
Received: March 30, 2023. Revised: July 6, 2023. Accepted: July 29, 2023.
© The Author(s) 2023. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For
commercial re-use, please contact journals.permissions@oup.com

Human Molecular Genetics, 2023, Vol. 32, 21, 3063–3077

https://doi.org/10.1093/hmg/ddad130
Advance access publication date 8 August 2023

Original Article

Macrocephaly and developmental delay caused by
missense variants in RAB5C
Klaas Koop 1,†, Weimin Yuan2,†, Federico Tessadori 3,†, Wilmer R. Rodriguez-Polanco4, Jeremy Grubbs5, Bo Zhang2,

Matt Osmond6, Gail Graham6, Sarah Sawyer7, Erin Conboy8, Francesco Vetrini8, Kayla Treat8, Rafal Płoski 9,

Victor Murcia Pienkowski9,10, Anna Kłosowska11, Elizabeth Fieg12,13, Joel Krier12,13, Coralie Mallebranche14, Ziegler Alban15,

Kimberly A. Aldinger 16,17, Deborah Ritter18, Ellen Macnamara19, Bonnie Sullivan20, John Herriges21, Joseph T. Alaimo21,

Catherine Helbig22, Colin A. Ellis23, Clare van Eyk24, Jozef Gecz24, Daniel Farrugia25, Ikeoluwa Osei-Owusu26, Lesley Adès27,

Marie-Jose van den Boogaard28, Sabine Fuchs1, Jeroen Bakker3, Karen Duran3, Zachary D. Dawson2, Anika Lindsey2, Huiyan Huang2,

Dustin Baldridge2, Gary A. Silverman2, Barth D. Grant4, David Raizen5, Undiagnosed Diseases Network, Gijs van Haaften28,

Stephen C. Pak2, Holger Rehmann29, Tim Schedl2,* and Peter van Hasselt1,*

1Department of Pediatrics, University Medical Center Utrecht, Utrecht, 3584 EA, The Netherlands
2Departments of Pediatrics and Genetics, C. elegans Model Organism Screening Center, Washington University in St Louis School of Medicine, St Louis, MO 63110,
USA
3Hubrecht Institute-KNAW and University Medical Center Utrecht, Utrecht, 3584 CT, The Netherlands
4Department of Molecular Biology and Biochemistry, Rutgers, The State University of New Jersey, Piscataway, NJ, 08854, USA
5Department of Neurology and the Chronobiology and Sleep Institute, University of Pennsylvania, Philadelphia, PA, 19104, USA
6Children’s Hospital of Eastern Ontario Research Institute, University of Ottawa, Ottawa, Ontario, K1H 8L1, Canada
7Department of Pediatrics, Children’s Hospital of Eastern Ontario, University of Ottawa, Ottawa, Ontario, K1H 8L1, Canada
8Department of Medical and Molecular Genetics, Indiana University School of Medicine, Indianapolis, IN, 46202, USA
9Department of Medical Genetics, Medical University of Warsaw, Warsaw, 02-106, Poland
10Marseille Medical Genetics U1251, Aix Marseille University, Marseille, 13005, France
11Department of Pediatrics, Hematology and Oncology, Medical University of Gdańsk, Gdańsk, 80-210, Poland
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Abstract

Rab GTPases are important regulators of intracellular vesicular trafficking. RAB5C is a member of the Rab GTPase family that plays an
important role in the endocytic pathway, membrane protein recycling and signaling. Here we report on 12 individuals with nine different
heterozygous de novo variants in RAB5C. All but one patient with missense variants (n = 9) exhibited macrocephaly, combined with mild-
to-moderate developmental delay. Patients with loss of function variants (n = 2) had an apparently more severe clinical phenotype
with refractory epilepsy and intellectual disability but a normal head circumference. Four missense variants were investigated
experimentally. In vitro biochemical studies revealed that all four variants were damaging, resulting in increased nucleotide exchange
rate, attenuated responsivity to guanine exchange factors and heterogeneous effects on interactions with effector proteins. Studies
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in C. elegans confirmed that all four variants were damaging in vivo and showed defects in endocytic pathway function. The variant
heterozygotes displayed phenotypes that were not observed in null heterozygotes, with two shown to be through a dominant negative
mechanism. Expression of the human RAB5C variants in zebrafish embryos resulted in defective development, further underscoring the
damaging effects of the RAB5C variants. Our combined bioinformatic, in vitro and in vivo experimental studies and clinical data support
the association of RAB5C missense variants with a neurodevelopmental disorder characterized by macrocephaly and mild-to-moderate
developmental delay through disruption of the endocytic pathway.

Introduction
The Rab family of GTPases is involved in regulation of intracellular
membrane trafficking. About 70 members of the Rab family exist
in humans, each with separate functions (1). Several of these
have been associated with neurodevelopmental disorders (2–4),
while other Rab GTPases have been studied in cell models and
model organisms, without association with human disease (5).
The Rab GTPases function as cellular switches, cycling between
GTP-bound active and a GDP-bound inactive states. The balance
between activation and inactivation is influenced by multiple
factors, and the final effect depends on the timing of activation,
as well as the amount and subcellular localization of the protein.
To function properly, the timing, amount and localization must
be in sync: normal development is the final result of a cellular
balancing act.

Rab5, a subgroup of the Rab GTPase family, is a master reg-
ulator of the endocytic pathway, functioning in the uptake and
utilization of extracellular materials, membrane protein recycling
or degradation and signaling. Rab5 mediates heterotypic fusion of
nascent cargo containing endocytic vesicles with early endosomes
(EEs), homotypic fusion of EEs and the recruitment of Rab7 in
the maturation of EEs to late endosomes (6,7). In mammals there
are three paralogs, Rab5a, Rab5b and Rab5c, with Rab5c the
focus of this study. Rab5c regulates the homeostasis of several
membrane-bound proteins, including adhesion molecules and
receptors. In addition, Rab5c has also been implicated in sev-
eral (patho)physiological processes, including signal transduction
through EGF and VEGF receptors (8–10), cell motility and cell
adhesion (11,12). In previous studies, Rab5 was found to have a
role in neuronal migration (13) and axonal transport (14). RAB5C
has, up until now, not definitively been associated with human
disease, although a link has been suggested based on the presence
of loss of function variants in RAB5C in cohorts of patients with
epilepsy (15,16).

Here we describe pediatric and adult patients with heterozy-
gous de novo variants in RAB5C, along with in vitro biochemical
characterization and in vivo studies of these variants in C. elegans
and zebrafish.

Results
Patients
Using GeneMatcher (17), we identified 12 unrelated individuals
with heterozygous variants in RAB5C (Table 1). Of these vari-
ants 11 were de novo, while inheritance was unknown in one
patient. Nine variants were missense, one was an indel and two
were loss of function (Table 1, Supplementary Material, Table S1).

