Ritscher-Schinzel Syndrome 1 (RSS1/ 3C
Syndrome): Comprehensive Disease
Report

Summary

Ritscher-Schinzel Syndrome 1 (RSS1), also known as cranio-cerebello-cardiac (3C)
syndrome, is a rare autosomal-recessive congenital multiple-malformation disorder (OMIM
#220210) defined by the diagnostic triad of distinctive craniofacial dysmorphism,
cerebellar / posterior-fossa malformations (Dandy-Walker spectrum), and congenital heart
defects, accompanied by developmental delay and intellectual disability. RSS1 specifically is
caused by biallelic hypomorphic loss-of-function variants in WASHCS5 (formerly
KIAA0196), the gene encoding strumpellin, a core subunit of the endosomal WASH actin-
nucleating complex (PMID: 24065355).

Mechanistically, strumpellin deficiency destabilizes the WASH complex, which normally
activates the Arp2/3 complex to nucleate branched F-actin on endosomes. This actin
machinery, working in concert with the retromer and the CCC/Commander complexes, drives
the sorting and recycling of transmembrane cargo (e.g., LDLR, integrins, the copper
transporter ATP7A) back to the plasma membrane and away from lysosomal degradation. Loss
of strumpellin therefore impairs endosomal cargo recycling, disrupting membrane-protein
homeostasis during a critical window of embryonic development and producing the
characteristic cranio-cerebello-cardiac malformation spectrum (PMID: 26965651, PMID:
22070227, PMID: 25355947).

Ritscher-Schinzel syndrome as a clinical entity is genetically heterogeneous: RSS1 (WASHCS5,
autosomal recessive), RSS2 (CCDC22, X-linked recessive), RSS3 (VPS35L), and RSS4 (DPYSL5) —
all but DPYSL5 converge on the same WASH / retromer /| Commander endosomal trafficking
module (PMID: 36130690, PMID: 31712251). No disease-modifying therapy exists; management
is symptomatic and multidisciplinary. This report covers all 15 requested disease-characteristic
sections, drawing on 9 confirmed findings and 30 reviewed papers.
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Note on nomenclature: OMIM assigns WASHC5-related disease as RSS1 (#220210) and
CCDC22 as RSS2 (#300963). One review (PMID: 34020006) inverts these labels; this report
follows the OMIM/dosage convention in which WASHC5 = RSS1 as specified by the
research question.

Key Findings

Finding 1 — RSS1 is caused by biallelic WASHC5/strumpellin loss of function
(autosomal recessive; OMIM #220210)

The molecular cause of RSS1 was identified by homozygosity mapping plus Sanger sequencing
in 8 First Nations patients from northern Manitoba with classic Ritscher-Schinzel/3C
syndrome. All eight were homozygous for a novel splice-site mutation in KIAA0196 (now
WASHCS5) at chromosome 8q24.13. The functional consequence was demonstrated at both RNA
and protein level: RNA analysis showed an approximately eightfold reduction in the
transcript lacking exon 27, and Western blot showed a ~60% reduction in strumpellin
protein (PMID: 24065355).

"All eight patients were homozygous for a novel splice site mutation in KIAA0196. RNA
analysis revealed an approximate eightfold reduction in the relative amount of a KIAA0196
transcript lacking exon 27. A 60% reduction in the amount of strumpellin protein was
observed on western blot.”" — Elliott et al. 2013

This establishes strumpellin — a subunit of the WASH endosomal actin-nucleation complex —
as the RSS1 disease protein and shows that RSS1 arises from a hypomorphic (partial loss-of-
function) allele retaining ~40% of protein, not a complete null.

Finding 2 — Ritscher-Schinzel syndrome is genetically heterogeneous (four
genes)

Four genes are implicated in the RSS spectrum, all converging on endosomal trafficking

machinery:


https://pubmed.ncbi.nlm.nih.gov/34020006/
https://pubmed.ncbi.nlm.nih.gov/24065355/
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Subtype Gene Inheritance OMIM Complex
WASHC5 (KIAA0196, Autosomal
RSS1 . . #220210 WASH complex
strumpellin) recessive
RSS2 CCDC22 X-linked recessive #300963 CCC/ Commander
Autosomal Retriever /
RSS3 VPS35L . —
recessive Commander
Autosomal
RSS4 DPYSL5 . — (cytoskeletal / CRMP)
dominant

"The first two genes described were the autosomal recessive inherited gene WASHC5
associated with Ritscher-Schinzel syndrome 1 (RTSCS1), and CCDC22, an X-linked recessive
gene causing Ritscher-Schinzel syndrome 2 (RTSCS2). In recent years, two other genes have
been identified: VPS35L (RTSCS3) and DPYSL5 (RTSCS4)." — Neri et al. 2022 (PMID:
36130690)

RSS1 (WASHC5) and RSS2 (CCDC22) patients share a similar facial gestalt, reflecting the
shared pathway (PMID: 34020006). Biallelic VPS35L variants cause a 3C/RSS-like syndrome
through retriever-complex dysfunction (PMID: 31712251).

