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Summary

Roberts  syndrome  (RBS),  including  its  milder  allelic  form  SC  phocomelia,  is  a  rare
autosomal-recessive developmental disorder caused by  biallelic loss-of-function mutations
in ESCO2 (Establishment of Sister Chromatid Cohesion N-Acetyltransferase 2) on chromosome
8p21.1. ESCO2 is a zinc-finger/Gcn5-like acetyltransferase that acetylates the cohesin subunit
SMC3 to  establish  sister-chromatid  cohesion  during  S  phase.  When  ESCO2  activity  is  lost,
centromeric  cohesion  fails  —  producing  the  pathognomonic  cytogenetic  hallmarks  of
premature centromere separation (PCS) and heterochromatin repulsion (HR) — and the
developing  embryo  cannot  sustain  the  rapid,  faithful  cell  divisions  required  for  limb,
craniofacial, and somatic growth. The clinical result is a triad of  symmetric limb reduction
(up  to  tetraphocomelia),  pre-  and  postnatal  growth  retardation,  and  craniofacial
anomalies, frequently accompanied by microcephaly and variable intellectual disability.

The  molecular  pathogenesis  converges  through  at  least  four  downstream  branches:  (1)
mitotic  failure  and  apoptosis  of  proliferating  progenitor  cells;  (2)  DNA-damage  and  redox
stress;  (3)  nucleolar  fragmentation  with  impaired  ribosome  biogenesis  and  depressed
mTORC1-dependent  translation;  and  (4)  cohesin-dependent  transcriptional  dysregulation,
including regulation of the  CRL4 ubiquitin ligase.  A notable, mechanism-based therapeutic
lead is L-leucine, an mTORC1 stimulator that partially rescues translation and development in
RBS cell and zebrafish models.



Clinically, RBS shows highly variable expressivity with no genotype–phenotype correlation
— from severe forms with perinatal/stillbirth lethality to milder SC phocomelia compatible
with survival into adulthood. Diagnosis rests on characteristic clinical features, the cytogenetic
PCS/HR signature, and confirmatory ESCO2 sequencing; prenatal diagnosis is feasible by serial
fetal ultrasound with long-bone measurement and by molecular testing in known families. No
curative  therapy  exists;  management  is  supportive,  reconstructive,  and  rehabilitative,
supported by genetic counseling.

Key Findings

F001 — Roberts syndrome is caused by biallelic loss-of-function mutations in 
ESCO2 (8p21.1)

Multiple independent case series establish that RBS and SC phocomelia result from biallelic,
protein-truncating  mutations (frameshift,  nonsense,  splice-site)  in  ESCO2.  Schüle  et  al.
identified seven novel mutations across exons 3–8, all protein-truncating regardless of clinical
severity.  The  gene  product,  ESCO2  (Establishment  of  Sister  Chromatid  Cohesion  N-
Acetyltransferase 2), maps to 8p21.1.

PMID: 16380922: "Recently, mutations in ESCO2 (establishment of cohesion 1 homolog 2) on
8p21.1 have been reported in RBS."

PMID: 16380922: "Since only protein-truncating mutations were identified, regardless of
clinical severity, we conclude that genotype does not predict phenotype."

PMID: 32783269: "Biallelic loss-of-function variants in ESCO2, which codes for establishment
of sister chromatid cohesion N-acetyltransferase 2, cause Roberts syndrome."

Ontology suggestions: Gene HGNC:24645 (ESCO2); MONDO:0100253; OMIM:268300.

F002 — RBS and SC phocomelia are allelic with no genotype–phenotype
correlation

Schüle et al. (2005) studied three SC phocomelia families plus two families with variable limb/
craniofacial  abnormalities;  all were positive for heterochromatin repulsion and  all carried
truncating  ESCO2 mutations,  demonstrating  that  RBS  and  SC  phocomelia  are  caused  by
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mutations in the same gene. An Egyptian cohort of eight patients independently confirmed the
absence of genotype–phenotype correlation. This allelism and variable expressivity are central
to genetic counseling and prognosis.

PMID: 16380922: "Having established that RBS and SC are caused by mutations"

PMID: 30204960: "We confirmed previous results of lack of genotype/phenotype correlation."

F003 — Cytogenetic hallmark: premature centromere separation /
heterochromatin repulsion

Patient  metaphase  spreads  show  premature  centromere  separation  (PCS), 
heterochromatin  repulsion  (HR) —  the  classic  "railroad  track"/puffing  appearance  at
heterochromatic  centromeric  and  Y  chromosome  regions  —  and  chromosome  breaks,
visualized by Giemsa,  DAPI,  and C-banding.  HR is  consistently present in both RBS and SC
phocomelia and is used as a diagnostic marker.