Patients with de novo heterozygous missense variants presented
with developmental delay, ranging from mild to moderate.
Macrocephaly was a consistent feature, present in eight out of
nine patients (range 1.2–5.7 standard deviations (SD)). Next to
these highly prevalent features, a variety of additional phenotypic
features were described. Facial dysmorphism, mostly described
as coarse facial features, were present in six out of nine patients

(Fig. 1). Other phenotypic features included sleep disturbances
(4/9), hypothyroidism (3/9), epilepsy (2/9), hematologic abnor-
malities (2/9) and cardiac abnormalities (2/9). Several patients
showed abnormalities on imaging of the brain (5/7), including
periventricular leukomalacia in two, and absence of the corpus
callosum in two patients (Table 1, Supplementary Material,
Table S1).

Recurrence was observed for three of the missense variants,
with two patients for each of the recurrent variants. Similar
macrocephaly (2/3 pairs) and mild-to-moderate developmental
delay (2/3 pairs) was observed, while the additional less penetrant
phenotypic features were not consistent among each pair.

One patient carrying a duplication of Val32 showed phenotypic
overlap with patients with missense variants but did not have
macrocephaly.

Two patients were heterozygous for loss of function variants
and presented with potentially clinically distinct features from
those with missense variants. Macrocephaly was absent in these
patients. Instead, they exhibited severe refractory epilepsy, pro-
found intellectual disability with autistic features.

Bioinformatic features of the missense variants
RAB5C is widely expressed in humans (https://gtexportal.org/,
release V8) and thus may function in the tissues affected in the
patient cohort. To assess pathogenicity of the RAB5C variants, we
first evaluated the genetic data. Constraint data from gnomAD
(v2.1.1) (18) for RAB5C were consistent with intolerance to loss
of function heterozygosity [observed/expected ratios for loss of
function variants (o/e) = 0.08 (0.03–0.36), probability of being loss-
of-function intolerant (pLI) = 0.94], suggesting haploinsufficiency,
while there is marginal intolerance for missense variation (Z
score 1.42, o/e 0.67). Combined Annotation Dependent Depletion
(CADD) scores of the missense variants in our patients were all
above 24.6, where values >20 represent variants that are among
the 1% most deleterious (19). CADD scores of patient variants
tended to be higher than those of missense variants reported
in gnomAD (mean 27.7 ± 2.7 versus 19.1 ± 8.2, p = 0.1). Similarly,
REVEL (rare exome variant ensemble learner) scores of missense
variants (range 0–1, with higher scores indicating greater likeli-
hood of pathogenicity) were between 0.81 and 0.94 (mean 0.89)
(20) (Supplementary Material, Table S3).

Next, we evaluated the amino acid location of the patient vari-
ants compared to gnomAD variants in the linear gene sequence
(Fig. 2). Most patient missense variants localized to stretches of
the gene that were devoid of gnomAD missense variants, which
are thought to be largely benign. These ‘desert stretches’ (21)
corresponded to the G-motifs, which are involved in nucleotide
binding and are highly conserved in all G-protein, Rab and Ras
family members (Fig. 2). Variants A31P, V32dup, S35C and Q80R
were all located in regions of the gene that were previously found
to be constrained coding regions (22). Interestingly, patient #6,
with the only variant (I129N) outside of the G-motifs, exhibited
a similar but milder clinical phenotype.

Available structural data confirmed that most patient variants
affect residues involved in nucleotide binding (Fig. 3A–C). The
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Figure 1. Photographs of patients with RAB5C variants, showing macrocephaly and (increase in) coarse facial features in several patients.

Figure 2. RAB5C is depicted along with known G-motifs (green bars). Missense mutations as retrieved from gnomAD are depicted with gray bars. Rab5c
variants found in patients are depicted in triangles (missense) and asterisk (frameshift). Note that most missense mutations localize to a G-motif that is
essential in nucleotide binding, except for one patient (I129N) that had a relatively mild phenotype. Variants used for further functional characterization
in bold.

exception is I129, which is localized to the hydrophobic core of
the protein (Fig. 3D).

Below we describe in vitro and in vivo functional studies of four
of the missense variants. We chose three variants that reside in
different nucleotide binding G-motifs (RAB5C p.A31P, p.Q80R and
p.D137N), that are predicted to be damaging, and the single mis-
sense variant that is not in the nucleotide binding motif (RAB5C
p.I129N), as the functional effect of the variant in the hydrophobic
core was unclear (Supplementary Material, Fig. S1).

Biochemical characterization of Rab5c variants in
vitro
The activation status of Rab proteins is dependent on nucleotide
exchange, which, in turn, is influenced by guanine exchange fac-
tors (GEFs). The eventual downstream effect is mediated through
effector proteins. We hypothesized that missense variants could
impact cellular function either through a change in nucleotide
exchange, altered responsivity to GEFs or a change in effector
protein interaction.

Wild-type recombinant Rab5c protein displays a high nucleo-
tide affinity, as reflected by a slow nucleotide exchange rate, and

is very responsive to the GEF Rin1 (Fig. 4A). In contrast, Rab5c vari-
ants A31P, Q80R, I129N or D137N exhibited increased nucleotide
exchange rates (Fig. 4B–F). The change in nucleotide exchange was
different among the variants: the increase in exchange rate of
Rab5c Q80R and I129N was mild, that of A31P was pronounced
(Fig. 4E), while the nucleotide exchange of D137N was even about
one order of magnitude faster than that of A31P (Fig. 4E and F). All
variants were still responsive to GEF Rin1, although the GEF effect
was attenuated compared to wild type and partially masked by
the increased nucleotide exchange rate (Fig. 4A–F).

While a change in nucleotide exchange rate and GEF-
responsivity results in differences in activation status of Rab5c,
the eventual function of Rab5c is mediated through effector
proteins. Of interest in the context of this study were known Rab5
interacting proteins of which in total 19 were identified (Fig. 4G).
Among these proteins are effector proteins as well as GEFs. The
effector protein interaction was altered in all four variants, with
qualitative differences between different variants. A decrease in
effector protein interaction was observed for I129N and D137N.
Especially for the D137N variant, many effectors found with
wild-type Rab5 or other Rab5c variants were absent, although
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Figure 3. Structural visualization of Rab5c variants. (A) Crystal structure of Rab5c bound to the hydrolysis-resistant GTP analogue GppNHp (pdb-entry
1HUQ). Tints of gray are used to illustrate the incompatibility of the non-sense variants with protein folding; dark gray, N-terminal part till residue
80; light gray C-terminal part from residue 122 onward. GppNHp (blue) and residues affected by point mutations (red) are shown in ball-and-stick
representation. (B) Detailed view of the phosphate binding cavity. For clarity, only the three phosphates of the nucleotide are shown and labeled α, β

and γ . The direction of the nucleophilic attack of a water molecule (w) to the γ -phosphate in course of the non-GAP catalyzed hydrolysis reaction is
indicated by a red arrow. Residues affected by point mutations are colored in a tint of red. Dotted lines, hydrogen bonds. (C) Interaction of the base with
the NKxD motif. For clarity of representation, only the base of the nucleotide is shown. (D) Hydrophobic environment of Ile129. Figures were generated
by use of the programs molscript (55) and Raster3D (56).

the interaction with GEFs like Rin1 and RabGEF1 was maintained.
In contrast, a general increase in effector protein interac-
tion was observed for A31P and Q80R. For example, OCLR1,
OSBPL11 and PI3KR3 were found in particular with Rab5c A31P
(Fig. 4G).

