and GTP/Mg2þ binding site near the p.(Leu28Pro) variant of
RAB1a.
RAB1a in Rab1-depleted cells rescued cell survival and pro-

liferation compared to the empty vector negative control

and compared to production of the truncated RAB1a

(Figure 2C). Taken together, these results implicate RAB1a

haploinsufficiency in the RAB1A-related neurocognitive dis-

order with speech and motor delay.

We then evaluated the potential for themissense-variant

RAB1a (p.Leu28Pro) to rescue Golgi morphology and cell

survival using Rab1-cKO cells. As expected in untreated

Rab1-cKO cells, the full-length Rab1a co-localized with
The American Jour
GalNT2 in the intact Golgi (Figure 2D). Surprisingly, pro-

duction of the missense-variant RAB1a resulted in disrup-

tion of the Golgi compartment despite the cells retaining

Rab1b expression, suggesting the missense mutation iden-

tified in the mosaic individual functions as a dominant

negative (Figure 2D). Golgi morphology was rescued

following production of the full-length, but not the

missense-variant, RAB1a in treated Rab1-depleted cells

(Figure 2E). Consistent with the LoF, or possibly domi-

nant-negative function, of the missense-variant RAB1a,
nal of Human Genetics 110, 2103–2111, December 7, 2023 2107
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Figure 3. RAB1a is encoded by an alternative initiating methionine
(A) Schematic of initiating methionine variants tested following transient expression in HEK293 cells. Methionine-encoding codons are
underlined. Engineered variants are shown in red.
(B) Representative images of HEK293 cells transiently expressing RAB1a-GFP clones shown in (A).
(C) Relative quantification of GFPþ HEK293 cells expressing RAB1a-GFP clones from (A). Data represent mean and SEM relative to con-
trol from three independent experiments. Statistically significant differences compared to control were determined by one-way ANOVA
with Dunnett test. *p < 0.05.
(D) Schematic of methionine-variant constructs tested for RAB1a-GFP production in HEK293 cells. Methionine-encoding codons are
underlined. Engineered variants are shown in red.
(E) Representative images of HEK293 cells transiently expressing RAB1a-GFP constructs shown in (D).
(F) Relative quantification of GFPþ HEK293 cells expressing RAB1a-GFP constructs from (D). Data represent mean and SEM relative to
control from three independent experiments. Statistically significant differences were determined by one-way ANOVA with Tukey test.
*p < 0.05; **p < 0.01.
production of the missense-variant RAB1a failed to rescue

cell survival and proliferation in Rab1-depleted cells

compared to the full-length RAB1a (Figure 2F). Using

AlphaFold2 to model the structure of the missense-variant

RAB1a, the p.Leu28Pro allele had little impact on the over-

all structure of RAB1a, though it was predicted to slightly

alter the structure of the switch 1 region (S1R) and GTP/

Mg2þ binding site of RAB1a (Figures 2G and 2H). Based

on these results, the missense variant may alter GTP/GDP

binding or GTPase activity of RAB1a.

The high LoF intolerance score and clinical association

with haploinsufficiency among the individuals reported

here suggest that LoFmutations would be rare in the general

population. We identified multiple individuals in the BGL

and gnomAD databases with variants predicted to disrupt

the translation initiating methionine (p.Met1?) of the ca-

nonical transcript (GenBank: NM_004161.5), which would

be considered potential LoF alleles. We hypothesized that

these initiating methionine variants were not pathogenic

and instead led to translation from an alternative in-frame

methionine located 3 residues downstream. To test this,

we cloned a region encoding an in-frame C-terminal GFP

epitope immediately following the RAB1A coding sequence

and transiently expressed in HEK293 cells the wild-type

control transcript or transcripts containing different vari-

ants at the initiatingmethionine codon (Figure 3A). Because

the C-terminal GFP epitope altered subcellular localization

of RAB1a (data not shown), we quantified the relative num-
2108 The American Journal of Human Genetics 110, 2103–2111, Dec
ber of RAB1a-GFPþ cells by flow cytometry. In support of