PMID: 32783269: "characteristic cytogenetic defects, such as premature centromere
separation, heterochromatin repulsion, and chromosome breaks, in patient cells strongly
supported pathogenicity"

PMID: 30204960: "Cytogenetic studies including centromeric separation and puffing by Giemsa
and DAPI stains"

F004 — ESCO2 loss disrupts the cell cycle and triggers apoptosis in
developing tissues

A  zebrafish esco2 knockdown  model  recapitulates  RBS,  including  mitotic  defects,
craniofacial abnormalities, and limb truncations. Microarray analysis showed that Esco2-
regulated  genes  are  enriched  for  cell  cycle  and  apoptosis functions  —  distinct  from  the
targets of the core cohesin subunit rad21, which enriched for transcriptional regulators. This
positions cell-cycle disruption and programmed cell death of proliferating progenitors as a key
downstream mechanism linking cohesion failure to tissue hypoplasia.

PMID: 21637801: "Esco2 depleted zebrafish embryos exhibit features that resemble RBS,
including mitotic defects, craniofacial abnormalities and limb truncations."

PMID: 21637801: "Esco2-regulated genes were more likely to be involved the cell cycle or
apoptosis"

Ontology suggestions: GO:0007049 (cell  cycle);  GO:0006915 (apoptotic process);  GO:0007062
(sister chromatid cohesion).
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F005 — ESCO2/cohesin loss produces DNA damage and redox stress

In Saccharomyces cerevisiae RBS models (eco1 mutants, homologous to human ESCO2),  redox
stress is elevated,  oxidative-DNA-damage repair is impaired, and DNA-damage checkpoints
are  hyperactivated.  Critically,  antioxidant  treatment  desensitizes  eco1 cells to  DNA-
damaging agents, supporting an oxidative-stress/DNA-damage arm of pathogenesis and hinting
at an antioxidant intervention strategy. A complementary "macromolecular damage" model
broadens the injury beyond DNA to include translational/ribosomal machinery.

PMID: 34897432: "the results reveal that redox stress is elevated in both eco1 and cohesion
factor Saccharomyces cerevisiae mutant cells"

PMID: 34897432: "antioxidant treatment desensitizes eco1 mutant cells to a range of DNA
damaging agents"

Ontology suggestions: GO:0006979 (response to oxidative stress); GO:0006281 (DNA repair).

F006 — Nucleolar fragmentation, impaired ribosome biogenesis, and
depressed mTORC1 translation — rescued by L-leucine

RBS cells display  highly fragmented nucleoli with defects in  ribosome biogenesis (rRNA/
snoRNA production) and reduced overall protein translation; mTORC1 signaling is depressed.
Treatment  with  L-leucine,  an  mTORC1  stimulator,  partially  rescues  mTOR  function,
translational efficiency of ribosomal subunits and initiation factors, mitochondrial function,
cell division, and development in both RBS cells and zebrafish models. The same translational
axis operates across cohesinopathies (e.g., Cornelia de Lange syndrome, CdLS). This is the most
concrete mechanism-based therapeutic lead for RBS.

PMID: 26729373: "mTORC1 signaling was depressed and overall translation was reduced in
RBS cells and zebrafish models for RBS. Treatment of RBS cells and zebrafish RBS models with
L-leucine partially rescued mTOR function and protein synthesis, correlating with increased
cell division and improved development."

PMID: 25378554: "RBS was associated with highly fragmented nucleoli and defects in both
ribosome biogenesis and protein translation. l-leucine stimulation of the mTOR pathway
partially rescued translation in human RBS cells and development in zebrafish models of RBS."

Ontology  suggestions: GO:0042254  (ribosome  biogenesis);  GO:0006412  (translation);
GO:0031929 (TOR signaling); GO:0005730 (nucleolus); CHEBI:15603 (L-leucine).
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F007 — Recurrent frameshift/truncating alleles cluster in exon 3; prenatal
diagnosis is feasible

The Egyptian cohort (Afifi et al., 2016) reported  homozygous exon-3 frameshift mutations,
including  the  novel  c.244_245dupCT  (p.T83Pfs*20) and  previously  reported  c.760_761insA
(p.T254Nfs*27) and  c.764_765delTT (p.F255Cfs*25). All patients showed growth retardation,
mesomelic limb shortening (upper > lower limbs), microcephaly, and characteristic PCS with
heterochromatin puffing.  Serial fetal ultrasound with long-bone measurement diagnosed
two  affected  fetuses  prenatally,  and  severity  of  mesomelic  shortening  and  craniofacial
anomalies varied among patients (variable expressivity).