Finding 3 — Mechanism: WASH + CCC complexes mediate endosomal cargo
recycling; strumpellin loss impairs receptor recycling and lysosomal function

The COMMD/CCDC22/CCDC93 (CCC) and WASH complexes are both required for endosomal
sorting of transmembrane cargo. Using LDL receptor (LDLR) as a model cargo, inactivation of
the WASH complex was shown to cause LDLR mislocalization, increased lysosomal
degradation of LDLR, and impaired LDL uptake; strikingly, a mutation in KIAA0196
(strumpellin) is associated with human hypercholesterolaemia (PMID: 26965651).

"Inactivation of the CCC-associated WASH complex causes LDLR mislocalization, increased
lysosomal degradation of LDLR and impaired LDL uptake. Furthermore, a mutation in the
WASH component KIAA0196 (strumpellin) is associated with hypercholesterolaemia in
humans.” — Bartuzi et al. 2016
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The upstream recruitment step is defined: the WASH complex is targeted to endosomes

through the extended, unstructured "tail" domain of FAM21 binding the retromer subunit
VPS35 (PMID: 22070227).

"the retromer-WASH complex interaction occurs through the long unstructured 'tail’ domain
of the WASH complex-Fam21 protein binding to Vps35, an interaction that is necessary and
sufficient to target the WASH complex to endosomes” — Harbour et al. 2012

Downstream, strumpellin loss produces lysosomal abnormalities through failed endosomal
tubule fission and disrupted mannose-6-phosphate-receptor sorting (PMID: 28389476).

Finding 4 — WASHC5 allelic series: dominant missense —» SPG8; biallelic
hypomorphic loss -» RSS1; complete null = embryonic lethal
WASHCS5 exhibits a striking allelic series governed by dosage:
* Dominant missense mutations cause hereditary spastic paraplegia type 8 (SPG8), an
adult-onset (3rd—4th decade) pure spastic paraparesis (PMID: 31814071, PMID: 26572744).
* Biallelic hypomorphic loss (retaining ~40% protein) causes RSS1 (PMID: 24065355).

* Complete loss (null) is embryonic lethal in mouse.

"Homozygous but not heterozygous mice showed early embryonic lethality. No transcripts
from the knockout allele were detected, and the previously suggested compensation by the
wild-type allele upon heterozygosity was disproven.” — Jahic et al. 2015 (PMID: 26572744)

This dosage sensitivity explains why RSS1-causing alleles must be hypomorphic rather than
complete nulls: complete loss of strumpellin is incompatible with life, and constrains gene-
replacement strategies.

Finding 5 — RSS core clinical triad and phenotype frequencies (26-patient
cohort)

In a cohort of 26 RSS patients (PMID: 28555453):


https://pubmed.ncbi.nlm.nih.gov/22070227/
https://pubmed.ncbi.nlm.nih.gov/28389476/
https://pubmed.ncbi.nlm.nih.gov/31814071/
https://pubmed.ncbi.nlm.nih.gov/26572744/
https://pubmed.ncbi.nlm.nih.gov/24065355/
https://pubmed.ncbi.nlm.nih.gov/26572744/
https://pubmed.ncbi.nlm.nih.gov/28555453/

OpenScientist Report

Phenotype Frequency HPO term (suggested)
HP:0000478
Ocular disorders (any) 100% (Abnormality of the
eye)
Megalocornea 69% HP:0000485
Low-set ears 80.7% HP:0000369
Septal heart defects 68.7% HP:0001671
HP:0001263 /
Delayed neurodevelopment / ID 84%
HP:0001249
Skeletal anomalies (camptodactyly, single palmar crease, S HP:0012385 /
overlapping fingers, vertical talus, nail hypoplasia) ’ HP:0000954
Megacisterna magna 31.8% HP:0002280
Dandy-Walker malformation 27% HP:0001305
Male sex 69% —

"All of them presented ocular disorders, and megalocornea was the most frequent ocular
manifestation (69%), whereas low-set ears (80.7%) and septal heart defects (68.7%) were the
most common facial and cardiac malformations, respectively. The most frequent
malformations of the posterior fossa were megacisterna magna (31.8%) and Dandy-Walker
malformation (27%). 84% of the cases had delayed neurodevelopment or intellectual
disability.”" — Pira-Paredes et al. 2017