our hypothesis, all initiating methionine-variant constructs

produced RAB1a-GFP at similar levels to control, with only a

slight but statistically significant reduction for the

rs755814508 allele (Figures 3B and 3C). These results sug-

gest the encoded protein may initiate from the second in-

frame methionine. To test this, we mutated the codons for

p.Met1, p.Met4, or both and quantified RAB1a-GFPþ cells

by flow cytometry (Figure 3D). Mutation of the second

methionine (ControlþGCG) significantly reduced RAB1a-

GFP production compared to control or to mutation of

the first methionine (rs755814508) (Figures 3E and 3F).

This was reduced further by altering both methionine resi-

dues (rs755814508þGCG) (Figures 3E and 3F). These results

suggest the second in-framemethionine is the primary initi-

ating residue in the canonical transcript and that the initi-

ating methionine variants annotated in the gnomAD and

BGL databases are likely benign polymorphisms. Of note,

p.Met4? variants, which our results suggest would be LoF al-

leles, are not reported in the gnomAD or BGL databases.

Independent of its ER-Golgi trafficking functions, RAB1a

was previously implicated in a ‘‘Golgi-bypass’’ transport

pathway, localizing to the growth cones of developing neu-

rites.23 In addition to RAB1a, the Golgi-localized Atlastin 1

GTPase, encoded by ATL1 (SPG3A [MIM: 606439]), also lo-

calizes to the growth cones of cultured neurons, as do REEP1

(SPG31 [MIM: 609139]) and Spastin (SPG4 [MIM:

604277]).24,25 shRNA knockdown of Atl1 in rat cortical
ember 7, 2023
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Figure 4. RAB1A is essential for dendritic morphogenesis
(A) Representative immunofluorescence images demonstrating the morphology of H9 human embryonic stem cell (hESC)-derived neu-
rons following transfection with scramble shRNA control or two different shRNAs targeting RAB1A. Six days after transfection, neurons
were stained with GFP to visualize and characterize neuronal morphology, MAP2 to indicate neuronal dendrites, and DAPI to mark
nuclei. Scale bars, 100 mm.
(B) Sholl analysis shows a reduction in dendritic complexity in neurons transfected with two shRNAs targeting RAB1A (blue and red)
compared to neurons transfected with scramble control shRNA (black). Data were analyzed using one-way ANOVA followed by Tukey’s
test. Mean and SEM are shown from n ¼ 10 per group.
(C) Quantification of dendritic length in hESC-derived neurons following transfection with a scramble control shRNA (black) or shRNAs
targeting RAB1A (blue and red). Data were analyzed using one-way ANOVA followed by Tukey’s test. ****p < 0.0001. Mean and SEM are
shown from n ¼ 27 Scramble, n ¼ 30 shRNA #1, and n ¼ 32 shRNA #2.
(D) Representative tracings of hESC-derived neurons transfected with a scramble control shRNA or shRNAs targeting RAB1A utilized for
Sholl analysis and dendritic length quantification. Scale bars, 20 mm.
neurons significantly reduced axon and dendrite growth,

implicating impaired neuronal formation and/or differenti-

ation in the pathogenesis of ATL1-associated HSP.24 There-

fore, we hypothesized that, like Atlastin 1, knockdown of

the RAB1a GTPase impairs neuronal morphogenesis. To

test this, we differentiated H9 human embryonic stem cells

into neurons and transfected cells with a scramble shRNA

(negative control) or two different shRNAs targeting

RAB1A. Neurons transfected with the scramble control

shRNA developed long, complex dendritic branches, while

knockdown of RAB1A impaired dendritic arborization

(Figure 4A). To quantify differences in dendritic complexity,

we performed Sholl analysis of individual H9-derived neu-

rons following transfection of scramble control shRNA or

RAB1A-targeting shRNAs. Compared to scramble control,

RAB1A knockdown significantly reduced dendritic length

and complexity of neurons (Figures 4B–4D). These results

demonstrate a critical role for RAB1A in neuronal morpho-

genesis, particularly in establishing dendritic length and
The American Jour
arborization, and implicate impaired neuronal formation

in the pathogenesis of the RAB1A-related neurocognitive

disorder with speech and motor delay.