PMID: 26710928: "sequencing of the ESCO2 gene identified a novel mutation c.244_245dupCT
(p.T83Pfs20) in one family besides two previously reported mutations c.760_761insA
(p.T254Nfs27) and c.764_765delTT (p.F255Cfs25). All mutations were in homozygous state, in
exon 3."*

PMID: 26710928: "Serial fetal ultrasound examinations and measurements of long bones
diagnosed two affected fetuses in two of the studied families."

PMID: 26710928: "The severity of the mesomelic shortening of the limbs and craniofacial
anomalies showed variability among patients."

F008 — ESCO2 is a zinc-finger/Gcn5-like acetyltransferase; missense variants
cause RBS (germline) and occur in cancers (somatic)

X-ray  crystallography  of  the  conserved  zinc-finger–acetyltransferase  moiety  of  the  ESCO
paralog ESCO1 shows that the catalytic core is structurally homologous to the Gcn5 histone
acetyltransferase (HAT),  with  a  unique zinc  finger  and an ~40-residue loop that  mediate
protein stability and SMC3 substrate binding. Missense mutations in the acetyltransferase
domain correlate  with  disease — Roberts  syndrome (germline)  and endometrial  cancers
(somatic) — linking RBS mechanistically to genome-instability phenotypes seen in cancer.

PMID: 27803161: "Missense mutations within the acetyltransferase domain of these proteins
correlate with diseases, including endometrial cancers and Roberts syndrome."

PMID: 27803161: "the ESCO1 acetyltransferase core is structurally homologous to the Gcn5
HAT, but contains unique additional features including a zinc finger and an ∼40-residue loop
region that appear to play roles in protein stability and SMC3 substrate binding"

Ontology suggestions: GO:0016407 (acetyltransferase activity); GO:0008270 (zinc ion binding);
UniProt Q56NI9 (ESCO2_HUMAN).
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Section-by-Section Report

1. Disease Information

Roberts  syndrome  is  a  rare,  autosomal-recessive  multiple-congenital-anomaly  disorder
characterized by symmetric limb reduction defects, growth retardation, and craniofacial
anomalies.  It  exists  on  a  clinical  severity  spectrum  with  SC  phocomelia (formerly
"pseudothalidomide syndrome"), now known to be allelic (same gene, ESCO2) (F001, F002).

Key  identifiers: MONDO:0100253;  OMIM  #268300;  Orphanet  ORPHA:3103;  MeSH/UMLS
C0392475;  ICD-10  Q87.8  (no  dedicated  code);  ICD-11  within  multiple-congenital-anomaly
syndromes. Gene: ESCO2, HGNC:24645, 8p21.1.

Synonyms/alternative names: Roberts–SC phocomelia syndrome; SC phocomelia syndrome;
pseudothalidomide  syndrome;  hypomelia–hypotrichosis–facial  hemangioma  syndrome;
Appelt–Gerken–Lenz syndrome; RBS.

Information source: Predominantly  aggregated disease-level resources (OMIM, Orphanet)
and individual patient case reports/small cohorts (Egyptian cohort of 8 patients; Indian and
Nigerian case  reports).  There  is  no  large  EHR-derived dataset;  the  disorder's  rarity  means
knowledge derives from curated literature.

2. Etiology

Primary cause — genetic: Biallelic (homozygous or compound heterozygous) loss-of-function
mutations  in  ESCO2 (F001).  Nearly  all  reported  alleles  are  protein-truncating;  recurrent
frameshift alleles cluster in exon 3 (F007).

Genetic risk factors: The disorder is monogenic and fully determined by biallelic ESCO2 LoF;
consanguinity is  a  major  risk  factor  because  it  increases  homozygosity  for  rare  recessive
alleles  (predominance  of  homozygous  cases  in  consanguineous  populations,  F007).  No
common susceptibility loci or polygenic contribution.

Environmental/lifestyle risk factors: None established. RBS is not caused by environmental
exposure. (Historically confused with thalidomide embryopathy — hence "pseudothalidomide"
— reflecting phenotypic mimicry, not shared etiology.)
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Protective  factors: No  genetic  or  environmental  protective  factors  are  established.
Mechanistically,  L-leucine (mTORC1  stimulation)  and  antioxidants are  experimental
modifiers of cellular phenotype (F005, F006), not population-level protective factors.

Gene–environment interactions: None documented for causation. The only "interaction" of
note  is  experimental  therapeutic  modulation  (leucine/antioxidants)  of  the  mutant  cellular
phenotype.