Neri et al. 2022 add that craniofacial dysmorphism (macrocephaly, down-slanted palpebral
fissures, low-set ears), developmental delay/ID, and ataxic gait were present in essentially all
WASHC5/CCDC22 patients, and that elevated first-trimester nuchal translucency was
observed in 3 WASHC5 fetuses (PMID: 36130690). The 69% male predominance in mixed
cohorts likely reflects inclusion of X-linked RSS2 (CCDC22) cases; autosomal RSS1 is expected
~1:1.


https://pubmed.ncbi.nlm.nih.gov/36130690/
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Finding 6 — WASH functionally couples to the Commander (CCC + retriever)
assembly, linking RSS to NF-kB and copper homeostasis

The Commander complex is a 16-protein assembly (COMMD1-10, CCDC22, CCDC93, DENND10,
VPS26C, VPS29, VPS35L) that governs endosomal cargo and cell homeostasis and is linked to
Wilson's disease and atherosclerosis (PMID: 34943955).

"Commander complex is a 16-protein complex that plays multiple roles in various
intracellular events in endosomal cargo and in the regulation of cell homeostasis, cell cycle
and immune response. It consists of COMMD1-10, CCDC22, CCDC93, DENND10, VPS26C,
VPS29, and VPS35L." — Laulumaa & Varjosalo 2021

CCDC22 binds all COMMD proteins and is required for NF-kB activation via IxB ubiquitination/
degradation; CCDC22 deficiency blunts proinflammatory NF-kB signaling and can produce
ectodermal-dysplasia features and X-linked intellectual disability (PMID: 23563313).

"we demonstrate that all COMMD proteins bind to CCDC22, a factor recently implicated in X-
linked intellectual disability (XLID). We showed that an XLID-associated CCDC22 mutation
decreased CCDC22 protein expression and impaired its binding to COMMD proteins.” —
Starokadomskyy et al. 2013

Because RSS-causal genes CCDC22 (RSS2) and VPS35L (RSS3) are Commander subunits while
WASHC5 (RSS1) is in the WASH complex that cooperates with retromer/Commander, all RSS
subtypes share a single endosomal trafficking module — explaining their overlapping

phenotype.

Finding 7 — Full malformation spectrum and minimal diagnostic criteria

Leonardi et al. 2001 described RSS as a rare autosomal-recessive syndrome and catalogued the
full malformation spectrum (PMID: 11484200):


https://pubmed.ncbi.nlm.nih.gov/34943955/
https://pubmed.ncbi.nlm.nih.gov/23563313/
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"Cardiac manifestations include ventricular septal defect, atrial septal defect, tetralogy of
Fallot, double outlet right ventricle, hypoplastic left heart, aortic stenosis, pulmonic stenosis
and other valvular anomalies. Central nervous system anomalies include Dandy-Walker
malformation, cerebellar vermis hypoplasia and enlargement of the cisterna magna.”

* Cardiac: VSD, ASD, tetralogy of Fallot, double-outlet right ventricle, hypoplastic left heart,
aortic stenosis, pulmonic stenosis, valvular anomalies (a broad conotruncal + left-heart
spectrum).

* CNS: Dandy-Walker malformation, cerebellar vermis hypoplasia, enlarged cisterna magna,
posterior fossa cyst, hydrocephalus.

* Craniofacial: cleft palate, ocular coloboma, prominent occiput, low-set ears, hypertelorism,
down-slanting palpebral fissures, depressed nasal bridge, micrognathia.

Revised minimal diagnostic criteria (cardiac malformation other than isolated PDA +
posterior-fossa malformation + certain dysmorphic features) are discussed by Gjerulfsen et al.
2021, who caution these are not present in all patients (PMID: 34020006).

Finding 8 — Strumpellin molecular function: WASH-mediated Arp2/3 actin
polymerization drives cargo trafficking, endolysosomal integrity, and
neuronal plasticity

The WASH complex activates Arp2/3-mediated actin polymerization and is pivotal for
endosomal membrane trafficking. Strumpellin knockdown in cortical neurons reduced
dendritic arborization, synapse formation, and dendritic F-actin clusters and caused abnormal
motor coordination in mice — rescued by wild-type strumpellin (PMID: 37392480).

"WASH complex activates actin-related protein-2/3-mediated actin polymerization and plays
a pivotal role in intracellular membrane trafficking in endosomes... Strumpellin knockdown
using shRNA attenuated dendpritic arborization and synapse formation in cultured cortical
neurons, and this effect was rescued by wild-type strumpellin expression.”