RAB1A is located on chromosome 2 within the 2p14–p15

microdeletion syndrome locus. Individuals with the 2p14–

p15 microdeletion present with a variety of clinical

sequelae, suggesting that individual geneswithin themicro-

deletion contribute to such clinical variability. For example,

individuals whose microdeletion includes OTX1 (MIM:

600036), encoding the orthodenticle homeobox 1, present

with genitourinary defects.26 Previously reported individ-

uals harbor de novo 2p14–p15 microdeletions that include

RAB1A26–28; therefore, we investigated similarities between

their reported clinical manifestations (individuals 6–12)

and those reported here with the RAB1A-related neurocog-

nitive disorder with speech and motor delay (families 1–4)

(Table 1). Almost all individuals from both diagnoses pre-

sented with speech andmotor delay and variable neurocog-

nitive involvement. Additionally, vision impairment,
nal of Human Genetics 110, 2103–2111, December 7, 2023 2109



microcephaly, and facial dysmorphisms were noted in both

diagnoses, while skeletal and neuromuscular findings were

variable. As well, additional individuals with similar clinical

sequelae were identified in the DECIPHER genomics data-

base with deletions overlapping RAB1A. Results from this

study suggest that loss of RAB1A contributes to much of

the neurodevelopmental manifestations of the 2p14–p15

microdeletion syndrome, including motor and neurocogni-

tive deficiencies.

The RAB1a GTPase is highly conserved and is required

for survival in multiple diverse species, including

Drosophila,29 yeast,30 and nematode.31 RAB1a regulates

multiple fundamental cellular processes, such as ER-to-

Golgi trafficking and autophagy, and also was implicated

in the pathogenesis of Parkinson disease.19,32–34 Here, we

describe a RAB1A-related neurocognitive disorder with

speech and motor delay caused by haploinsufficiency of

RAB1A. We also propose that RAB1A haploinsufficiency

is responsible for the neurodevelopmental manifestations

of the 2p14–p15 microdeletion syndrome.
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Dı́az, M., Esteban, J., del Castillo, E., Moris, G., Infante, J., et al.

(2013). SPG7 mutational screening in spastic paraplegia pa-

tients supports a dominant effect for some mutations and a

pathogenic role for p.A510V. Clin. Genet. 83, 257–262.

https://doi.org/10.1111/j.1399-0004.2012.01896.x.

9. McDermott, C.J., Dayaratne, R.K., Tomkins, J., Lusher, M.E.,

Lindsey, J.C., Johnson, M.A., Casari, G., Turnbull, D.M.,

Bushby, K., and Shaw, P.J. (2001). Paraplegin gene analysis in

hereditary spastic paraparesis (HSP) pedigrees in northeast En-

gland. Neurology 56, 467–471.