3. Phenotypes

RBS phenotypes are congenital (prenatal onset), bilateral/symmetric, and range from mild
to severe with variable expressivity (F002, F007).
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Phenotype Type Onset
Severity/
Frequency

Suggested HPO

Symmetric limb
reduction / phocomelia /
tetraphocomelia

Physical
malformation

Congenital
Severe; upper >
lower limbs;
hallmark

HP:0009829
(phocomelia);
HP:0009821 (limb
reduction)

Pre- and postnatal
growth retardation

Clinical sign Prenatal
Severe; near-
universal

HP:0001511
(IUGR);
HP:0001510

Microcephaly Physical sign Congenital Common HP:0000252

Craniofacial anomalies
(cleft lip/palate,
hypertelorism,
micrognathia, malar
hypoplasia)

Physical
malformation

Congenital
Common,
variable

HP:0000175;
HP:0000316

Intellectual disability
Behavioral/
cognitive

Childhood
Mild–severe,
variable

HP:0001249

Oligodactyly / absent
digits

Physical
malformation

Congenital Common HP:0012165

Cardiac / renal / genital
anomalies

Structural Congenital Variable
HP:0001627;
HP:0000119

Sparse/silvery hair, facial
hemangioma

Physical sign Congenital
Reported (SC
phocomelia)

HP:0008070;
HP:0001028

Stillbirth / early
mortality

Outcome Perinatal Severe forms HP:0003826

Quality-of-life impact: Severe forms are perinatally lethal (stillbirth/early death); survivors
face major mobility limitation from limb reduction, need for reconstructive/prosthetic support,
and variable cognitive impairment. Formal EQ-5D/SF-36 data are not available for this ultra-
rare condition.
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4. Genetic / Molecular Information

Causal gene: ESCO2 (HGNC:24645, OMIM *609353), 8p21.1, encoding a  zinc-finger/Gcn5-like
acetyltransferase (F001, F008).

Pathogenic variants: Predominantly  protein-truncating — frameshift, nonsense, splice-site
(F001).  Recurrent  exon-3  frameshifts:  c.244_245dupCT  (p.T83Pfs*20),  c.760_761insA
(p.T254Nfs*27),  c.764_765delTT  (p.F255Cfs*25) (F007).  Rare  missense variants  in  the
acetyltransferase  domain  also  cause  RBS  and,  somatically,  appear  in  endometrial  cancers
(F008). ACMG/AMP: LoF truncating variants are typically  pathogenic;  a splice variant in an
Indian  patient  was  corroborated  by  cytogenetic  PCS/HR  evidence  (F003,

32783269
).

Allele frequency: Causal alleles are rare/private; carrier frequencies are not well quantified in
gnomAD given rarity.  Somatic vs germline: RBS alleles  are  germline and biallelic;  ESCO2
missense changes are also found somatically in cancers (F008). Functional consequence: loss
of function — loss of SMC3 acetyltransferase activity and failure to establish sister-chromatid
cohesion (F008).

Modifier  genes: No  formal  human  modifiers  identified  (consistent  with  no  genotype–
phenotype correlation, F002).  Model-organism work identifies  RAD61/WAPL, PDS5, DDX11,
and CRL4/DDB1 as  functional  interactors.  DDX11 (Warsaw Breakage  Syndrome gene)  and
ESCO2  have  non-redundant,  partially  compensatory  roles  in  cohesion
(

31935221
).

Epigenetic  information: ESCO2  acetylates  SMC3  (a  chromatin-associated  protein);  cohesin
influences  chromatin  architecture  and  transcription.  No  disease-specific  DNA-methylation
signature is established for RBS.

Chromosomal abnormalities: The disease-defining cytogenetic finding is functional (PCS/HR,
chromosome breaks), not a constitutional large-scale rearrangement (F003).

5. Environmental Information

No  environmental  factors,  toxins,  radiation,  lifestyle  factors,  or  infectious  agents  are
implicated  in  RBS  causation.  The  disorder  is  entirely  genetic  (F001).  "Pseudothalidomide"
nomenclature  reflects  phenotypic  resemblance  to  thalidomide  embryopathy,  not shared
environmental etiology.