Additional concrete cargo readouts: strumpellin-deficient murine platelets show ~20% reduced
integrin allbB3 surface expression and delayed fibrinogen uptake (PMID: 37308549); SPG8
mutations impair CAV1-dependent integrin-mediated cell adhesion (PMID: 31911435); and
N471D strumpellin produces endolysosomal defects (PMID: 30061306).
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https://pubmed.ncbi.nlm.nih.gov/31911435/
https://pubmed.ncbi.nlm.nih.gov/30061306/

OpenScientist Report

"Strumpellin-deficient murine platelets display an approximately 20% reduction in integrin
allbf3 surface expression. While exposure of the internal allbB3 pool after platelet
activation was unaffected, the uptake of the allbB3 ligand fibrinogen was delayed." — Schurr

et al. 2023

A N471D Washc5 knock-in mouse recapitulates RSS-relevant features: mild dilated
cardiomyopathy, decreased acoustic startle, thinner eye lenses, gait instability, and brain BPTF
up / KLHL11 down; biallelic Washc5 ablation is prenatally lethal (PMID: 34312900).

"Homozygous N471D Washc5 knock-in mice showed mild dilated cardiomyopathy, decreased
acoustic startle reactivity, thinner eye lenses... While biallelic ablation of Washc5 was
prenatally lethal, expression of N471D mutated WASHCS5 led to several mild clinical and

laboratory parameter/[s]..."

Finding 9 — WASH complex regulates endosomal recycling of the copper
transporter ATP7A via the CCC complex

COMMDL1 is linked to early endosomes through the CCC complex (COMMD/CCDC22/CCDC93/
Cl6orf62 = VPS35L), which interacts with the WASH complex required for endosomal F-actin
deposition and cargo trafficking with retromer; FAM21 recruits the CCC complex to endosomes.
Depletion of CCC components blocks copper-dependent movement of ATP7A from endosomes,
causing intracellular copper accumulation, and humans with CCDC22 mutations show

altered copper homeostasis (PMID: 25355947).

"This COMMD/CCDC22/CCDC93 (CCC) complex interacts with the multisubunit WASH
complex... required for endosomal deposition of F-actin and cargo trafficking in conjunction
with the retromer.. depletion of CCC complex components leads to lack of copper-dependent
movement of the copper transporter ATP7A from endosomes, resulting in intracellular

copper accumulation" — Phillips-Krawczak et al. 2015

This adds a defined copper-metabolism branch (CHEBI:29036 copper(2+)) to the RSS
trafficking pathophysiology.


https://pubmed.ncbi.nlm.nih.gov/34312900/
https://pubmed.ncbi.nlm.nih.gov/25355947/
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Mechanistic Model / Interpretation

Ordered causal chain (initiating lesion - clinical manifestation)

1.

10.

11.

Biallelic hypomorphic loss-of-function variant in WASHCS5 (e.g., splice-site variant
skipping exon 27) leads to ~40% residual strumpellin protein. (demonstrated — PMID:
24065355)

. Reduced strumpellin results in destabilization of the pentameric WASH complex

(WASHC1-5 + FAM21) and lowers its endosomal branched-actin nucleation activity.
(demonstrated for actin function; inferred for RSS1 complex destabilization — PMID:
37392480)

. Because WASH is recruited to endosomes via FAM21 binding retromer (VPS35), WASH

deficiency impairs localized Arp2/3 activation and endosomal recycling-tubule formation.
(demonstrated in vitro — PMID: 22070227)

. Loss of endosomal F-actin leads to failed tubule fission, so transmembrane cargo is not

returned to the surface. Parallel branches:

.4a. LDLR mislocalized and degraded — impaired LDL uptake / hypercholesterolaemia

(PMID: 26965651).

.4b. Integrins (alIbp3, CAV1-dependent) show reduced surface expression / adhesion defects

(PMID: 37308549, PMID: 31911435).

.4c. Via CCC/Commander coupling, ATP7A copper-transporter recycling fails — intracellular

copper dyshomeostasis (PMID: 25355947).

. 4d. Tubule-fission failure disrupts M6PR sorting — lysosomal dysfunction (PMID:

28389476).

. Disrupted membrane-protein homeostasis during embryogenesis impairs morphogenetic

signaling and cell adhesion/migration in developing brain, heart, eye, and neural-crest—
derived craniofacial structures. (inferred — the specific developmental cargo(es) responsible
for each malformation is not established)

This produces the clinical triad: posterior-fossa/cerebellar malformation, congenital
heart defects, and craniofacial dysmorphism, plus developmental delay/intellectual
disability (PMID: 28555453, PMID: 11484200).

In neurons, reduced WASH-dependent actin plasticity contributes to reduced dendritic
arborization/synapse formation and ataxic gait (PMID: 37392480).
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WASHC5 biallelic hypomorph (~40% strumpellin)
|
v
WASH complex destabilized on endosomes <— recruited by FAM21-VPS35 (retromer)
|
v
1 Arp2/3 branched-actin nucleation on endosomes

v v v v v
LDLR integrins  ATP7A/copper M6PR/lysosome  neuronal
recycling surface (via CCC/ function actin
fails . Commander) impaired plasticity
I | I | |
L | : l l |
v
Disrupted membrane-protein homeostasis in development (inferred)
v

Cranio-cerebello-cardiac malformations + ID (RSS1 clinical triad)

Upstream vs downstream: The mutation and WASH-complex destabilization are the most
upstream events; Arp2/3-actin failure is the central node; the specific cargo-recycling failures
are parallel downstream branches; organ malformation is the terminal, integrated readout.

