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Abstract

Oral-facial-digital syndromes (OFDS) are a group of clinically and genetically heterogeneous disorders characterized by defects in the
development of the face and oral cavity along with digit anomalies. Pathogenic variants in over 20 genes encoding ciliary proteins have
been found to cause OFDS through deleterious structural or functional impacts on primary cilia. We identified by exome sequencing
bi-allelic missense variants in a novel disease-causing ciliary gene RAB34 in four individuals from three unrelated families. Affected
individuals presented a novel form of OFDS (OFDS-RAB34) accompanied by cardiac, cerebral, skeletal and anorectal defects. RAB34
encodes a member of the Rab GTPase superfamily and was recently identified as a key mediator of ciliary membrane formation. Unlike
many genes required for cilium assembly, RAB34 acts selectively in cell types that use the intracellular ciliogenesis pathway, in which
nascent cilia begin to form in the cytoplasm. We find that the protein products of these pathogenic variants, which are clustered near
the RAB34 C-terminus, exhibit a strong loss of function. Although some variants retain the ability to be recruited to the mother centriole,
cells expressing mutant RAB34 exhibit a significant defect in cilium assembly. While many Rab proteins have been previously linked
to ciliogenesis, our studies establish RAB34 as the first small GTPase involved in OFDS and reveal the distinct clinical manifestations
caused by impairment of intracellular ciliogenesis.

Introduction
The primary cilium is a single nonmotile, microtubule-based
structure that protrudes from the surface of many vertebrate
cells. This sensory organelle detects both mechanical and chem-
ical extracellular stimuli to direct a variety of downstream sig-
naling responses (1). In particular, the primary cilium acts as a
key organizing center for various signaling pathways including
Hedgehog, WNT, Notch, TGFβ/BMP, growth factors and GPCRs (2).
In light of this key role in numerous biological and developmental
processes, it is not surprising that primary ciliary defects can lead
to a broad spectrum of human diseases, collectively known as cil-
iopathies (3). Ciliopathies affect a range of body systems including
the brain, kidneys, eyes, liver, ears, lung, heart, skeleton and limbs.
Ciliopathy genetics can be complex, with clinical overlap between
different syndromes and variable phenotypes and expressivity
seen for mutant alleles of the same gene (3,4). Among ciliopathies,
oral-facial-digital syndromes (OFDS) are a group of clinically and

genetically heterogeneous disorders characterized by defects in
the development of the face and oral cavity along with digit
anomalies (5). Currently, 25 genes encoding ciliary proteins have
been linked to OFDS (6–24). Pathogenic variants in these genes
have structural or functional impacts on primary cilia at different
levels: for example, in the distal basal body structures needed for
cilium assembly (e.g. OFD1, C2CD3), in formation of a transition
zone that enables ciliary compartmentalization (e.g. TMEM107)
and in ciliary trafficking via intraflagellar transport (e.g. IFT57).
In addition, many distinct subgroups of OFDS have been defined
on the basis of their characteristic clinical features as well as their
causative mutations (5). Despite this variation, a commonality is
that most OFDS genes are needed for the assembly or function of
primary cilia.

Ciliogenesis is a complex, multistep process in which the
mother centriole serves as the foundation for assembly of the
axonemal microtubules, the transition zone and the surrounding
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ciliary membrane. This assembly process is tightly regulated
by extrinsic signals as well as by features of the internal
cell state, such as cell cycle stage (25–27). The complexity of
ciliogenesis is further illustrated by the fact that different cell
types and tissues characteristically build their cilia through
distinct assembly pathways (25–27). For example, epithelial
cells typically use the ‘extracellular pathway’ of ciliogenesis,
in which the mother centriole docks to the plasma membrane
and nucleates the outgrowth of a cilium that protrudes from
the cell surface (28). In contrast, mesenchymal cells typically
form cilia by the ‘intracellular pathway’ of ciliogenesis, in which
the nascent cilium first forms within the cytoplasm (29). In
this intracellular mode of cilium assembly, ciliogenesis begins
with the recruitment of pre-ciliary vesicles that are captured
at the distal appendages of the mother centriole. Subsequently,
these vesicles fuse to form the ciliary vesicle, which occurs in
conjunction with the removal of centriolar capping proteins such
as CP110. Subsequent extension of the axonemal microtubules is
accompanied by growth of the ciliary vesicle and the remodeling
of this membrane into two adjacent but distinct domains: the
nascent ciliary membrane that faces the axoneme and the ciliary
sheath that faces the cytoplasm. Lastly, fusion of the ciliary
sheath with the plasma membrane exposes the mature cilium
to the external environment, with cilia formed in this manner
typically remaining recessed within an invagination of the plasma
membrane known as the ciliary pocket (25–27,30). Formation of
the ciliary membrane thus requires several vesicle trafficking,
vesicle fusion and membrane remodeling processes, some of
which are unique to the intracellular ciliogenesis pathway
(25–27,31).