P

P

OpenScientist Report

9

https://pubmed.ncbi.nlm.nih.gov/32783269/
https://pubmed.ncbi.nlm.nih.gov/32783269/
https://pubmed.ncbi.nlm.nih.gov/32783269/
https://pubmed.ncbi.nlm.nih.gov/31935221/
https://pubmed.ncbi.nlm.nih.gov/31935221/
https://pubmed.ncbi.nlm.nih.gov/31935221/


6. Mechanism / Pathophysiology

Causal chain (initiating lesion → clinical manifestation):

Biallelic LoF mutation in ESCO2 (predominantly truncating) results in loss of ESCO2
protein / its zinc-finger–Gcn5-like acetyltransferase activity (F001, F008).

Loss of ESCO2 leads to failure to acetylate cohesin subunit SMC3 during S phase (F008).

Unacetylated cohesin results in defective establishment of sister-chromatid cohesion,
especially at heterochromatic centromeric regions (F008).

Defective centromeric cohesion manifests cytogenetically as premature centromere
separation (PCS) and heterochromatin repulsion (HR), plus chromosome breaks (F003).

From steps 3–4, the mechanism branches into four downstream arms:

5a — Mitotic failure/apoptosis: cohesion defects lead to mitotic errors and apoptosis of
rapidly proliferating embryonic progenitors, causing tissue hypoplasia (limbs, craniofacies)
(F004).

5b — DNA-damage/redox stress: cohesion/ESCO2 loss results in elevated redox stress,
impaired oxidative-DNA-damage repair, and checkpoint hyperactivation (F005).

5c — Nucleolar/translational failure: ESCO2 loss leads to nucleolar fragmentation,
impaired ribosome biogenesis, and depressed mTORC1-dependent translation, reducing
protein-synthesis capacity needed for growth (F006).

5d — Transcriptional/ubiquitin-ligase dysregulation: cohesin-dependent gene regulation
is perturbed, including CRL4 (DDB1) ubiquitin-ligase signaling downstream of Esco2/
cohesin
(

34989322

40396618
).

These branches converge to produce the clinical triad — symmetric limb reduction
(tetraphocomelia), pre/postnatal growth retardation, and craniofacial anomalies — with
variable microcephaly, intellectual disability, and organ malformations (F004, F006, F007).

Demonstrated  vs  inferred: Steps  1–4  and  5a–5c  are  demonstrated in  patient  cells  and/or
animal/yeast models. The precise quantitative contribution of each branch to specific human
phenotypes, and step 5d's role in humans, remain inferred from model organisms.

Molecular  pathways: cohesin/sister-chromatid-cohesion  pathway;  mTORC1/TOR  signaling
(F006);  CRL4  ubiquitin-ligase  pathway.  Cellular  processes: cell  cycle/mitosis  (GO:0007049),
apoptosis  (GO:0006915),  ribosome  biogenesis  (GO:0042254),  DNA  repair  (GO:0006281),
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oxidative-stress response (GO:0006979).  Protein dysfunction: loss of ESCO2 acetyltransferase
function;  loss  of  SMC3  acetylation  (F008).  Subcellular  compartments: nucleus,  nucleolus
(GO:0005730),  chromosome/centromere,  cohesin  complex  (GO:0008278).  Cell  types  (CL):
proliferating embryonic progenitors — e.g., limb-bud mesenchymal cells, cranial neural-crest–
derived cells.

7. Anatomical Structures Affected

Organ/system level: limbs (musculoskeletal) — primary; craniofacial skeleton; CNS
(microcephaly, intellectual disability); frequently heart, kidney, genitalia. Systems: 
musculoskeletal, nervous, cardiovascular, genitourinary, craniofacial.

Tissue/cell level: connective/skeletal tissue (bone, cartilage), rapidly dividing progenitor/
mesenchymal cells, cranial neural-crest derivatives.

Subcellular level: nucleolus (GO:0005730), nucleus (GO:0005634), chromosome/
centromere (GO:0000775), cohesin complex (GO:0008278).

Localization/lateralization: malformations are bilateral and symmetric (defining
feature; HP:0009829).

UBERON suggestions: UBERON:0002101 (limb), UBERON:0001456 (face), UBERON:0000955
(brain), UBERON:0002113 (kidney), UBERON:0000948 (heart).

8. Temporal Development

Onset: congenital/prenatal; malformations arise during embryogenesis; growth restriction
detectable in utero.

Progression: structural anomalies are static/non-progressive after birth, but severe forms
carry high perinatal mortality; growth deficiency persists postnatally.

Duration/course: in survivors (milder/SC phocomelia end), a chronic lifelong disability. 
Critical period: the vulnerable window is embryonic organogenesis and limb
development — there is no postnatal window to reverse structural malformations,
underscoring prenatal counseling/diagnosis.

9. Inheritance and Population

Inheritance: Autosomal recessive (F001, F002). Consanguinity increases risk (F007).