10. Svenson, I.K., Kloos, M.T., Gaskell, P.C., Nance,M.A., Garbern,

J.Y., Hisanaga, S.i., Pericak-Vance, M.A., Ashley-Koch, A.E.,
ember 7, 2023

https://doi.org/10.1016/j.ajhg.2023.10.009
https://doi.org/10.1016/j.ajhg.2023.10.009
https://alphafold.ebi.ac.uk
https://www.rbvi.ucsf.edu/chimerax/
https://www.deciphergenomics.org
https://gnomad.broadinstitute.org
https://www.omim.org
https://www.partek.com
http://broadinstitute.github.io/picard/
https://hufflab.org/software/pvaast/
https://snp.gs.washington.edu/SeattleSeqAnnotation154/
https://doi.org/10.1055/s-0034-1386767
https://doi.org/10.1146/annurev-neuro-062111-150400
https://doi.org/10.1146/annurev-neuro-062111-150400
https://doi.org/10.1038/nrn2946
https://doi.org/10.1038/nrn2946
https://doi.org/10.1016/j.ajhg.2013.12.005
https://doi.org/10.1016/j.ajhg.2013.12.005
https://doi.org/10.1038/ejhg.2014.5
http://refhub.elsevier.com/S0002-9297(23)00362-2/sref6
http://refhub.elsevier.com/S0002-9297(23)00362-2/sref6
http://refhub.elsevier.com/S0002-9297(23)00362-2/sref6
http://refhub.elsevier.com/S0002-9297(23)00362-2/sref6
http://refhub.elsevier.com/S0002-9297(23)00362-2/sref7
http://refhub.elsevier.com/S0002-9297(23)00362-2/sref7
http://refhub.elsevier.com/S0002-9297(23)00362-2/sref7
http://refhub.elsevier.com/S0002-9297(23)00362-2/sref7
http://refhub.elsevier.com/S0002-9297(23)00362-2/sref7
https://doi.org/10.1111/j.1399-0004.2012.01896.x
http://refhub.elsevier.com/S0002-9297(23)00362-2/sref9
http://refhub.elsevier.com/S0002-9297(23)00362-2/sref9
http://refhub.elsevier.com/S0002-9297(23)00362-2/sref9
http://refhub.elsevier.com/S0002-9297(23)00362-2/sref9
http://refhub.elsevier.com/S0002-9297(23)00362-2/sref9


and Marchuk, D.A. (2004). Intragenic modifiers of hereditary

spastic paraplegia due to spastin gene mutations. Neuroge-

netics 5, 157–164. https://doi.org/10.1007/s10048-004-

0186-z.

11. Depienne, C., Stevanin, G., Brice, A., and Durr, A. (2007). He-

reditary spastic paraplegias: an update. Curr. Opin. Neurol.

20, 674–680. https://doi.org/10.1097/WCO.0b013e3282f

190ba.

12. Ngo, K.J., Rexach, J.E., Lee, H., Petty, L.E., Perlman, S., Valera,

J.M., Deignan, J.L., Mao, Y., Aker, M., Posey, J.E., et al. (2020).

A diagnostic ceiling for exome sequencing in cerebellar ataxia

and related neurological disorders. Hum. Mutat. 41, 487–501.

https://doi.org/10.1002/humu.23946.

13. van deWarrenburg, B.P., Schouten, M.I., de Bot, S.T., Vermeer,

S., Meijer, R., Pennings, M., Gilissen, C., Willemsen, M.A.,

Scheffer, H., and Kamsteeg, E.J. (2017). Clinical exome

sequencing for cerebellar ataxia and spastic paraplegia un-

covers novel gene-disease associations and unanticipated

rare disorders. Eur. J. Hum. Genet. 25, 393. https://doi.org/

10.1038/ejhg.2016.168.

14. Yang, Y., Muzny, D.M., Xia, F., Niu, Z., Person, R., Ding, Y.,

Ward, P., Braxton, A., Wang, M., Buhay, C., et al. (2014). Mo-

lecular findings among patients referred for clinical whole-

exome sequencing. JAMA 312, 1870–1879. https://doi.org/

10.1001/jama.2014.14601.

15. Hu, H., Roach, J.C., Coon, H., Guthery, S.L., Voelkerding, K.V.,

Margraf, R.L., Durtschi, J.D., Tavtigian, S.V., Shankaracharya,

W., Wu, W., et al. (2014). A unified test of linkage analysis

and rare-variant association for analysis of pedigree sequence

data. Nat. Biotechnol. 32, 663–669. https://doi.org/10.1038/

nbt.2895.

16. Lek, M., Karczewski, K.J., Minikel, E.V., Samocha, K.E., Banks,

E., Fennell, T., O’Donnell-Luria, A.H., Ware, J.S., Hill, A.J.,

Cummings, B.B., et al. (2016). Analysis of protein-coding ge-

netic variation in 60,706 humans. Nature 536, 285–291.

https://doi.org/10.1038/nature19057.