Given the complex process by which the ciliary membrane
forms, it is not surprising that several Rab GTPases participate
in ciliogenesis. Rab proteins represent a subfamily of the small
GTPase superfamily and act as master regulators of membrane
trafficking by orchestrating the biogenesis, transport, tethering
and fusion of membrane-bound organelles and vesicles (32–35).
Rab proteins cycle between two states: an inactive, GDP-bound
state and an active, GTP-bound state that allows association
with various effector proteins (35). Multiple Rab proteins are pro-
posed to participate in ciliogenesis, including RAB8, RAB10, RAB11,
RAB19, RAB23 and RAB35 (36–39). More recently, RAB34, a Rab
GTPase previously implicated in lysosomal positioning, activation
of macropinocytosis and phagosome fusion, was identified as a
key mediator of ciliary membrane formation (36,40–44). Specifi-
cally, RAB34 is essential for the formation of the ciliary vesicle at
the mother centriole. In addition, RAB34 localizes to the ciliary
vesicle during its formation and is subsequently found on the
ciliary sheath of the nascent intracellular cilium (40,41,45,46).
Consistent with RAB34 having functional roles and localizations
that are specific to the intracellular ciliogenesis pathway, RAB34
is critical for ciliogenesis in the RPE1 and NIH-3 T3 cell lines that
use the intracellular pathway. However, RAB34 is dispensable for
ciliogenesis in kidney cell lines that use the extracellular pathway
(36,40,41,45).

Given the central role of cilia in Hedgehog signaling, Rab34 dis-
ruption causes strong defects in Hedgehog signaling in cultured
cells and mutant mice (36,41,45,47). In addition, Rab34 knockout
(KO) mice display ciliopathy phenotypes including polydactyly,
cleft lip and palate, and variable craniofacial features in addi-
tion to lung hypoplasia, exencephaly, edema and hemorrhage.
The majority of Rab34 KO mice die perinatally (45,48), revealing
effects on embryonic development that are significant, but also
considerably milder than in null mutants of mouse genes that are

universally required for ciliogenesis, such as Ift88 or Kif3a (49,50).
Collectively, these studies have revealed RAB34 as a key pro-
tein that has cell-type-specific roles in primary cilium formation
whose inactivation may cause a distinct set of ciliary phenotypes
at the organismal level.

In this study, we report the first description of pathogenic
variants in RAB34 in humans, causing OFDS with cerebral, car-
diac and anorectal defects, and shortening of long bones. In
functional studies, we further show that the protein products
of these pathogenic variants exhibit a strong loss of function.
While some retain the ability to be recruited to the mother
centriole, RAB34 mutant proteins produce a strong impairment
in cilium assembly, with little to no improvement over RAB34
KO cells. Thus, our study reveals a new OFDS syndrome with
characteristic clinical features that result from inactivation of a
small GTPase with cell-type-specific roles in ciliary membrane
formation.

Results
Aided by GeneMatcher (51), we identified four individuals from
three unrelated families with suspected pathogenic variants in
RAB34 (Table 1 and Fig. 1). Prenatal signs showed multiple devel-
opmental defects including short femur, polydactyly and malfor-
mations of the heart, kidney and brain, with pregnancies medi-
cally terminated in three probands (F1, F2.1, F2.2). Individual F3
was born at 39 + 5 weeks gestation with normal growth parame-
ters after pregnancy with polyhydramnios, corpus callosum age-
nesis and polydactyly. He presented respiratory distress at birth
requiring tracheostomy. All individuals presented typical features
of ciliopathy disorders, overlapping with oral, facial and digital
abnormalities (Table 1 and Supplementary Material). Oral fea-
tures included bilateral cleft palate/lip (4/4), short lingual frenu-
lum (1/4) and lobulated tongue (1/4) (Table 1 and Fig. 1). Recur-
rent craniofacial features included micro/retrognathia (3/4) and
hypertelorism (2/4). All probands presented bilateral hand and
feet polydactyly, which may be preaxial (4/4), central (2/4) or
postaxial (1/4), ranging from isolated heptadactyly/ectrodactyly
(2/4) to polysyndactyly (2/4), as well as deviation of the hal-
lux (2/4) (Fig. 1). Anorectal anomalies were consistently observed
(4/4), as well as cerebral malformation (2/4) including corpus
callosum agenesis (2/4) and cerebellar hypoplasia (1/4) (Table 1).
Variable cardiac defects (3/4) present included hypoplastic left
heart, atrioventricular canal defect and ventricular septal defect
(Table 1). Additional features observed included shortening of
long bones (femur and humerus) (2/4) and renal anomalies (Indi-
vidual F1; Table 1). The only individual alive at birth (Individual
F3) required extensive care because of pneumopathy requiring
mechanical ventilation and because of gastrointestinal symptoms
resulting from anorectal malformations and clinical suspicion
of whole colonic Hirschsprung. He presented suboptimal toler-
ance after surgery with bleeding episodes and abdominal disten-
sion; Individual F3 died at age 3 months because of respiratory
complications.