Suggested ontology terms. GO biological process: endosome to plasma membrane protein
transport (G0O:0099638), Arp2/3 complex-mediated actin nucleation (G0:0034314), retrograde
transport endosome to Golgi (GO:0042147), endocytic recycling (GO:0032456). GO cellular
component: WASH complex (GO:0071203), early endosome membrane (GO:0031901), lysosome
(GO:0005764). Cell types (CL): cerebellar Purkinje (CL:0000121) and granule (CL:0000120)
neurons, cardiomyocyte (CL:0000746), neural crest cell (CL:0000333), corneal epithelial cell
(CL:0000575). Chemical entity (CHEBI): copper(2+) (CHEBI:29036), cholesterol (CHEBI:16113).

Section-by-Section Report

1. Disease Information

» Overview: RSS1 is a rare autosomal-recessive congenital malformation syndrome (3C =
cranio-cerebello-cardiac) characterized by the triad of craniofacial dysmorphism,
cerebellar/posterior-fossa malformation, and congenital heart disease, with developmental
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delay/intellectual disability. First delineated by Ritscher & Schinzel (1987); reviewed with
proposed diagnostic criteria by Leonardi et al. 2001 (PMID: 11484200).

e Identifiers: OMIM #220210 (disease); WASHC5 gene OMIM 610657; Orphanet ORPHA:7 (3C
syndrome); MONDO (suggested) MONDO:0009353 (Ritscher-Schinzel syndrome); ICD-10
Q87.8; ICD-11 LD2F (multiple developmental anomalies); no dedicated MeSH term (indexed
under "Abnormalities, Multiple"/"Dandy-Walker Syndrome").

* Synonyms: 3C syndrome; cranio-cerebello-cardiac dysplasia/syndrome; cranio-cerebro-
cardiac syndrome; Ritscher-Schinzel syndrome (type 1).

» Data source: Aggregated disease-level knowledge from case reports and small cohorts
(largest ~26 patients, PMID: 28555453; 8-patient founder cohort, PMID: 24065355) plus
molecular studies — not EHR-derived.

2. Etiology

* Primary cause: purely genetic — biallelic hypomorphic loss-of-function variants in
WASHCS5 (autosomal recessive) (PMID: 24065355).

* Genetic risk factors: causal WASHC5 variants; a founder splice allele in an isolated
northern-Manitoba First Nations community produced a geographic cluster. Modifier genes
not established; candidate modifiers are other WASH/CCC/retriever subunits.

* Environmental risk / protective factors: none identified; not applicable to a monogenic
disorder. Consanguinity increases recurrence risk for a recessive disorder (PMID:
15704124).

* Gene-environment interactions: none documented; disease is essentially fully genotype-
determined.

3. Phenotypes

See Finding 5 table. Additional detail and suggested HPO terms: - Ocular (100% affected):
megalocornea (HP:0000485), coloboma (HP:0000589), posterior embryotoxon (HP:0000627),
ptosis (HP:0000508). - Craniofacial: low-set ears (HP:0000369), prominent occiput
(HP:0000269), macrocephaly (HP:0000256), hypertelorism (HP:0000316), down-slanting
palpebral fissures (HP:0000494), depressed nasal bridge (HP:0005280), cleft palate
(HP:0000175), micrognathia (HP:0000347), foramina parietalia (HP:0002697). - CNS: Dandy-
Walker malformation (HP:0001305), cerebellar vermis hypoplasia (HP:0001320), megacisterna
magna (HP:0002280), hydrocephalus (HP:0000238), intellectual disability (HP:0001249), ataxic
gait (HP:0002066), hypotonia (HP:0001252). Epilepsy is generally absent in WASHC5 RSS1
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(PMID: 36130690). - Cardiac: ASD/VSD (HP:0001631/HP:0001629), tetralogy of Fallot
(HP:0001636), double-outlet right ventricle (HP:0011723), hypoplastic left heart (HP:0004383),
pulmonary hypertension (HP:0002092). - Skeletal: camptodactyly (HP:0012385), single
transverse palmar crease (HP:0000954), nail hypoplasia (HP:0001792). - Onset/severity/
progression: congenital and structural (stable/non-progressive), but sequelae cause
substantial lifelong disability; severity variable (from prenatal lethality to survival with
moderate ID). QoL: intellectual disability, motor/gait impairment, and cardiac/surgical
morbidity affect independence and daily functioning; formal EQ-5D/SF-36 data unavailable for
this rare disease.