Variants affect Rab-5 function in C. elegans
We exploited gene editing and phenotypic analysis including
established assays for the endocytic pathway in C. elegans to
assess the in vivo functional consequences of four RAB5C mis-
sense variants A31P, Q80R, I129N or D137N (corresponding to rab-
5 A29P, Q78R, M127N, D135N) (Supplementary Material, Fig. S1)
(23,24). The goals of the experimental studies were to determine
if each variant was damaging in vivo, to provide information on
the genetic mechanism of the de novo dominant presentation of
the cases and to ascertain if there were alterations in endocytic
pathway function. The results are described below and summa-
rized in Supplementary Material, Table S1A and B.

Control edited worms (A29A, Q78Q, D135D and M127M)
were not phenotypically different from the wild-type VC2010
strain that was edited, indicating that the synonymous changes
do not alter rab-5 gene function. Furthermore, M127I human-
ized edited worms were not different from control edited
worms or wild type, indicating that both methionine (C. elegans
sequence) and isoleucine (human sequence) are interchangeable
in RAB-5.

First, we assessed the consequences of the variants when
present in the homozygous state. Worms homozygous for A29P,
Q78R and D135N were lethal at the first larval (L1) stage,

indistinguishable from the L1 lethal phenotype of the rab-
5 homozygous deletion allele ok2605 (25). Interestingly, when
modeling the mildest patient variant, rab-5 M127N homozygotes
were viable and fertile but exhibited cold-sensitive phenotypes
including slower growth, reduced adult body length and reduced
crawling speed (Supplementary Material, Fig. S3).

Given the dominant presentation in affected individuals, we
then examined worms heterozygous for the different variants.
We found that rab-5 M127N heterozygotes had reduced crawling
speed (Supplementary Material, Fig. S4), while rab-5 D135N
heterozygotes displayed cold-sensitive phenotypes including
reduced length and reduced crawling speed (Supplementary
Material, Fig. S5). In contrast, rab-5 Q78R and A29P heterozygotes
did not display temperature sensitivity, adult size or crawling
speed phenotypes. Based on the clinical observation of disrupted
sleep in patient 4 harboring RAB5C Q80R, we next assessed
sleep phenotypes for rab-5 Q78R, as well as for A29P, making
use of established assays for sleep in C. elegans (26). Indeed, rab-
5 Q78R heterozygotes, but not A29P heterozygotes, displayed
a significant decrease in stress-induced sleep (Supplementary
Material, Fig. S6A).

rab-5 is not a haploinsufficient gene in C. elegans. rab-5(ok2605)
heterozygotes, which produce ∼50% of the wild-type protein level,
were viable and fertile, indistinguishable from wild-type worms in
adult size and crawling speed, in endocytic uptake of secreted sol-
uble GFP (ssGFP) and in the formation of large EEs in coelomocytes
(25). Thus, rab-5 D135N, M127N and Q78R heterozygotes displayed
phenotypes not observed in the deletion null heterozygote, sug-
gesting that these missense variants result in a change of protein
function.
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Figure 4. Intrinsic and GEF Rin1 catalyzed nucleotide exchange. (A)–(D) Nucleotide exchange rates of 200 nM Rab5c wt and Rab variants in the absence
or presence of different concentrations of Rin1 (0–100 nM) as indicated at 20◦C. The vertical grey line in (A), (C) and (D) corresponds to the length of the
x-axis in (B). (E) Intrinsic nucleotide exchange rates of Rab5C wt and Rab5c variants at 30◦C. (F) 1300 nM Rab5c D137N and subsequently 10 mm GPD
were added to 200 nM mGDP at 20◦C. (G). GTPγ S-loaded Rab5c proteins, together with seven different unrelated reference baits (cb01 to cb07), were
immobilized and used for precipitation of interacting proteins from HeLa cell lysates, in duplicate (49). The precipitation proteins were identified by mass
spectroscopy. The summed peptide intensities of individual identified proteins were logarithmical-transformed to the basis of 10 and are represented
by shades of gray. Note, intensities smaller than 104 are not obtained due to technical constraints. The 19 identified known Rab binding proteins (in
bold, y-axis) and randomly selected ‘background’ proteins are shown.

We employed classic gene dosage studies (27) to better under-
stand the genetic nature of the change of function activity for two
of the variants, rab-5 D135N and Q78R. If a variant is dominant
negative, then adding wild-type copies will suppress the pheno-
type, while in a hypermorphic/hyperactive variant, adding wild-
type copies will enhance the phenotype. The endogenous rab-5
gene resides on chromosome I and we employed a transgenic
wild-type single copy of rab-5(+), on chromosome II, which is
expressed at the same level as the endogenous rab-5(+) gene
(Supplementary Material, Fig. S5) (25). For the rab-5 D135N het-
erozygous length phenotype, addition of one transgenic copy of
rab-5(+) (a total of two wild-type copies) fully suppressed the
defect, with no additional change with two transgenic copies
(Supplementary Material, Fig. S5B). For the crawling speed phe-
notype, one transgenic copy of rab-5(+) partially suppressed and
two transgenic copies (a total of three wild-type copies) fully
suppressed the rab-5 D135N phenotype (Supplementary Material,
Fig. S5C). Similarly, the addition of one transgenic copy of rab-5(+)
almost fully suppressed the stress-induced sleep phenotype of
the Q78R heterozygotes (Supplementary Material, Fig. S6B). The
finding that the addition of a wild-type gene copy suppressed
the phenotype indicates that the rab-5 D135N and Q78R variants
result in a dominant negative effect. By extension, human RAB5C

p.D137N and p.Q80R, which were recurrent in our patient cohort
(Table 1), are likely dominant negative variants.