We identified by exome sequencing homozygous missense
variants in RAB34 in all affected individuals (Table 1 and
Fig. 2): RAB34: NM_031934.6: p.(Gly202Val), p.(Arg211His) and
p.(Glu218Lys). All variants are absent in the gnomAD database
at the homozygous state (Supplementary Material, Table S1).
Sanger sequencing confirmed the recessive mode of inheritance,
with each parent having a pathogenic variant in a heterozygous
state. None of the probands were diagnosed with pathogenic
copy number variants or with additional pathogenic or likely
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Table 1. Summary of clinical features

Individual F1 F2.1 F2.2 F3

Amino acid change
(NM_031934.6)

p.(Arg211His) p.(Gly202Val) p.(Gly202Val) p.(Glu218Lys)

Inheritance Homozygous Homozygous Homozygous Homozygous
Gender Male Male Male Male
Country of origin Morocco Czech Republic Czech Republic Morocco
Consanguineous Yes No No Yes
Age at last examination 22 + 1 WG 13 + 5 WG 21 + 6 WG 3 months
Prenatal ultrasound signs Oral cleft, Hand-foot

polydactyly, Abnormal
cardiac morphology, Short
fetal femur length, Renal
hypertrophy

Multiple developmental
defects

Multiple developmental
defects

Bilateral cleft lip,
Hand-foot polydactyly,
Atrioventricular canal
defect, Corpus callosum
agenesis,
Polyhydramnios

Neonatal issues NA NA NA Respiratory distress
Cranio-facial defects Hypertelorism, Microtia Micrognathia, Turricephaly Hypertelorism, Synophris

Micrognathia, Low-set ears
Macrocephaly, Broad
forehead, Wide nasal
bridge, Retrognathia

Oral anomalies Bilateral oral cleft, Short
lingual frenulum

Bilateral oral cleft Bilateral oral cleft Bilateral oral cleft,
Lobulated tongue

Hand anomalies Bilateral polysyndactyly Prexial and central
polydactyly (heptadactyly)

Preaxial and central
polydactyly (heptadactyly)

Bilateral polysyndactyly

Foot anomalies Bilateral polysyndactyly,
Deviation of the hallux

Prexial and central
polydactyly (heptadactyly)

Preaxial and central
polydactyly (left hexadactyly,
right ectrodactyly), Deviation
of the right hallux

Bilateral polysyndactyly

Structural cerebral anomalies Corpus callosum agenesis,
Cerebellar hypoplasia

NA NA Corpus callosum
agenesis

Cardiac anomalies Ventricular septal defect,
Left ventricular hypoplasia

No Hypoplastic left heart,
Persistent truncus arteriosus

Atrioventricular canal
defect

Other clinical features Anal atresia, Short femur Small anus Anal atresia, Short femur and
humerus, Bilobar right lung

Anorectal anomaly,
Possible Hirschsprung
Dyspnea, Pneumopathy

Overview of clinical features observed in individuals with pathogenic RAB34 variants. NA, not available.