4. Genetic / Molecular Information

* Causal gene (RSS1): WASHC5 (HGNC:28984; alias KIAA0196/SPG8; NCBI Gene 9897;
Ensembl ENSG00000129680; UniProt Q12768), 8q24.13, encoding strumpellin (~134 kDa,
spectrin-repeat-containing WASH-complex subunit). Gene OMIM 610657.

* Variant types: splice-site (First Nations founder allele skipping exon 27, PMID: 24065355);
compound-heterozygous missense/L.oF combinations (PMID: 36130690). RSS1 alleles are
hypomorphic. ACMG: pathogenic/likely pathogenic for reported recessive alleles; many
novel variants remain VUS given rarity.

* Allele frequency: individual pathogenic variants are ultra-rare/absent in gnomAD; the
Manitoba splice allele is population-restricted.

* Origin: germline (constitutional, biallelic).

* Functional consequence: loss of function (reduced strumpellin — destabilized WASH
complex). Distinct from dominant SPG8 alleles (Finding 4).

* Modifier genes / epigenetics / chromosomal abnormalities: none established for RSS1.
Phenotypically overlapping 6p25 subtelomeric deletions (FOX genes) cause a distinct 3C-like
syndrome, not RSS1 (PMID: 15704124).

5. Environmental Information

Not applicable — RSS1 is monogenic. No environmental, lifestyle, or infectious factors are
implicated in causation. Infectious/respiratory complications may occur secondarily (e.g.,
pulmonary hypertension/respiratory failure in a preterm infant, PMID: 23072186).
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6. Mechanism / Pathophysiology

See the Mechanistic Model section above for the ordered causal chain, branch diagram, and
GO/CL/CHEBI term suggestions. Core pathway: WASH complex - Arp2/3-mediated
endosomal actin nucleation - retromer/CCC(Commander)-coupled cargo recycling, with
downstream branches to cholesterol/LDLR, integrin adhesion, NF-kB (via CCC/COMMD), copper
homeostasis (ATP7A), and lysosomal function. Disease-specific human omics signatures are
unavailable; a mouse-brain proteomic signature (BPTF up, KLHL11 down) exists for the N471D
knock-in (PMID: 34312900).

7. Anatomical Structures Affected

* Organ (primary): cerebellum / posterior fossa (UBERON:0002037; vermis
UBERON:0004720), heart (UBERON:0000948; septa, outflow tract), eyes/cornea
(UBERON:0000970/UBERON:0000964), craniofacial skeleton (UBERON:0010323).

* Secondary: ventricular system/CSF (hydrocephalus, UBERON:0002289), lungs/pulmonary
vasculature, limbs/digits.

* Body systems: nervous, cardiovascular, musculoskeletal, ocular/visual, craniofacial.

» Tissue/cell: neuroectoderm-derived cerebellar neurons; neural crest derivatives
(craniofacial mesenchyme, cardiac outflow). Strumpellin is ubiquitous — cell-autonomous
defect across many cell types.

* Subcellular: early/recycling endosome membrane (GO:0031901/G0:0055037), WASH
complex (GO:0071203), lysosome (GO:0005764), trans-Golgi network, ER-endosome contact
sites (PMID: 28389476).

* Laterality: typically bilateral/midline (cerebellar vermis, septal defects), consistent with a
developmental mechanism.

8. Temporal Development

* Onset: congenital/prenatal; malformations form in utero; elevated first-trimester nuchal
translucency is an early marker in some fetuses (PMID: 36130690). Diagnosis often
neonatal/first year (42% <1 year in the Colombian cohort; PMID: 28555453).

* Course: core malformations are static/non-progressive; neurodevelopmental disability is
lifelong; prognosis dominated by cardiac/respiratory severity in infancy (PMID: 23072186).

* Critical period: embryonic organogenesis (cardiac septation ~weeks 4-8, cerebellar/
posterior-fossa, neural-crest craniofacial development); no post-developmental window
reverses malformations.
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* Duration: chronic, lifelong.

9. Inheritance and Population

» Inheritance: autosomal recessive (RSS1). Penetrance essentially complete for biallelic
genotype; expressivity variable. No anticipation (not a repeat disorder).

* Founder effect / consanguinity: founder splice allele in northern Manitoba First Nations;
consanguinity enhances recessive recurrence (PMID: 24065355, PMID: 15704124).

» Epidemiology: very rare; precise prevalence/incidence not established (<1/1,000,000 order
of magnitude implied; <~50 molecularly confirmed cases worldwide). ~26-patient clinical
cohort with 69% male (partly reflecting X-linked RSS2 inclusion) (PMID: 28555453);
autosomal RSS1 expected ~1:1.