Variants affect endocytic pathways in C. elegans
Rab5 functions in endocytosis by mediating heterotypic fusion of
cargo-containing nascent endocytic vesicles with EEs and homo-
typic fusion of EEs to become large EEs, which have a ring-shaped
appearance in cross section. We assessed the effect of the four
missense variants on endocytic uptake, measuring fluid phase
endocytic uptake by coelomocytes, which are scavenger cells in C.
elegans that nonspecifically endocytose fluid from the body cavity.
In the endocytosis assay at a steady state, ssGFP constitutively
secreted by muscle cells (myo-3p::ssGFP) is efficiently cleared from
the body cavity by endocytosis into the coelomocytes and sub-
sequently degraded in wild-type (24) and in the control edits. In
contrast, worms homozygous for the M127N variant were defec-
tive in ssGFP clearance (Fig. 5). Similarly, the D135N heterozygotes
had a more than 3-fold reduction in ssGFP fluorescence in the
coelomocytes, indicating decreased ssGFP endocytosis (Fig. 6). The
rab-5 Q78R and A29P heterozygotes did not display an obvious
defect in the steady-state ssGFP endocytosis assay. Employing a
more sensitive assay determining the rate of endocytic uptake,
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Figure 5. rab-5 M127N homozygotes are defective in endocytic uptake.
(A) Steady-state levels of ssGFP (arIs37[myo-3p::ssGFP]) in rab-5 M127M#1
control edit homozygotes (top), rab-5 M127I#1 humanized edit homozy-
gotes (middle) and rab-5 M127N#1 variant homozygotes (bottom). Repre-
sentative GFP (above) and bright-field (below) images of the posterior half
of worms are shown. In M127M#1 control edit and M127I#1 humanized
edit homozygotes, there is rapid endocytic uptake of ssGFP from the body
cavity (weak signal, orange arrow) into coelomocytes (white arrowheads).
In M127N#1 variant homozygotes, ssGFP accumulates in the body cavity
(strong signal, white arrows) with limited uptake in coelomocytes (white
arrowhead), although this is difficult to visualize with the large amount of
ssGFP in the surrounding body cavity. Scale bar, 50 μm. Full genotypes of
strains are listed in Supplementary Material, Table S2. (B) Quantification
of mean GFP fluorescence intensity per animal, in arbitrary units (AU)
(assessed with ImageJ) for rab-5 M127M#1 control edit homozygotes (dark
green), rab-5 M127I#1 humanized edit homozygotes (light green) and rab-
5 M127N#1 variant homozygotes (dark red). Three independent biolog-
ical replicates were combined for each genotype. n = 10 per condition.
Scatter plots indicate the median with 95% confidence interval. Differ-
ences between groups were determined using ordinary one-way ANOVA
followed by a Dunnett multiple-comparisons test. ns, not significant;
∗∗∗∗P < 0.0001.

Figure 6. rab-5 D135N heterozygotes are defective in endocytic uptake.
(A) Confocal images showing the steady-state ssGFP level in coelomocytes
(yellow outline) of a rab-5 D135D#1 control edit heterozygote (top) and a
D135N#2 variant edit heterozygote (bottom). Scale bar, 5 μm. All geno-
types were generated by crosses with wild-type males; the full genotypes
of the parental strains are listed in Supplementary Material, Table S2.
(B) Quantification of the mean GFP fluorescent intensity from rab-5
D135D#1 (circles) (n = 17) and D135N#2 (triangles) (n = 18) heterozygous
coelomocytes. The scatter plot shows the mean and standard devia-
tion. Differences between groups were determined by Student’s t-test.
∗∗∗∗P < 0.0001.

following a pulse of ssGFP production, revealed that Q78R het-
erozygotes, but not A29P heterozygotes, were significantly defec-
tive in clearing ssGFP (Supplementary Material, Fig. S7). Taken
together, rab-5 M127N, D135N and Q78R variants displayed defects
in endocytic uptake.

For the rab-5 M127N variant, which showed a strong endocytic
defect in the homozygous state, we also assessed if there was
an effect on EE fusion. We visualized the size of EE in coelomo-
cytes employing the 2xFYVE::GFP marker, which binds to PI (3) P-
modified lipids on EE (28,29). The coelomocytes of rab-5 M127M
control edit and rab-5 M127I humanized edit worms contained EE
of different sizes, from small 2xFYVE::GFP puncta to numerous
large, ring-like EE viewed in cross section (Supplementary Mate-
rial, Fig. S8), consistent with continuous endocytic trafficking and
increase in size from heterotypic to homotypic EE fusion events.
By contrast, in coelomocytes of M127N homozygous worms, there
was a 5-fold reduction in the formation of large 2xFYVE::GFP ring-
shaped EE and a more than 10-fold increase in the number, as well
as an increase in staining intensity, of small and medium sized
puncta. The failure to form large ring-like EE and the increase in
number of small puncta suggest that the M127N variant results
in a defect in EE fusion.

In the heterozygous state, rab-5 Q78R, a change from a polar to
a positively charged amino acid, resulted in a small, but signifi-
cant defect in endocytic uptake. In contrast, a different missense
change at the corresponding residue, RAB5A p.Q79L in humans
(polar to hydrophobic amino acid), resulted in constitutive acti-
vation and increased endocytosis (30). A C. elegans rab-5 Q78L
overexpression transgenic model recapitulates the constitutive
activation phenotype and resulted in the formation of massively
enlarged RAB-7 ring-like late endosomes (31). To test whether
rab-5 Q78R variant heterozygotes also form enlarged RAB-7 ring-
like late endosomes, we examined late endosomes using the
GFP::RAB-7 intestinal marker. We also examined rab-5 A29P het-
erozygotes as we had not thus far observed an endocytic pathway
phenotype with this variant. For rab-5 Q78R, as well as A29P,
variant heterozygotes did not display enlarged GFP::RAB-7 ring-
like late endosomes (Fig. 7), indicating that the variants behave
differently from the constitutively active rab-5 Q78L. Instead, we
found that the number of GFP::RAB-7 ring-like structures dif-
fered between the respective variants and the control edits: Q78R
heterozygote intestines contained significantly fewer RAB-7 ring-
like structures compared to the control Q78Q, while the A29P
heterozygote intestines contained significantly more RAB-7 ring-
like structures compared to A29A (Fig. 7). Currently, it is unclear
how to interpret changes in number, rather than size, of RAB-
7 late endosomes. Nevertheless, the RAB-7::GFP late endosome
number phenotype indicates that the rab-5 A29P variant disrupts
endocytic pathway function.