Figure 1. Characteristics of individuals with RAB34 variants. (A–C) Individual F1 at 13 + 5 WG presenting oral cleft (A), bilateral limb polysyndactyly
(B, C) and anal atresia (C). (D–G) Individual F2.1 at 21 + 6 WG, presenting turricephaly (D), preaxial polydactyly (E), anal atresia (F) and bilateral oral cleft
(G). (H–Q) Individual F2.2 at 22 + 1 WG showing preaxial and central polydactyly (H, I, K, L, N–Q) and bilateral oral cleft (J, M). X-rays confirm bilateral
polydactyly and central, Y-sharped metacarpal (I, L). (R–T) Individual F3 (age 14 days) presenting bilateral oral cleft (R) and hand/feet polysyndactyly
(S, T).
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Figure 2. Schematic representation of RAB34 protein with identified variants and structural model. (A) Top: schematic of RAB34 protein highlighting
clustered homozygous missense variants and nucleotide-contacting regions (asterisks); bottom: amino acid sequence conservation in the mutated
region of RAB34 (bottom). In the sequence alignment, mutations at Gly202 (including 14aa insertion caused by altered splicing), Arg211 and Glu218
are indicated, and highly conserved residues are shaded. Abbreviations: DanRe = Danio rerio; XenLa = Xenopus laevis; CioIn = Ciona Intestinalis (sea squirt);
StrPu = Strongylocentrotus purpuratus (sea urchin); NemVe = Nematostella vectensis (sea anemone); NaeGr = Naegleria gruberi. (B) Protein structure prediction
for RAB34 obtained from Uniprot/AlphaFold2 Accession ID AF-Q9BZG1 (74). The C-terminal helix encoded by exon 9 is shown in cyan. Phosphate moiety
of GTP analog interacting with the Switch I and Switch II regions and the phosphate binding loop is shown in orange. N-terminal (1–10 aa) and C-terminal
(231–259 aa) residues with low confidence score are not included in the model.

pathogenic variants in genes known to be mutated in ciliopathies
or other developmental disorders.

Protein sequence analysis showed high conservation of the C-
terminal region of the RAB34 protein where all three pathogenic
variants are found (Fig. 2A). Two of the variants are found in the
GTPase domain (p.(Gly202Val) and p.(Arg211His)) at residues that
are conserved in RAB34 orthologs as well as RAB36, a close paralog
of RAB34. The third variant (p.(Glu218Lys)) is at a position that
exhibits slightly lower conservation (Fig. 2A). Notably, all variants
are located in exon 9 (NM_031934), predicted to encode a C-
terminal alpha helix (Fig. 2B). In silico mutagenesis suggested these
variants may cause protein structural changes that impair protein
stability, supporting a pathogenic status of these reported variants
(Supplementary Material, Table S2 and Fig. S1A).

As the p.(Gly202Val) variant also occurs at a splice accep-
tor site, we assessed the impact of this mutation on precursor
mRNA processing via transcript analysis of RAB34 (Supplemen-
tary Material, Fig. S1B and C). Analysis of RAB34 transcripts in
heterozygous paternal and maternal samples of Individuals F2.1
and F2.2 showed that in addition to wild-type (WT) transcript,
there are also aberrant transcripts from the mutant allele not
seen in controls. The most abundant aberrant transcripts resulted
from in-frame retention of 42 bases from the 3′ end of intron 8 or
alternatively exon 9 skipping (Supplementary Material, Fig. S1C).
Exon 9 skipping would remove 36 amino acids comprising the
whole C-terminal helix of the RAB34 protein, very likely leading
to improper protein folding and degradation.

We next sought to assess the functional impact of OFDS-
associated RAB34 variants on RAB34-dependent ciliogenesis in the
RPE1 human cell line, a widely used model of the intracellular
ciliogenesis pathway that requires RAB34 (36,41). Specifically, we
assessed the ability of transgenes encoding RAB34 Gly202Val,
Arg211His and the Gly202Val splice variant with 14 amino acids
inserted to rescue the loss of ciliogenesis we previously observed
in RAB34 KO RPE1 cells (41). We used lentiviral transduction to
stably express these RAB34 transgenes from the PGK promoter
without any epitope or fluorescent protein tags (in order to avoid
any potential confounding effects of such tags on RAB34 func-
tion). As a positive control, we carried out a parallel analysis

using a WT RAB34 construct; all transgenes also harbored silent
mutations to confer resistance to the single-guide RNA (sgRNA)
used for RAB34 KO and a fluorescent Centrin2 marker to facili-
tate identification of transgene-expressing cells. As expected, we
observed robust ciliogenesis in WT RPE1 cells, very low ciliogene-
sis in RAB34 KO cells and strong rescue of ciliogenesis in RAB34 KO
cells expressing a WT RAB34 transgene (Fig. 3A and B). However,
all variants tested yielded significantly lower ciliation than the
WT transgene (P < 0.00001 for comparison of each variant to
the WT RAB34 transgene). In RAB34 KO cells expressing RAB34
Gly202Val or Arg211His, ciliogenesis was marginally increased
compared with KO cells without any RAB34 (P < 0.02), whereas
RAB34 Gly202Val with the 14aa insert resulted in ciliogenesis
indistinguishable from the parental RAB34 KO cells (P > 0.5). Thus,
these pathogenic RAB34 variants exhibit a strong loss of func-
tion, consistent with the significant clinical features observed in
individuals homozygous for these variants. We also noted that
expression of these variants in WT RPE1 cells did not impact
ciliogenesis (data not shown), indicating that these mutants lack
dominant negative activity and cause OFDS via recessive loss of
function.