* Geographic distribution: reported in Canada/First Nations, Austria, Colombia, China, and
Europe; no endemic region beyond the founder cluster. Carrier frequency not formally
estimated (elevated in the founder population).

10. Diagnostics

* Genetic testing (definitive): WES/WGS or multigene malformation panels including
WASHC5, CCDC22, VPS35L, DPYSLS5; targeted founder-variant testing in the northern
Manitoba First Nations population; Sanger segregation. CMA/karyotype to exclude
phenocopies (e.g., 6p25 deletion). Research-grade confirmation: reduced strumpellin on
Western blot / transcript analysis (PMID: 24065355, PMID: 24916641).

* Imaging: brain MRI (Dandy-Walker spectrum, vermis hypoplasia, megacisterna magna),
echocardiography (septal/conotruncal defects, PDA, coarctation, pulmonary hypertension),
ophthalmologic exam (megalocornea, coloboma).

* Clinical criteria: cardiac malformation (other than isolated PDA) + posterior-fossa
malformation + characteristic dysmorphism, acknowledging incomplete criteria in some
patients (PMID: 34020006).

» Laboratory / biomarkers: consider lipid profile (LDLR trafficking defect — possible
hypercholesterolaemia, PMID: 26965651); no validated RSS1-specific biomarker.

* Differential diagnosis: 6p25 subtelomeric deletion syndrome (PMID: 15704124), Dandy-
Walker malformation of other cause, RSS subtypes 2—4, Joubert/CHARGE (for coloboma/
posterior fossa).

* Screening: cascade/carrier testing in founder and consanguineous families; prenatal
testing if familial variants known.
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11. Outcome / Prognosis

* Survival/mortality: variable, driven chiefly by cardiac and respiratory severity; life-
threatening features are generally cardiac (PMID: 23072186). Severe cases include prenatal
lethality/terminated pregnancies; milder cases survive into childhood/adulthood with
disability (PMID: 36130690). No systematic survival statistics exist given rarity.

* Morbidity/function: lifelong intellectual disability (84%), ataxia, motor and feeding
difficulties, visual impairment; malformations non-progressive but disabling.

» Complications: heart failure, pulmonary hypertension, hydrocephalus, feeding difficulty/
failure to thrive, recurrent infections.

* Prognostic factors: severity of congenital heart defect, degree of hydrocephalus/cerebellar
malformation, and overall malformation burden. No validated molecular prognostic
biomarker.

12. Treatment

No disease-modifying or curative therapy exists; management is symptomatic and
multidisciplinary (NCIT: Supportive Care Intervention). - Surgical/interventional: congenital
heart defect repair (ASD/VSD closure, PDA ligation, coarctation repair; NCIT cardiac surgical
procedures); CSF diversion/ventriculoperitoneal shunt for hydrocephalus; ophthalmologic and
craniofacial/orthopedic surgery as indicated. - Supportive/rehabilitative: feeding support
(NG/gastrostomy for hypotonia/feeding difficulty, PMID: 33059814), physical/occupational/
speech therapy, developmental and special-education services, respiratory support and
pulmonary-hypertension management (PMID: 23072186). - Pharmacotherapy: symptom-
directed only (heart-failure and pulmonary-hypertension agents); dyslipidaemia monitoring is
biologically plausible but not a validated indication. No RSS1-specific pharmacogenomics. -
Advanced/experimental: none approved or in trials; gene replacement is constrained by
strumpellin dosage sensitivity (null is embryonic-lethal; overexpression potentially harmful,
PMID: 26572744). - Genetic counseling is core (25% recurrence risk for AR RSS1; carrier
testing).

13. Prevention

* Primary: not possible for occurrence; genetic counseling, carrier screening in at-risk/
founder/consanguineous families, and preimplantation or prenatal genetic testing where
familial variants are known.
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* Secondary: prenatal ultrasound/MRI and molecular testing for early diagnosis; postnatal
echocardiography/brain MRI for early complication detection.

 Tertiary: proactive cardiac, neurosurgical, and developmental surveillance.

 Immunization/public-health/environmental: not applicable (no infectious/environmental
cause).

14. Other Species / Natural Disease

* Orthologs: Washc5 (mouse, Mus musculus NCBITaxon:10090); strumpellin is highly
conserved and ubiquitously expressed, with the WASH complex conserved to Dictyostelium
and Drosophila (PMID: 24065355, PMID: 25355947).

* Natural disease: no well-characterized naturally occurring RSS1 phenotype in other
species (no established OMIA Washc5 entry). Related CCC-complex biology is disease-
relevant in dogs: COMMD1 deficiency causes copper toxicosis in Bedlington Terriers, a
comparative Commander-complex disorder (PMID: 34943955).