Variants affect zebrafish development in a
dose-dependent manner
We used a zebrafish model to evaluate whether the Rab5c
variants were damaging in a vertebrate model. Zebrafish embryos
in which human RAB5C variants were overexpressed exhibited
a disturbed development, varying from subtle changes in yolk
extension to severe shortening of anterior–posterior axis, caudal
edema and tissue necrosis (Fig. 8A). The edema formation seen
(Fig. 8A, class III and IV) points to disturbed establishment of
vasculature. The spectrum of severity depended on the mRNA
dose as well as the variant injected: the phenotype of zebrafish
injected with the previously studied S35N variant (with a
predicted dominant negative effect (32)) and Q80R variant showed
more severely disturbed development even at the lowest dose
used as compared to WT (Fig. 8B). Conversely, the dose needed
to induce abnormalities using variants A31P and I129N was
higher.
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Figure 7. rab-5 Q78R and A29P heterozygotes contain altered numbers of normal size GFP::RAB-7 late endosomes. Assessment of late endosome
formation with marker GFP::RAB-7 in Q78R and A29P variant heterozygotes. (A) and (B) Low-magnification GFP::RAB-7 fluorescent images of a middle
plane from the worm intestine, with the lumen running along the length and insets (lower left) showing high-magnification confocal views of late
endosome ring-like structures, in cross section. Images from (A) the Q78Q control edit (left) and Q78R variant edit (right) heterozygotes and (B) the
A29A control edit (left) and A29P variant edit (right) heterozygotes. (C) and (D) Scatter plot of the normalized number of ring-like compartments viewed
in cross section for (C) Q78Q control edit (green circles) (n = 15) and Q78R variant edit (orange triangles) (n = 14) heterozygotes and (D) A29A control
edit (green circles) (n = 14) and A29P variant edit (orange triangles) (n = 11) heterozygotes. The scatter plot shows the mean and standard deviation.
Differences between groups were determined by Student’s t-test. ∗∗P < 0.01, and ∗∗∗P < 0.001. Whole image scale bar, 10 μm. The panel at the bottom
left inset shows a zoomed-in region represented by the white rectangle in the main image, inset scale bar, 1 μm.

Discussion
The Ras-related protein Rab5c is a small GTPase that was first
discovered as a regulator of the endocytic pathway (33,34). We
provide evidence that RAB5C missense variants can cause human
disease based on combined bioinformatic, in vitro biochemical,
in vivo model organism and patient data. Individuals harboring
missense variants exhibited macrocephaly and varying degrees
of developmental delay. In vitro and in vivo experimental studies
performed for four of the missense variants demonstrated that
variants changed the proteins biochemical characteristics, were
damaging in model organisms and caused disruption of the endo-
cytic pathway. This supports that the de novo heterozygous RAB5C
missense variants were likely responsible for the more penetrant
phenotypes observed in the patients.

Several additional, less penetrant phenotypic characteristics
(six phenotypes from 6/9 to 2/9 patients) were noted in individuals
with missense variants. The broad tissue expression of RAB5C and
the fact that the individual phenotypes were observed in patients
with different variants suggests that RAB5C plays a causal role
for at least some of the less penetrant phenotypes. Factors such
as segregating modifiers, environmental and/or stochastic events
may contribute to the incomplete penetrance.

Two patients with truncating variants displayed therapy resis-
tant epilepsy and profound developmental delay, but not macro-
cephaly, suggesting that RAB5C loss of function and missense
variants may contribute to distinct clinical conditions. However,
given the missense variant patient phenotypic heterogeneity and
the lack of biological material for molecular evaluation of the
consequences of the truncating variants, no conclusions can be
drawn on potential phenotypic differences between the dominant

missense variants and loss of function variants. Expanding the
cohort of patients with loss of function and with missense vari-
ants will be important for informing on the range of phenotypes
that can be attributed to disruption of RAB5C function.

Variants disrupt Rab5c GTPase activity and
effector interactions, in diverse ways
The Rab GTPases are a family of proteins that are involved in reg-
ulation of intracellular membrane transport. The proteins switch
between a GTP-bound ‘active’ and GDP-bound ‘inactive’ state. The
intracellular concentration of GTP exceeds that of GDP, favoring
a GTP- bound activated state. Endogenous GTPase activity results
in a GDP-bound state and inactivation. The cycle completes upon
dissociation of GDP and binding of a new GTP. The eventual
effect depends on the interaction of the activated protein with
membrane-bound effector proteins (35). Interaction with effector
proteins is possible in the GTP-bound active conformation. Influ-
encing the activation/inactivation cycle are guanine exchange
factors (GEFs) that stimulate nucleotide exchange and thus favor
activation; GTPase activating proteins (GAPs) that stimulate GTP
hydrolysis, favoring inactivation; and GDP dissociation inhibitors
that keep Rab in its GDP-bound inactive state (1,5,36). This exten-
sive regulation of Rab GTPases also implies that its function can
be disturbed in multiple ways.

Our in vitro studies indicate that several of the factors that
determine the activation/inactivation balance are disturbed in
RAB5C variants. For most variants, especially those with missense
changes in nucleotide binding motifs, nucleotide exchange was
increased. A slight increase in nucleotide exchange would lead
to more GTP-bound active Rab5c. However, a strong decrease
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Figure 8. Rab5c variants and dose disturb zebrafish development. Expres-
sion of the Rab5c variants was achieved by mRNA microinjection in
zebrafish embryos. The different classes and color scheme (A) are defined
on developmental parameters such as cephalic development, anterior–
posterior axis, caudal edema formation and yolk extension shape. Tissue
necrosis and abnormal tail growth are also observed. Class I depicts nor-
mal development. Class II displays mild developmental defects observ-
able in the reduced size of the eyes and slight shortening of the AP axis.
The yolk extension is short and thick (arrowhead). In class III, the AP
axis is visibly shortened, the yolk extension is further shortened and
caudal edema may be observed (asterisk). These phenotypes are further
exacerbated in class IV; here, head necrosis is also visible. (B) Quantifica-
tion of the phenotypical classification as described in (A) for the tested
Rab5c variants. The y-axis is the percentage of embryos showing each of
the four classes. Note the dose–response effect obtained with wt, A31P
and I129N variants with increasing mRNA quantities (from 50 pg/embryo
to 200 pg/embryo). Injections with S35N and Q80R were carried out at
50 pg/embryo. Scale bars: 100 μm. DN: dominant negative.

in nucleotide affinity, as was observed for Rab5c D137N, would
results in Rab5c that is mainly nucleotide-free. Nucleotide-free
Rab would bind to GEFs with high affinity and thereby trap
GEFs in an unproductive complex. In this way, the variant would
have a dominant negative effect, as it would prevent the GEFs
from acting on wild-type Rab5c. As GEFs for Rab5a are to some
extent promiscuous and act on related Rab proteins as well, those
pathways might also be affected. Furthermore, studies of effector
protein interaction showed that the analyzed variants influenced
effector protein interaction in diverse ways. Thus, although the
data clearly demonstrate that the biochemical properties of the
variants are altered, it remains difficult to predict which conse-
quences of these alterations would dominate in context of cellular
signaling. We therefore studied the cellular effects of variants in
model organisms.