To further characterize the OFDS-associated RAB34 variants,
we used immunofluorescence microscopy to assess their local-
ization when expressed in RAB34 KO RPE1 cells. As previously
reported, WT RAB34 can be detected as a prominent punctum at
the mother centriole during ciliogenesis (Fig. 3C). In cells express-
ing RAB34 Gly202Val and Arg211His, we still observed localization
of RAB34 puncta to mother centrioles, even though ciliogenesis
was severely compromised. In contrast, the RAB34 Gly202Val
splice variant mutant was never observed at the mother centriole,
consistent with its more severe ciliogenesis defect. Lastly, we
evaluated the expression level of OFDS-associated RAB34 variants
by western blot (Fig. 3D). Expression of WT RAB34 from the PGK
promoter in RAB34 KO cells led to elevated RAB34 levels compared
with endogenously expressed RAB34 in WT RPE1 cells. In contrast,
all mutant forms of RAB34 showed reduced levels in whole cell
lysate, ranging from a moderate reduction relative to endogenous
RAB34 for the Arg211His variant to a more severe reduction for the
Gly202Val-containing splice variant. These results suggest that
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Figure 3. Functional characterization of OFDS-associated RAB34 mutations. (A) Cilia (marked by ARL13B) and centrioles (marked by γ -tubulin) were
stained in WT RPE1 cells and RAB34 KO RPE1 cells stably expressing the indicated RAB34 cDNAs. Scale bar: 5 μm. (B) Quantification of ciliogenesis in
RPE1 cells shown in (A); bars indicate means, dots show values from > 70 cells analyzed in each of N = 5 independent experiments and error bars show
standard deviation across independent experiments. ∗ indicates P < 0.00001. (C) RAB34 was stained in RAB34 KO RPE cells transduced with the indicated
RAB34 cDNAs (insets show enlargement of centriolar region). Scale bar: 5 μm (insets: 1 μm). (D) Western blot of the indicated RPE1 cell lines showing
expression levels of WT RAB34 and RAB34 variants in addition to HSP90 loading control. Asterisk indicates nonspecific band detected by anti-RAB34
antibody.
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these mutations destabilize the RAB34 protein and promote its
degradation.

Discussion
Clinical delineation in a new subtype of OFDS
We report here a novel autosomal recessive ciliopathy disorder
in four individuals from three unrelated families associated with
pathogenic variants in the RAB34 gene. We observe the typical
features characteristic of the OFDS including variable facial dys-
morphism, consistent bilateral cleft lip/palate, lobulated tongue,
abnormal frenulum and bilateral polydactyly or polysyndactyly of
the feet and hands. Twenty-five identified OFDS genes delineate
many OFDS subtypes with one or more distinctive clinical fea-
tures (e.g. skeletal dysplasia, cerebral malformations, renal cysts,
deafness, etc.) (6–24). OFDS-RAB34 is associated with cardiac
defects, previously reported in other OFDS subtypes, and particu-
larly in individuals with pathogenic variants in components of the
CPLANE complex located at the basal body of the primary cilium
(classified OFD type VI; genes INTU, WDPCP, CPLANE1) (5,10,11,52).
Similarly, X-rays displayed Y-shaped metacarpal bones in OFDS-
RAB34, a feature also predominantly described in OFD VI (10).
Additional recurrent symptoms observed in this RAB34-cohort
involve short femur and/or humerus, which is not characteristic
of OFD type VI. These isolated skeletal defects have not yet been
described in OFDS, although other limb anomalies are reported
in several OFDS subtypes including short leg or arm in OFD
types I, IV and IX (53,54), tibial dysplasia in OFD types IV and
VIII (53,54) and mesomelic short stature in atypical OFDS (12,55).
The anal atresia/anomaly observed in OFDS-RAB34 appears as
an ultra-rare malformation in OFDS, described in five individuals
presenting OFD type II, IV or VI (56–60). However, anal atre-
sia is reported more frequently in Pallister–Hall syndrome (MIM
#146510), Bardet–Biedl syndrome, McKusick–Kaufman syndrome
(MIM # 236700) and Meckel syndrome (61–63). Simonini et al.
(61) reported imperforate anus in 33% of fetuses with Bardet–
Biedl/McKusick–Kaufman syndromes. Lastly, in our cohort, cere-
bral malformations were observed including agenesis of the cor-
pus callosum (F1 and F3) and cerebellar hypoplasia (F1), which
have been previously described specifically in OFD types I and
VI (64). The clinical overlap with several OFD types makes OFDS-
RAB34 difficult to classify and emphasizes once more the contin-
uum of clinical spectrum in OFDS and ciliopathies. Interestingly,
similar skeletal, cardiac and pulmonary defects were observed in
OFD type II (Mohr syndrome), an OFDS without known molecular
basis, suggesting RAB34 as a possible molecular cause of OFD type
II (65). We note that most individuals of this study are fetuses
with medical termination of pregnancy between 13 and 22 weeks
of gestation (WG), with only one individual born and evaluated
at 3 months, precluding a detailed analysis of the clinical evolu-
tion of the affected individuals, particularly at the neurodevelop-
mental level. However, severe respiratory distress and digestive
dysfunctions were at the forefront of patient care for Individual
F3. Taken together, the association of bilateral oral cleft, poly-
dactyly/polysyndactyly, cerebral malformations, cardiac defects,
anorectal anomalies and shortening of long bones represents a
new subtype of OFDS caused by loss of RAB34 function. Many of
these phenotypes are similar to those observed in Rab34-mutant
mice, which also exhibit cleft lip/palate and preaxial polydactyly
(45,48). Notably, human cases also present with heart defects,
structural brain anomalies and anal atresia, which have not been
reported to date in Rab34 mouse mutants. Our analysis of OFDS-
RAB34 therefore expands the phenotypic spectrum associated