17. Zheng, G.X.Y., Terry, J.M., Belgrader, P., Ryvkin, P., Bent, Z.W.,

Wilson, R., Ziraldo, S.B., Wheeler, T.D., McDermott, G.P., Zhu,

J., et al. (2017). Massively parallel digital transcriptional

profiling of single cells. Nat. Commun. 8, 14049. https://doi.

org/10.1038/ncomms14049.

18. Gomes, A.Q., Ali, B.R., Ramalho, J.S., Godfrey, R.F., Barral,

D.C., Hume, A.N., and Seabra, M.C. (2003). Membrane target-

ing of Rab GTPases is influenced by the prenylation motif.

Mol. Biol. Cell 14, 1882–1899. https://doi.org/10.1091/mbc.

e02-10-0639.

19. Stenmark, H. (2009). Rab GTPases as coordinators of vesicle

traffic. Nat. Rev. Mol. Cell Biol. 10, 513–525. https://doi.org/

10.1038/nrm2728.

20. Farnsworth, C.C., Seabra, M.C., Ericsson, L.H., Gelb, M.H.,

and Glomset, J.A. (1994). Rab geranylgeranyl transferase cata-

lyzes the geranylgeranylation of adjacent cysteines in the

small GTPases Rab1A, Rab3A, and Rab5A. Proc. Natl. Acad.

Sci. USA 91, 11963–11967.

21. Hatoyama, Y., Homma, Y., Hiragi, S., and Fukuda, M. (2021).

Establishment and analysis of conditional Rab1- and Rab5-

knockout cells using the auxin-inducible degron system.

J. Cell Sci. 134, jcs259184. https://doi.org/10.1242/jcs.

259184.

22. Homma, Y., Kinoshita, R., Kuchitsu, Y., Wawro, P.S., Maruba-

shi, S., Oguchi, M.E., Ishida, M., Fujita, N., and Fukuda, M.

(2019). Comprehensive knockout analysis of the Rab family
The American Jour
GTPases in epithelial cells. J. Cell Biol. 218, 2035–2050.

https://doi.org/10.1083/jcb.201810134.

23. Sannerud, R., Marie, M., Nizak, C., Dale, H.A., Pernet-Gallay,

K., Perez, F., Goud, B., and Saraste, J. (2006). Rab1 defines a

novel pathway connecting the pre-Golgi intermediate

compartment with the cell periphery. Mol. Biol. Cell 17,

1514–1526. https://doi.org/10.1091/mbc.e05-08-0792.

24. Zhu, P.P., Soderblom, C., Tao-Cheng, J.H., Stadler, J., and

Blackstone, C. (2006). SPG3A protein atlastin-1 is enriched

in growth cones and promotes axon elongation during

neuronal development. Hum. Mol. Genet. 15, 1343–1353.

https://doi.org/10.1093/hmg/ddl054.

25. Park, S.H., Zhu, P.P., Parker, R.L., and Blackstone, C. (2010).

Hereditary spastic paraplegia proteins REEP1, spastin, and

atlastin-1 coordinate microtubule interactions with the

tubular ER network. J. Clin. Invest. 120, 1097–1110. https://

doi.org/10.1172/JCI40979.

26. Jorgez, C.J., Rosenfeld, J.A., Wilken, N.R., Vangapandu, H.V., Sa-

hin, A., Pham, D., Carvalho, C.M.B., Bandholz, A., Miller, A.,

Weaver, D.D., et al. (2014). Genitourinary defects associated

with genomic deletions in 2p15 encompassing OTX1. PLoS One

9, e107028. https://doi.org/10.1371/journal.pone.0107028.

27. Hancarova, M., Vejvalkova, S., Trkova, M., Drabova, J., Dle-

skova, A., Vlckova, M., and Sedlacek, Z. (2013). Identification

of a patient with intellectual disability and de novo 3.7 Mb

deletion supports the existence of a novel microdeletion syn-

drome in 2p14-p15. Gene 516, 158–161. https://doi.org/10.

1016/j.gene.2012.12.027.

28. Wohlleber, E., Kirchhoff, M., Zink, A.M., Kreiss-Nachtsheim,
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