Penetrance/expressivity: high penetrance for biallelic LoF; highly variable expressivity
with NO genotype–phenotype correlation (F002, F007).
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Epidemiology: very rare; ~150 reported cases historically (Orphanet <1/1,000,000). No
reliable incidence figures.

Founder effects / carrier frequency: not well quantified; recurrent exon-3 alleles seen in
consanguineous cohorts (F007).

Sex ratio: autosomal — no sex predilection (M:F ≈ 1:1).

Geographic distribution: worldwide; over-representation of homozygous cases in high-
consanguinity populations (e.g., North Africa/Middle East).

10. Diagnostics

Cytogenetics (hallmark): metaphase analysis showing PCS and HR ("railroad tracks"/
centromeric puffing) by Giemsa/DAPI/C-banding; chromosome breaks (F003). Low-cost,
highly specific.

Molecular genetic testing: single-gene ESCO2 sequencing confirmatory (F001, F007);
gene panels or WES/WGS for atypical presentations. Targeted variant testing enables
carrier and prenatal diagnosis in known families.

Imaging: fetal ultrasound with long-bone measurement detects limb reduction prenatally
(F007); postnatal radiographs characterize skeletal defects.

Prenatal diagnosis: feasible by serial fetal ultrasound and molecular testing (CVS/
amniocentesis) or PCS/HR analysis of fetal cells (F007).

Differential diagnosis: thalidomide embryopathy, Cornelia de Lange syndrome (allied
cohesinopathy), TAR syndrome, Baller–Gerold syndrome, Fanconi anemia, and other
phocomelia/limb-reduction syndromes — distinguished by the pathognomonic PCS/HR
cytogenetic signature and ESCO2 genotype.

Screening: no population newborn screening; cascade carrier screening in affected
families and consanguineous couples is appropriate.

11. Outcome / Prognosis

Survival/mortality: bimodal. Severe forms → intrauterine death, stillbirth, or early
neonatal/infant mortality. Milder forms (SC phocomelia) → survival into childhood/
adulthood.

Morbidity/function: major mobility disability from limb reduction; variable intellectual
disability; feeding/airway issues from craniofacial anomalies.

Complications: organ malformations (cardiac, renal, genital), infection risk, clefting
complications.
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Prognostic factors: overall severity/extent of malformations and major organ anomalies
predict survival; no molecular prognostic biomarker (consistent with no genotype–
phenotype correlation, F002). Formal survival/QoL registry data are not available.

12. Treatment

No curative  or  disease-modifying approved therapy exists. Management  is  supportive,
reconstructive, and rehabilitative:

Surgical/interventional: orthopedic and reconstructive surgery for limb/craniofacial
anomalies; cleft repair; correction of associated organ malformations. (NCIT: reconstructive
surgical procedure.)

Supportive/rehabilitative: prosthetics/orthotics, physical/occupational therapy, speech
therapy, nutritional support, developmental/educational support. (NCIT: physical therapy;
occupational therapy.)

Mechanism-based experimental lead: L-leucine (CHEBI:15603), an mTORC1 stimulator,
partially rescues translation, cell division, and development in RBS cell and zebrafish
models (F006) — a preclinical lead, not an established human therapy. Antioxidants are a
further experimental concept from yeast models (F005). Chemical chaperones (e.g., sorbitol)
and proteostasis modulators have been explored in yeast RBS models
(

40668332
).

Pharmacogenomics: not applicable.

13. Prevention

Primary prevention: genetic counseling for at-risk/consanguineous couples; carrier
screening; where desired, preimplantation genetic diagnosis (PGD) or prenatal
diagnosis (F007) to inform reproductive decisions.

Secondary prevention: prenatal ultrasound surveillance in known families for early
detection (F007).

Tertiary prevention: multidisciplinary management to prevent complications in survivors.

No immunization, behavioral, or public-health environmental interventions apply (non-
environmental etiology).
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14. Other Species / Natural Disease

Taxonomy of models: Danio rerio (zebrafish, NCBI:txid7955); Saccharomyces cerevisiae
(NCBI:txid4932). Orthologous genes: zebrafish esco2; yeast ECO1/CTF7; human ESCO2
(NCBI Gene 157570). Paralog ESCO1.

Natural disease in animals: no well-documented naturally occurring ESCO2 disorder in
companion animals/wildlife is established (no prominent OMIA natural RBS analog). Not
zoonotic or transmissible.

Comparative/evolutionary: the cohesin acetylation mechanism (Eco1→Esco2) is deeply
conserved from yeast to humans, which is why yeast and zebrafish faithfully model core
RBS biology (F004, F005, F006, F008).