with mutations in this gene and links RAB34-dependent cilium
assembly to the development of the face, digits, long bones, heart,
brain and digestive tract.

RAB34-related OFD syndrome involves defective
cilia formation
To functionally characterize the RAB34 protein variants associ-
ated with OFDS, we tested their ability to promote ciliogenesis in
the human RPE1 cell line. RAB34 KO severely impairs ciliogenesis
in RPE1 cells, and the RAB34 Gly202Val, Arg211His and Gly202Val-
splice variant mutants tested here all failed to rescue ciliogenesis
when expressed in RAB34 KO cells. Thus, these RAB34 variants
are all strong loss-of-function mutations, with the splice variant
exhibiting the greatest functional deficit, perhaps because it most
severely alters RAB34 structure. Consistent with these findings,
all three mutant proteins were present at significantly reduced
levels compared with WT RAB34 expressed from the same pro-
moter. Thus, the Gly202 and Arg211 residues are critical for RAB34
function, even though these amino acids are not conserved in
other members of the Rab GTPase family. This finding adds to our
prior evidence that non-canonical sequence features of the RAB34
GTPase domain are key regulators of its function (41). The cluster-
ing of the mutations at a C-terminal alpha helix also highlights
a key functional region in RAB34 distinct from the nucleotide
binding site and the Switch I and Switch II motifs that are typically
critical for GTPase function. Lastly, it is interesting to note that the
two point mutants are still able localize to the mother centriole, as
observed for WT RAB34. Thus, recruitment of RAB34 to the mother
centriole is likely not sufficient for ciliogenesis; instead, inability
to form cilia was decisive in evaluating the pathogenicity of the
variants.

To date, several Rab GTPases have been suggested to participate
in or regulate ciliogenesis, including RAB8, RAB10, RAB11, RAB19,
RAB23, RAB34 and RAB35, as well as non-canonical Rab proteins
RABL2A/B, RABL3, RABL4/IFT27 and RABL5/IFT22 (37–39,66). How-
ever, analysis of mouse mutants and ciliopathy patients has not
yet revealed strong ciliogenesis defects or ciliopathy phenotypes
for any canonical Rab genes, apart from RAB34. RAB23 is the
only Rab gene previously linked to a potential ciliopathy (Car-
penter Syndrome [MIM201000]) or to ciliopathy-like phenotypes
in mutant mice (67,68). However, the principle in vivo phenotype
associated with Rab23 inactivation is increased Hedgehog signal-
ing without reduced ciliation, arguing against a role in ciliogenesis
(68–70). For other ciliary Rab GTPases, in some cases, mouse
studies have found that even simultaneous mutation of multiple
Rab genes (e.g. Rab8a and Rab8b) fails to cause ciliary defects (71).
Thus, RAB34 appears to play a particularly vital role in cilium
assembly, with its disruption in mouse or human producing strong
ciliopathy features unique among Rab family members.