Variants are damaging in vivo, in diverse ways
Our in vivo functional studies modeling RAB5C variants p.A31P,
p.Q80R, p.I129N and p.D137N, in C. elegans demonstrated that
the missense changes were damaging, but with diverse charac-
teristics. Homozygous A29P, Q78R and D135N worms were L1
larval lethal, while the consequences of M127N homozygosity

was less detrimental, resulting in cold-sensitivity, slow growth,
shorter adult length and defective in motility. The M127N variant
retained a significant level of wild-type activity, consistent with
the milder clinical phenotype of the patient with the p.I129N
variant (Table 1). All four tested missense variants, unlike the rab-
5 gene deletion allele, showed dominant phenotypes in C. ele-
gans, consistent with the dominant presentation observed in our
patients. Gene dosage studies demonstrated that Q78R and D135N
variants could be outcompeted by wild-type RAB-5, indicating
that the rab-5 variants likely have a dominant negative effect.
Previous studies found that a different missense change, rab-5
Q78L and RAB5A Q79L, when overexpressed, result in a consti-
tutively active variant (30). From our C. elegans experiments, rab-5
Q78R appears to act as a dominant negative variant. Also, in the
zebrafish experiments, expression of the Q80R variant resulted
in developmental defects comparable to the known dominant
negative Rab5c S35N variant (32).

Experiments directed at examining functional effects of the
variants on the endocytic pathway revealed that all variants
altered the endocytic pathway, but again in diverse ways. D135N,
M127N and Q78R resulted in defects in endocytic uptake, while
A29P increased the steady-state number of normal size RAB-7 late
endosomes.

The expression of human Rab5c variants in zebrafish resulted
in a clear disturbance of development for the A31P and I129N vari-
ants. Previous studies found that Rab5c influences vascular devel-
opment in zebrafish, through regulation of VEGFR2 (9), Notch
and AKT (10) signaling. The edema formation seen in zebrafish
embryos injected with human Rab5c variants is likely related to
disturbed vascular development. Heng et al. (10) evaluated the
effect of Rab5c modulation on endocytic trafficking in hematopoi-
etic stem cells in zebrafish. They found that both inhibition of
Rab5c, expression of dominant negative as well as constitutively
active variants of Rab5c all resulted in disturbed hematopoietic
stem cell development. Strikingly, in our studies, overexpression of
WT human RAB5C in zebrafish also resulted in a dose-dependent
disruption of development. This underscores the concept that the
effects of Rab5c do not depend on its mere presence but rather on
the balance in quantity or activation status.

While these studies illustrated the detrimental effects of
altered Rab5c expression, our zebrafish model did not mimic
the human phenotype in terms of macrocephaly. Obviously,
injecting human RAB5C mRNA in zebrafish embryos does not
take into account the intricate spatiotemporal regulation that
characterizes most Rab proteins (1). More sophisticated genetic
manipulation might help understand the exact way in which
genetic variations result in the observed phenotype.

Together, the experimental studies demonstrate that the four
missense variants interfere with properly controlled Rab5c func-
tion, but the biochemical, organismal and endocytic pathway
phenotypes can differ between variants (Supplementary Material,
Fig. S9, Table S1B). Correspondingly, there is phenotypic hetero-
geneity between patients with different variants and even with
the same variant. Comparisons of the ‘strength’ of the experi-
mental phenotypes and patient phenotypes are complicated by
this heterogeneity. For the penetrant missense phenotypes macro-
cephaly and developmental delay, the strength of phenotypic
defect is not consistent among variants across phenotypic fea-
tures. For example, variant D137N is strongest for developmental
delay but weakest for macrocephaly/head circumference. Simi-
larly, in the experimental studies, D137N/D135N tended to have
the strongest defects but was wild type for the stress-induced
sleep phenotype in C. elegans. The heterogeneity suggests that
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the requirement for RAB5C function and/or the variant effects
can differ between cell types. To correlate phenotypic differences
unambiguously with the different biochemical defects in the
Rab5c variants more patients with the same variants would be
required.

Consequences of RAB5 variants differ between
paralogs and transcripts
In humans, there are three paralogs, RAB5A, RAB5B and RAB5C.
The underrepresentation of loss of function variants (gnomAD
v2.1.1, probability of being loss-of-function intolerant (pLI) =0.94,
o/e = 0.08) suggests that RAB5C is a haploinsufficient gene. In
contrast, gene constraint data suggest that RAB5A and RAB5B are
not haploinsufficient genes. These differences in intolerance to
loss-of-function are consistent with RAB5C having functions and
expression level requirements that are unique among the RAB5
paralogs. Therefore, RAB5A and RAB5B are not able to compensate
for disruptions of at least some RAB5C functions for the missense
and loss of function variants. Recently, the RAB5B variant p.D136H
has been implicated in a patient without macrocephaly, but with
interstitial lung disease due to surfactant dysfunction disorder
(25). The absence of interstitial lung disease in the RAB5C patient
cohort and the absence of macrocephaly in the RAB5B patient
support the concept that human RAB5 paralogs can have specific
functions and may cause distinct pathophysiology when mutated.
The absence of haploinsufficiency for C. elegans rab-5 (in contrast
to human RAB5C) is not unexpected given that different species
titrate gene expression differently and that haploinsufficiency is
thought to be rare in C. elegans (37).

We are aware of one patient with a nonsense variant within
an alternative RAB5C transcript (NM_001252039.2), which has low
expression according to the Genotype-Tissue Expression (GTEx)
database. This patient had a normal cognitive development and
no dysmorphism, but presented with longstanding T-cell lympho-
cytosis and periodic fever.

Consequences of disturbed endocytosis
Rab5 is involved in regulation of early endocytosis (34). Through
endocytosis, membrane-associated receptors and signaling
molecules are targeted to other cellular compartments or for
degradation, effectively providing a means of signal transduction
regulation (38). Thus, Rab5c has previously been found to be
important in hematopoietic stem cell development through
regulation of Notch signaling (10). Interestingly, the two patients
with the Q80R variant showed hematologic abnormalities,
especially neutropenia.

Cell surface accumulation of the EGF receptor is also regulated
by Rab5-mediated endocytosis and recycling (12,39–41). One of the
patients in our cohort developed a rhabdomyosarcoma. Although
this event in a single patient does not prove a relation with
the Rab5c variant, neither can we exclude the possibility that
disturbed regulation of endocytosis may induce a higher risk of
cancer. In support, previous studies have shown a role for Rab5c
in EGF-induced invasive behavior of breast cancer cells (8) and
implicated Rab5-mediated processes in tumor progression (42,43).