» Comparative biology: the WASH-retromer-Commander module is evolutionarily
conserved, validating cross-species mechanistic study. Transmission: not applicable (non-
communicable genetic disorder).

15. Model Organisms

* Mouse Washc5 knockout: homozygous null — early embryonic/prenatal lethality;
heterozygotes viable with no wild-type compensation (PMID: 26572744, PMID: 34312900).
Limitation: complete null cannot model the viable hypomorphic RSS1 state.

* N471D Washc5 knock-in mouse (SPG8 allele, partially RSS-informative): homozygotes
show mild dilated cardiomyopathy, thinner eye lenses, gait instability, decreased acoustic
startle, brain BPTF/KLHL11 dysregulation (PMID: 34312900) — cardiac/ocular features are
RSS-relevant, though the allele is missense rather than an RSS1 hypomorph.

» VPS35L knockout mouse (RSS3 model): demonstrates biallelic VPS35L loss causes a 3C/
RSS-like syndrome via retriever dysfunction (PMID: 31712251).

¢ Cellular/in-vitro: strumpellin-knockdown cortical neurons (dendritic/synaptic deficits,
PMID: 37392480); strumpellin-deficient platelets (integrin trafficking, PMID: 37308549);
N471D cell models (endolysosomal defects, PMID: 30061306); WASH/CCC-knockdown lines
(LDLR, ATP7A trafficking, PMID: 26965651, PMID: 25355947).

* Gaps: conditional/hypomorphic mouse and iPSC/organoid models are lacking. No single
model reproduces the complete human cranio-cerebello-cardiac triad.
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Role in this report
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Evidence source types: human clinical (cohort/case series: 24065355, 28555453, 36130690,
34020006, 11484200, 24916641); model organism (mouse: 26572744, 34312900, 31712251); in-
vitro/cell biology (26965651, 22070227, 25355947, 37392480, 37308549, 30061306, 28389476);
review/computational (34943955).

Limitations and Knowledge Gaps

1. Ultra-rarity limits epidemiology. Fewer than ~50 molecularly confirmed RSS patients exist
across all genes; precise prevalence, incidence, sex ratio, and survival for RSS1 specifically
are not established. Mixed "3C cohorts" combine WASHC5 (AR) and CCDC22 (X-linked)
patients, confounding sex-ratio and frequency estimates.

2. Nomenclature ambiguity. OMIM and some literature label WASHC5- vs CCDC22-related
disease inconsistently; this report follows OMIM #220210 = WASHC5 = RSS1 per the
research question.

3. Developmental causal link is inferred, not demonstrated. The specific WASH-dependent
cargo(es) whose mis-trafficking produces cerebellar, cardiac, and craniofacial
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malformations are not identified; steps 4—6 of the causal chain are mechanistically
plausible but not proven in developing human tissue.

4. No RSS1 patient-tissue omics. Transcriptomic, proteomic, metabolomic, or single-cell data

3.

6.

from RSS1 patients are unavailable; mechanism is extrapolated from cell lines and
heterologous models (platelets, cortical neurons, SPG8 knock-in mice).

No faithful animal model of RSS1. The null mouse is embryonic lethal; the available
knock-in carries an SPG8 (dominant) allele, not a biallelic RSS1 hypomorph.

No treatment/trials. There is no targeted therapy, no clinical trial, and no validated
biomarker; QoL and natural-history data are absent.

Proposed Follow-up Experiments / Actions

1.

Generate a biallelic Washc5 hypomorphic mouse (e.g., the exon-27 splice allele or a
graded-expression conditional allele) to model the viable ~40%-protein RSS1 state and test
whether it reproduces the cranio-cerebello-cardiac triad.

. Patient iPSC-derived cerebellar organoids and cardiomyocytes to define which

endosomal cargoes are mis-recycled in disease-relevant cell types (single-cell RNA-seq +
surface proteomics), linking specific cargo defects to specific malformations.

. Systematic cargo screen (surface-proteome comparison of strumpellin-deficient vs

rescued cells) to build the definitive list of WASH-dependent developmental cargoes beyond
LDLR/integrins/ATP7A/M6PR.

. Copper-homeostasis biomarker study in RSS1/CCDC22 patients (serum copper,

ceruloplasmin, ATP7A trafficking assays) to test whether the copper branch is clinically
measurable and potentially actionable (PMID: 25355947).

. International RSS registry combining WASHC5/CCDC22/VPS35L/DPYSLS5 cases with

genotype-phenotype and natural-history data to establish penetrance, expressivity,
survival, and refined diagnostic criteria.

. Structural/biophysical characterization of RSS1 vs SPG8 strumpellin variants within the

reconstituted WASH complex to explain the dominant-missense vs recessive-hypomorph
allelic dichotomy at the molecular level.
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