While pathogenic RAB34 variants produce significant ciliopa-
thy features, it is noteworthy that these features likely reflect
the loss of a cell-type-specific rather than universal mediator
of ciliogenesis. RAB34 is perhaps the first protein shown to be
required for intracellular and not extracellular ciliogenesis (40,41),
and thus OFDS-RAB34 provides new insights into the cells and
tissues that employ intracellular ciliogenesis. Furthermore, future
identification of any genes causing a similar form of OFDS as
OFDS-RAB34 may help uncover additional mediators of intra-
cellular ciliogenesis. Finally, it is possible that further studies
may reveal RAB34 variants with milder effects on function that
also contribute to ciliopathies, perhaps yielding a distinct set of
phenotypes that will further illuminate RAB34 function and the
ciliopathy clinical spectrum.
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In conclusion, we report a novel subtype of OFDS character-
ized by cerebral, cardiac and anorectal defects and short long
bones because of recessive pathogenic variants in the RAB34
gene. Through cell-based functional studies, we establish that
while some of the corresponding RAB34 mutant proteins can
still localize to the mother centriole, they nonetheless exhibit a
strong loss of function in cilium assembly. Given RAB34’s cell-
type-specific role in assembly of primary cilia, these findings shed
new light on how genes with distinct ciliary functions can cause
a distinct ciliopathy syndrome.

Materials and Methods
Exome sequencing
In compliance with the local ethical guidelines and the Declara-
tion of Helsinki, the parents provided written informed consent
for their participation in the study, clinical data and specimen
collection, genetic analysis and publication of relevant findings.
Exome capture and sequencing were performed at Integragen
SA from 1 μg of genomic DNA per individual extracted from
cultured amniotic fluids (fetus) or blood samples (parents) using
the Agilent_CRE kit on a HiSeq 4000 (Illumina) (Individual F1) or
using SeqCap EZ MedExome Probes (Roche) (Individuals F2.1–
F2.2) or xGen Exome Panel v2.0 (IDT) (Individual F3) on the
NovaSeq 6000 platform (Illumina), according to manufacturer’s
instructions. We generated 75-bp/100-bp paired-end reads
that were aligned to the human genome reference sequence
(GRCh37/hg19 assembly) using Burrows–Wheeler aligner (version
0.7.15 or 0.7.3) or Novoalign (version 3.02.13). Duplicate reads were
marked using Picard MarkDuplicates (version 2.4.1/2.20.8) (http://
broadinstitute.github.io/picard/), and aligned reads were then
processed using GATK BaseRecalibrator and PrintReads (Genome
Analysis Toolkit; version 3.8 or 3.4) to recalibrate base quality
scores, according to GATK Best Practices recommendations.
Quality control was performed on all BAM files by calculating
depth of coverage onto the RefSeq database (release 2018-
11-11) with GATK DepthOfCoverage. SNPs and indels were
identified from BAM files using GATK HaplotypeCaller. All
variants identified were annotated using SnpEff (version 4.3)
or GEMINI framework (72). Variants were confirmed by Sanger
sequencing.

Protein structural modeling
Protein structure prediction was obtained from MIZTLI software
(https://miztli.biokerden.eu/) using Uniprot/AlphaFold2 Acces-
sion ID AF-Q9BZG1-F1. Structural models of RAB34 mutants
and predicted effects on protein stability were generated using
DynaMut2 software (73).

Transcript analysis
mRNA was isolated from blood and nasopharyngeal swab sam-
ples of both parents of Individuals F2.1 and F2.2. cDNA was
prepared using SuperScript Reverse Transcriptase IV (Thermo
Fisher). PCRs across RAB34 coding sequence were performed with
primers located in the first and the last exon 10 (NM_031934.6).
PCR was performed using Phusion polymerase (NEB) according
to manufacturer’s instructions, and PCR products were Sanger
sequenced.

Cell lines and cell culture
RPE1-hTERT (RPE1) and HEK293T cells were obtained from ATCC,
and the clonal RAB34 CRISPR KO RPE1 cell line used was generated
and characterized previously (41). Cultured cells were maintained

in a humidified 37◦C incubator with 5% CO2. HEK293T cells were
cultured in DMEM, high glucose (Gibco) supplemented with 10%
fetal bovine serum (FBS; Gemini Bio), 100 units/ml Penicillin,
100 μg/ml Streptomycin, 2 mm Glutamine and 1 mm sodium
pyruvate (Gibco). RPE1 cells were cultured in DMEM/F-12 medium
(Gibco) supplemented with 10% FBS, 100 units/ml of Penicillin,
100 μg/ml Streptomycin and 2 mm Glutamine. To induce ciliogen-
esis, RPE1 cells were serum-starved in medium containing 0.2%
FBS for 48 h.