15. Model Organisms

Model Type Recapitulation Key use Limitation

Zebrafish
esco2
knockdown

Vertebrate, in
vivo

Mitotic defects,
craniofacial
anomalies, limb
truncations (F004); L-
leucine rescue (F006)

Developmental
mechanism,
therapy testing

Skeletal
anatomy differs
from human

Yeast eco1
mutants (e.g.,
eco1W216G)

Unicellular

Redox/DNA-damage
stress (F005),
translational defects,
condensation

Molecular
mechanism;
antioxidant/
chaperone
screening

Lacks
multicellular/
developmental
phenotypes

Patient-
derived cells

In vitro
(human)

Nucleolar
fragmentation,
translation defects,
PCS/HR (F003, F006)

Cytogenetic
diagnosis,
translation
studies

Cell-autonomous
only

ESCO1
crystal
structure

Structural/
computational

Defines Gcn5-like
acetyltransferase +
zinc finger (F008)

Structure–
function of
catalysis/SMC3
binding

Paralog (ESCO1),
not ESCO2
directly

Resources: ZFIN (zebrafish), SGD (yeast), PDB (structures), Cellosaurus (patient cell lines).

• 

• 

• 
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Mechanistic Model / Interpretation

   ESCO2 biallelic LoF mutation (8p21.1; mostly truncating, exon-3 frameshifts)
                         │
                         ▼
     Loss of ESCO2 zinc-finger/Gcn5-like acetyltransferase activity
                         │
                         ▼
        Failure to acetylate cohesin subunit SMC3 (S phase)
                         │
                         ▼
     Defective sister-chromatid cohesion at centromeric heterochromatin
                         │
        └── cytogenetic readout: PCS + HR + chromosome breaks
                         │
      ┌──────────────────┼───────────────────┬────────────────────┐
      ▼                  ▼                   ▼                    ▼
 (5a) Mitotic       (5b) Redox stress   (5c) Nucleolar       (5d) Cohesin-
 failure &          + impaired DNA-      fragmentation →      dependent
 APOPTOSIS of       repair + checkpoint  ↓ribosome biogenesis transcription
 progenitors        hyperactivation      → ↓mTORC1 translation dysregulation
      │                  │                   │ (rescued by         (CRL4/DDB1)
      │                  │                   │  L-leucine)            │
      └──────────────────┴─────────┬─────────┴────────────────────────┘
                                    ▼
        Tissue hypoplasia / disrupted growth & morphogenesis
                                    ▼
   Symmetric limb reduction (tetraphocomelia) + pre/postnatal growth
   retardation + craniofacial anomalies (± microcephaly, ID, organ defects)

The unifying interpretation is  that RBS is  a  cohesinopathy of establishment:  the primary
lesion is not the cohesin ring itself but its S-phase activation via SMC3 acetylation. Because
ESCO2  is  essential  for  faithful,  rapid  cell  division,  the  tissues  most  dependent  on  high-
throughput proliferation during embryogenesis — limb buds, craniofacial primordia, and the
growing  soma  —  are  the  most  severely  affected.  The  convergence  of  four  downstream
branches (apoptosis,  DNA-damage/redox  stress,  translational  collapse,  transcriptional
dysregulation) explains both the severity and the pleiotropy of the phenotype, while the fact
that  all  four  stem  from  a  single  upstream  LoF  explains  the  lack  of  genotype–phenotype
correlation (F002):  once  ESCO2  is  non-functional,  downstream  damage  is  governed  by
stochastic and modifier-dependent factors rather than the identity of the truncating allele.

OpenScientist Report

15



Evidence Base
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PMID Title (abbrev.)
Evidence
type