Rab GTPases and disease
A growing number of Rab GTPases have been linked to neuronal
development and neurologic disease (5,35). This may help provide
support for pathogenicity of variants and provide possibilities to
search for shared pathophysiological mechanisms. For example,
Lamers et al. (2) describe mutations in the GTPase domain of
RAB11B that resulted in a clinical phenotype in patients with

developmental delay, microcephaly and epilepsy. The RAB5C vari-
ant of patient #10 in our study affects the same amino acid as
the variant described in three patients with RAB11B mutations.
Although this supports pathogenicity of this variant, the eventual
effect is difficult to predict, as RAB11B and RAB5C have a role in
different cellular compartments.

RAB39B has also been associated with developmental delay
and macrocephaly (4), the latter explained by the interaction
between Rab39b and the mTOR pathway (44). It is tempting to
speculate that the known interaction of Rab5 with PI3-kinase
subunits (45) might similarly lead to increased mTOR pathway
activity and, consequently, to macrocephaly in our patients.
Several Rab-interacting proteins have also been associated with
neurodevelopmental syndromes. GDI1, encoding GDP dissociation
inhibitor-1, is associated with X-linked mental retardation (46),
RAB18, RAB3GAP1 and RAB3GAP2 mutations cause Warburg
micro syndrome (47). Similarly, we would predict that changes
in proteins implicated in Rab5c function, for example, GEFs or
effector proteins, would also result in comparable phenotypes.
Interestingly, macrocephaly and coarse facial features, but not
developmental delay, have been reported in mutations in RIN2,
one of the Rab5-interacting proteins (48). This may provide a first
step to more precisely delineate the biological mechanisms that
lead to the different phenotypic characteristics.

Conclusion
Taken together, we found de novo missense variants in RAB5C
in nine patients with variable degrees of developmental delay
and macrocephaly. In vitro and in vivo functional characterization
suggests that these variants disturb Rab5c function. Although our
studies do not permit a clear delineation of the pathophysiological
mechanism that led to clinical characteristics of our patients, we
do demonstrate that variants in RAB5C disrupt cellular processes
that are essential for normal development and demonstrate the
power of multimodal approaches to understand human gene
variants of unknown significance.

Materials and Methods
Editorial policies and ethical considerations
Informed consent was obtained from each participant or legal
representative for diagnostic procedures that led to the discovery
of RAB5C variants and inclusion in this study.

Patients
Individual patients with variants in RAB5C were identified
through diagnostic procedures. Using GeneMatcher (17), we
identified a total of 12 patients with RAB5C variants and compiled
the clinical, biochemical and imaging data that were available.

We started functional studies to further characterize RAB5C
variants. While these studies were ongoing, further patients were
identified. All patients are included in this paper, but we have
not functionally characterized all RAB5C variants. We included
variants from different G-motifs (see below and Fig. 2 and Sup-
plementary Material, Fig. S1) in the functional studies.

Genotype analyses
Exome analyses was performed as part of routine diagnostic
assessment using the regular procedures in different centers.
We retrieved known RAB5C variants from gnomAD (gnomad.
broadinstitute.org, v2.1.1 (18)). CADD and REVEL scores were
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obtained for all missense variants (Supplementary Material,
Table S3) (19,20).

RAB5C has several overlapping transcripts and protein iso-
forms. We used the canonical transcript (RefSeq NM_004583.3)
and protein isoform (NP_004574.2, Uniprot P51148–1).

In vitro studies
Nucleotide exchange of Rab5c and variants A31P, Q80R, I129N
and D137N was analyzed as described previously for the small
GTPase Ras (49). Briefly, recombinant Rab5c was expressed as GST-
fusion proteins in E. coli strain CK600K and purified via affinity
chromatography. Variants were introduced in the plasmid DNA
by site direct mutagenesis and sequence verified. The GST tag
was cleaved off with human rhinovirus type 14 3C protease and
removed from the Rab5c proteins by size exclusion chromatog-
raphy. Amino acid residues 320–540 of Rin1 (Mus musculus) were
expressed as GST-fusion from pGEX4T3 in E. coli strain CK600K
essentially as described for Epac (50).

Nucleotide affinity and nucleotide exchange is important for
proper signaling by small GTPases and can be analyzed in a
fluorescence-based assay. Recombinant Rab5c was loaded with
the fluorescent GDP analogue mGDP. The fluorescence inten-
sity of this analogue depends on the local environment of the
fluorophore and is approximately twice as high if bound to the
protein than if it is free in solution. In the presence of excess unla-
beled nucleotides, fluorescently labeled nucleotides that dissoci-
ate from Rab are replaced with unlabeled nucleotides. Therefore,
nucleotide release can be monitored as a decay in fluorescence.
Nucleotide exchange was monitored in the presence of different
concentrations of the GEF Rin1 at temperatures as indicated in
buffer containing 50 mm Tris HCl pH 7,5, 50 mm NaCl, 5 mm MgCl2,
5 mM dithiothreitol and 5% glycerol. The D137N variant was
prone to precipitation, possibly because the reduced nucleotide
affinity of this variant caused a loss of nucleotide during the
purification resulting in a nucleotide free state. Consequently, it
was not possible to subject Rab5c D137N to nucleotide loading
procedures. As an alternative approach, Rab5c D137N was added
to mGDP, followed by addition of excess GDP.

Downstream signaling of Rab5c is mediated through effector
proteins. Protein interactions were analyzed as described previ-
ously for the GTPase Ras (49). Rab5c proteins were expressed with
an avi-tag in bacteria, purified, loaded with the hydrolysis resis-
tant GTP analogue GTPγ S and immobilized on streptavidin beads.
These beads were incubated with HeLa cell lysates to precipitate
Rab5c-interacting proteins. To discriminate against unspecific
protein binding seven unrelated proteins were immobilized in
parallel as control. The precipitated proteins were subjected for
identification by mass spectroscopy, and the summed intensities
of the identified peptides were used as a measure for the amount
of precipitated protein.

Model organisms
C. elegans
Strains and culture conditions

C. elegans strains were cultured on nematode growth medium
agar plates at 20◦C, with E. coli strain OP50 as the food source.
Strains containing variants rab-5 D135N and M127N were cold-
sensitive. Therefore, D135N strains, and corresponding controls,
were maintained at 25◦C, while M127N strains and corresponding
controls, were maintained at 22◦C. C. elegans strains used in this
study are listed in Supplementary Material, Table S2.