Cell line generation via lentiviral transduction
Cell lines expressing WT and mutant RAB34 cDNAs were
generated by cloning sgRNA-resistant RAB34 variants into a
lentiviral expression plasmid (pCW-mPgk-RAB34-hPgk-miRFP-
670-Centrin2) that expresses untagged human RAB34 together
with fluorescently labeled Centrin2. VSVG-pseudotyped lentiviral
particles were produced by transfection of HEK293T cells with
a lentiviral vector and packaging plasmids (pMD2.G, pRSV-
Rev, pMDLg/RRE for sgRNAs; pCMV-�R-8.91 and pCMV-VSVG
for protein-coding constructs). Following transfection using
polyethyleneimine (Polysciences #24765-1), virus-containing
supernatant was collected 48 h later, filtered through a 0.45 μm
polyethersulfone filter (VWR 28145-505) and concentrated 10-fold
using Lenti-X Concentrator (Takara Biosystems).

RPE1 cells were transduced by addition of viral supernatants
diluted to an appropriate titer in medium containing 4 μg/ml
polybrene (Sigma Aldrich H9268). Following 24-h incubation at
37◦C, virus-containing medium was removed, and cells were pas-
saged. Transduced cells were identified by miRFP-670-Centrin2
fluorescence and isolated by FACS using a FACSAria sorter (Becton
Dickinson), generating polyclonal pools.

Ciliogenesis analysis by immunofluorescence
microscopy
For immunofluorescence microscopy, cells were seeded on acid-
washed 12-mm #1.5 coverslips (Fisher Scientific). Cells were
fixed in −20◦C methanol for 10 min, after which coverslips were
permeabilized for 10 min in PBS containing 0.1% Triton X-100,
washed with PBS and blocked for 20 min in PBS supplemented
with 5% normal donkey serum (Jackson ImmunoResearch) and
3% Bovine Serum Albumin (BSA). Coverslips were then incubated
with appropriate primary antibodies (see below) diluted in PBS
with 3% BSA at room temperature for 1 h, washed five times,
incubated with secondary antibodies (Jackson ImmunoResearch)
for 30–60 min at room temperature, washed again, stained with
Hoechst 33258 dye and mounted on glass slides in Fluoromount-
G mounting medium (Electron Microscopy Sciences). Primary
antibodies used include the following: anti-ARL13B (Proteintech
17711-1-AP), anti-RAB34 (Santa Cruz Biotechnology sc-376 710)
and anti-γ -tubulin GTU-88 (Sigma T5326).

Stained cells were imaged using a Nikon Eclipse Ti-2 Widefield
microscope equipped with a CMOS camera (Photometrics Prime
BSI), a ×60 PlanApo oil objective (NA 1.40; Nikon Instruments) and
an LED light source (Lumencor SOLA-V-NIR). Cilia were identified
via ARL13B and γ -tubulin staining and manually scored only in
cells displaying miRFP-670-Centrin2 that was co-expressed with
various RAB34 variants.

Ciliated cells were manually scored by assessing the presence
or absence of ARL13B-labeled cilia at each centrosome labeled
by γ -tubulin or miRFP-670-Centrin2. Statistical analysis of dif-
ferences in ciliation was calculated by t-test (two-sided, unequal
variance).

http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/
https://miztli.biokerden.eu/
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SDS-PAGE and western blotting
For analysis of RAB34 levels in whole-cell lysate, RPE1 cells
were lysed in RIPA buffer (50 mm Tris pH 7.4, 150 mm NaCl, 2%
Igepal CA-630, 0.25% sodium deoxycholate, 0.5 mm DTT, protease
inhibitors) on ice for 10 min and centrifuged at 20 000 g for 10 min.
The supernatant was collected, and equal amounts of protein,
as determined by Bio-Rad Protein Assay, were analyzed by SDS-
PAGE. Protein samples were separated on NuPAGE 4–12% Bis-Tris
gels (Invitrogen) run in MOPS buffer (50 mm Tris, 50 mm MOPS,
3.5 mm SDS, 1 mm EDTA) and transferred to a PVDF membrane
(Millipore Sigma #IPVH00010). The membrane was blocked in 1:1
PBS/SeaBlock (Thermo Fisher #37527) and incubated with primary
antibodies overnight at 4◦C (anti-RAB34, Proteintech #27435-1-AP
and anti-HSP90, Cell Signaling Technology #4877S). After washing,
the membranes were incubated with Protein A-HRP for 30 min
at room temperature. The blots were developed using Clarity
Western ECL Substrate (Bio-Rad) and imaged on a ChemiDoc
Touch imager (Bio-Rad).

Data Availability
The data supporting the findings of this study are present within
the article or are available from the authors upon request.
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