Supports

16380922
Inactivating mutations in ESCO2
cause SC phocomelia and Roberts
syndrome

Human
genetics

F001, F002 — ESCO2/8p21.1;
truncating LoF; allelism; no G–P
correlation

32783269
Roberts syndrome... novel
homozygous splice variant in
ESCO2

Human
clinical

F001, F003 — biallelic LoF; PCS/
HR/breaks

30204960
Roberts syndrome in 8 Egyptian
patients

Human
cohort

F002, F003 — cytogenetics; no G–
P correlation

21637801
A zebrafish model of Roberts
syndrome

Model
organism

F004 — cell cycle/apoptosis;
phenotype recapitulation

34897432
Genetically induced redox stress in
a yeast model for RBS

Model
organism

F005 — redox stress; antioxidant
rescue

26729373
Improved transcription/translation
with L-leucine in RBS

In vitro +
model

F006 — mTORC1/translation; L-
leucine rescue

25378554
L-leucine rescues translational/
developmental defects (CdLS/RBS)

In vitro +
model

F006 — nucleolar fragmentation;
ribosome biogenesis

26710928
Expanding the mutation and
clinical spectrum of RBS

Human
cohort

F007 — exon-3 frameshifts;
prenatal US; variable expressivity

27803161
Molecular basis for cohesin
acetylation by ESCO1

Structural
F008 — Gcn5-like AT domain;
SMC3 binding; disease missense

34989322
Esco2 and cohesin regulate CRL4
ubiquitin ligase

Model
organism

Mechanism branch 5d — CRL4
pathway

40396618
Protein turnover downstream of
Nipbl/CRL4 axis in zebrafish

Model
organism

Branch 5d — CRL4/DDB1
substrate accumulation

31935221
Non-redundant roles of DDX11,
ESCO1, ESCO2 in cohesion

In vitro
Modifier/interactor context
(DDX11)

40668332
Cohesin function altered by
chemical chaperones

Model
organism

Experimental therapeutics
(sorbitol/proteostasis)

33382686 Review
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PMID Title (abbrev.)
Evidence
type

Supports

Ever-changing landscape in RBS
biology: macromolecular damage

Integrative "macromolecular
damage" model

31516082
Expanding phenotypes of
cohesinopathies

Review
Positions RBS among
cohesinopathies

35495290
Roberts syndrome with
tetraphocomelia: case report

Human
clinical

Severe/prenatal-lethal end of the
spectrum

Consistency: The  findings  are  mutually  reinforcing  across  four  evidence  tiers  —  human
genetics/clinical  (F001–F003,  F007),  model  organism  in  vivo  (F004–F006),  yeast  molecular
(F005), and structural biology (F008). No finding was contradicted by another; the literature is
convergent rather than conflicting.

Limitations and Knowledge Gaps

No quantitative human epidemiology: prevalence/incidence, sex/age distributions, and
survival statistics are not rigorously established given rarity (~150 reported cases).

No genotype–phenotype predictor: the striking absence of correlation (F002) means
severity cannot be predicted molecularly, limiting prenatal prognostication.

Human validation of mechanistic branches is incomplete: the redox-stress (yeast, F005),
CRL4 (zebrafish/yeast, 5d), and even mTORC1/translation arms (F006) are strongest in
model systems; their precise contribution to specific human malformations is inferred.

Therapeutics are preclinical only: L-leucine and antioxidant/chemical-chaperone
strategies have not entered validated human trials for RBS.

No modifier genes or epigenetic signature identified in humans, leaving expressivity
unexplained.

Structural data are from the ESCO1 paralog (F008), not ESCO2 directly; residue-level
extrapolation to ESCO2 missense alleles is approximate.

No documented natural animal disease / veterinary model beyond engineered systems.

1. 

2. 

3. 

4. 

5. 

6. 

7. 
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Proposed Follow-up Experiments / Actions

Human natural-history registry: aggregate cases to derive prevalence, survival curves,
and organ-involvement frequencies; power genotype–phenotype re-analysis including
modifiers.

ESCO2-specific structural study: solve the ESCO2 (not ESCO1) acetyltransferase–SMC3
complex to classify RBS missense VUS by catalytic impact.

Isogenic human iPSC/organoid models (limb-bud, cranial neural crest, cerebral
organoids) with patient ESCO2 alleles to quantify each mechanistic branch (apoptosis vs
translation vs redox vs CRL4) in relevant human cell types.

Therapeutic testing: rigorously evaluate L-leucine (and antioxidant combinations) in
patient organoids and, if warranted, a mechanism-based early-phase clinical study; explore
chemical chaperones/proteostasis modulators active in yeast.

Multi-omics profiling (transcriptomics + proteomics + ribosome profiling) of RBS patient
cells to map the ESCO2-loss signature and identify actionable nodes (mTORC1, CRL4/DDB1
substrates such as pparαa).

Modifier screens (CRISPR) in RBS cell models — building on DDX11/WAPL/PDS5/RAD61
interactions — to find genetic buffers of the cohesion/translation defect.

Prenatal diagnostic standardization: formalize a serial-ultrasound + molecular pathway
(validated in F007) into clinical guidance for at-risk consanguineous families.

Report  compiled  from  8  confirmed  findings  and  21  reviewed  papers  across  5  investigation
iterations.  Evidence  tiers:  human  clinical/genetic,  model  organism  (zebrafish,  yeast),  in  vitro
(patient cells), and computational/structural.
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