CRISPR/Cas9 genome editing

C. elegans contains a single RAB5 ortholog, rab-5, while humans
have three paralogs, RAB5A, RAB5B and RAB5C. Human Rab5c
and C. elegans RAB-5 proteins are largely identical in amino acid
sequence (75% identical and 83% conserved), except at the very
N- and C-termini (Supplementary Material, Fig. S2). To model the
RAB5C missense changes p.D137N, p.Q80R and p.A31P, each vari-
ant was knocked-in to the corresponding residue of the endoge-
nous rab-5 gene (D135N, Q78R and A29P, respectively, Supplemen-
tary Material, Fig. S1) of the VC2010 wild-type strain, using the
dpy-10 co-conversion method of CRISPR/Cas9 gene editing (51) as
described in Huang et al. (25). The editing strategy employed syn-
onymous changes to generate a restriction enzyme cleavage site
used for allele genotyping and to block Cas9 re-cleavage following
homology-directed repair. Therefore, as controls, we generated
lines that contained only the synonymous and restriction enzyme
changes, but not the missense variants. For RAB5C p.I129N, rab-5
contains a conservative substitution (M127) at the corresponding
position. Therefore, in addition to the variant, we generated a
humanized edit, M127I, to assess whether isoleucine would be
tolerated at residue 127 in rab-5. Independent lines were obtained
from different injected P0 worms. The full rab-5 gene was Sanger-
sequenced and confirmed to have all designed variants, but no
extraneous changes in the gene. All strains were backcrossed
with VC2010 at least twice to remove unlinked random variation
introduced during editing or homozygousing. The guide RNAs,
repair templates and PCR primers used for genotyping are found
in Supplementary Material, Table S3.

Phenotypic assays

Phenotypes were scored 24 h after the mid-L4 stage. The exception
was rab-5 D135N/+ adults, which were sickly and sterile; pheno-
types were scored at the L4 stage where worms appeared health-
ier. To propagate rab-5 D135N/+, we employed a transgenic wild-
type extra copy of rab-5, on chromosome II (25), that suppresses
the sickly and sterile phenotypes. To generate D135N heterozy-
gotes for phenotypic analysis, wild-type males were mated to a
strain with rab-5 D135N variant or control edits over balancer
tmC18 (mCherry, chromosome I) and the transgenic extra copy
of rab-5(+) over the balancer mnC1 (GFP, chromosome II) and
green, non-red cross progeny analyzed. Viability, body length and
locomotion (using the Wormlab system, MBF Biosciences) was
assessed as previously described (25,52). Stress and developmen-
tal sleep assays were performed as described in Churgin et al. (26).

Endocytic pathway analysis

Measurement of endocytic uptake of constitutive muscle synthe-
sized ssGFP from the body cavity by the coelomocytes was as
previously described (25). For the rab-5 D135D control heterozy-
gotes, there were low and variable levels of ssGFP in the body
cavity, possibly because the ssGFP transgene was heterozygous
and the L4 worms examined were grown at 25◦C. Therefore, accu-
mulation of ssGFP within coelomocytes was measured at steady
state for the rab-5 D135N variant and control heterozygotes. For
variants Q78R and A29P, where no defect was observed at steady
state, a more sensitive assay of the rate of ssGFP uptake by the
coelomocytes during the chase period, following a heat shock
pulse of synthesis (hsp::ssGFP), was employed, as described in
Fares and Greenwald (53). Assessment of early endosome fusion
in coelomocytes, using the 2xFYVE::GFP marker, for rab-5 M127N
variant and control edits was as previously described (25). The size
and number of late endosomes was measured in rab-5 Q78R, A29P
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and respective control edit strains, employing the late endosome
marker GFP::RAB-7.

Imaging

For the ssGFP imaging, worms were placed in 5 μl of 100 mm
NaN3 in PBS, in a 35 mm cover-glass bottom dish (MatTek). Worms
with the 2xFYVE::GFP early endosome marker were immobilized
with levamisole and transferred to a 35 mm cover-glass bottom
dish and covered with a 12 mm circular coverslip and then a
25 mm square coverslip. Confocal images were taken with a
Lecia SP8X tandem scanning confocal microscope with a white
light laser using either a 40× 1.3 NA oil PlanApo objective over
≥20 z-planes and a pinhole size of 1.00 (Leica Microsystems).
Images for ssGFP and 2xFYVE::GFP were displayed as maximum
intensity projections. Images for Phsp::ssGFP were displayed as
single planes. Images were rendered and analyzed using LASX
(Leica Microsystems) and ImageJ software.

For analysis of late endosomes with GFP::RAB-7, worms were
imaged with a Zeiss LSM800 point scanning confocal microscope
equipped with an Airyscan module, using the 488 nm laser line.
A 63× 1.4 NA objective was used for image acquisition. Data were
captured as a single image in the middle plane of the C. elegans
intestine using ZEISS ZEN 2.3 imaging software. By selecting the
middle plane of the worm intestine, the apical membranes and
the basolateral membranes are visible. The auto-fluorescence
from the C. elegans intestine was removed by the Linear Unmixing
function in ZEN. The images were exported as TIF files for analysis
in Metamorph version 7.7 software. For each animal ring-like com-
partments where manually counted and graphed using GraphPad
Prism 7.04 software.

Statistics

Statistical analyses were performed using GraphPad Prism
(Version 9). Student’s t-test was used to compare the difference
between two groups. One-way ANOVA followed by Tukey’s HSD
was used to compare the difference among more than two groups,
followed by a Dunnett multiple-comparisons test. Dot plots
indicate the median, and whiskers extend to the 5th and 95th
percentile confident interval. The F test was used to compare the
slopes generated by a linear regression model, which represent
the ssGFP signal changes per unit time. A P-value <0.05 was
considered statistically significant.

Zebrafish
Fish lines and husbandry

Zebrafish (Danio rerio) of the Tübingen longfin strain were kept
in standard laboratory conditions (54). Animal experiments were
approved by the Animal Experimentation Committee of the Royal
Netherlands Academy of Arts and Sciences.

Expression assay in zebrafish embryos

Template human cDNA was used to generate novel cDNA encod-
ing the following RAB5C variants: wild type, S35N (32), A31P, Q80R
and I129N. After cloning into pCS2GW by Gateway cloning (Life
Technologies), the resulting template constructs were linearized
with NotI-HF (New England BioLabs) and used for in vitro syn-
thesis of capped mRNA with MESSAGE mMACHINE SP6 Ultra
kit (Life Technologies). Microinjections in 1-cell-stage embryos
were carried out with 50, 100 or 200 pg mRNA per embryo. After
microinjection, embryos were kept at 28.5◦C in E3 medium and
development was assessed at ∼28 h post-fertilization.

Imaging

Live phenotypical assessment of 28 hpf zebrafish embryos was
carried out on a Zeiss StemiSV6 stereomicroscope (Carl Zeiss
AG, Oberkochen, Germany). Pictures were captured with a Leica
DFC420C digital microscope camera (Leica Microsystems, Wetzlar,
Germany) mounted on a Zeiss Axioplan brightfield microscope
(Carl Zeiss AG).
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