Nijmegen Breakage Syndrome-like
Disorder (NBSLD / RAD50 Deficiency): A
Comprehensive Disease Characteristics
Report

Disease category: Mendelian (autosomal recessive) - Gene: RAD50 - OMIM #613078 -
MONDO:0013415 - Orphanet: NBS-like spectrum

Summary

Nijmegen breakage syndrome-like disorder (NBSLD) is an ultra-rare, autosomal-recessive
chromosomal-instability syndrome caused by biallelic loss-of-function or hypomorphic
variants in RAD50, the gene encoding a core structural ATPase subunit of the MRE11-RAD50-
NBS1 (MRN) complex. The MRN complex is the primary cellular sensor of DNA double-strand
breaks (DSBs); it recruits and activates the ATM kinase, initiating the DNA damage response
(DDR). When RADS50 protein is absent or destabilized, cells cannot assemble DNA-damage-
induced MRN foci, fail to activate ATM properly, lose cell-cycle checkpoint control, exhibit
radioresistant DNA synthesis, and accumulate chromosomal instability. The clinical
consequence is a syndrome dominated by congenital microcephaly, pre- and post-natal
growth restriction, a "bird-like" facial appearance, and mild intellectual disability.

The disorder was first defined molecularly in 2009 (Waltes et al., PMID: 19409520) in a single
patient who was compound heterozygous for RAD50 mutations. Crucially, that index patient —
unlike patients with classic Nijmegen breakage syndrome (NBS, caused by NBN/nibrin
mutations) — never had severe infections, had normal immunoglobulin levels, and had not
developed lymphoid malignancy by age 23. This distinction (microcephaly and growth failure
without the severe immunodeficiency/lymphoma of NBS) is the defining feature of the RAD50
phenotype, although subsequent case reports have broadened the spectrum to include bone-
marrow failure and B-cell immunodeficiency in some patients.


https://pubmed.ncbi.nlm.nih.gov/19409520/
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Because only a handful of unrelated patients have been reported worldwide since 2009, there
are no formal prevalence or incidence figures; every reported variant is "private" (family-
specific) with no founder mutation. Diagnosis rests on whole-exome sequencing or DNA-repair
gene panels combined with functional confirmation in patient fibroblasts (radiosensitivity,
radioresistant DNA synthesis, absent MRN foci, impaired ATM activation, and rescue by wild-
type RADS50). Management is entirely supportive: growth and developmental support,
surveillance of blood counts and immune function, strict avoidance of ionizing radiation and
dose-reduced genotoxic chemotherapy given the radiosensitivity, and allogeneic hematopoietic
stem-cell transplantation (HSCT) reserved for those who develop marrow failure. No curative
or disease-specific therapy exists. Heterozygous carriers are relevant to counseling because at
least one RAD50 loss-of-function allele has been classified as a moderate-risk breast-cancer
allele.

1. Disease Information

Overview. NBSLD is a Mendelian DNA-repair-deficiency disorder within the family of
chromosomal-instability syndromes that also includes ataxia-telangiectasia (A-T, ATM), ataxia-
telangiectasia-like disorder (ATLD, MRE11), and classic Nijmegen breakage syndrome (NBS,
NBN/nibrin). All four converge on the MRN-ATM DSB-signaling axis. NBSLD specifically
denotes the RAD50-deficiency phenotype, which clinically resembles NBS (microcephaly, bird-
like face, growth and mental retardation, cellular radiosensitivity) but is caused by mutations
in RAD50 rather than NBN.

Key identifiers.
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Resource Identifier

OMIM #613078 (Nijmegen breakage syndrome-like disorder)
MONDO MONDO:0013415

Gene (HGNC) RAD50, HGNC:9816

NCBI Gene 10111

UniProt Q92878

Ensembl /locus 5q31.1; RefSeq NM_005732

Orphanet NBS-like spectrum (chromosomal instability syndromes)

Synonyms / alternative names. RAD50 deficiency; NBS-like disorder; NBSLD; Nijmegen
breakage syndrome-like disorder due to RAD50 deficiency.

Information source. The knowledge base is derived almost entirely from aggregated disease-
level resources and individual published case reports (a handful of patients worldwide),
supplemented by in vitro functional studies of patient-derived cells and model-organism data
— not from large EHR cohorts.

2. Etiology

Disease causal factors — genetic. NBSLD is caused by biallelic (homozygous or compound
heterozygous) loss-of-function/hypomorphic variants in RAD50. RAD50 is one of three
obligate subunits of the MRN complex; when the protein is absent or destabilized, MRN cannot
properly sense DSBs or activate ATM. In the index patient, compound heterozygous RAD50
mutations produced only low levels of unstable RAD50 protein, and the cellular defect was
fully rescued by expression of wild-type RAD50, establishing RAD50 as the direct cause (PMID:
19409520).


https://pubmed.ncbi.nlm.nih.gov/19409520/
https://pubmed.ncbi.nlm.nih.gov/19409520/
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"We found that she is compound heterozygous for mutations in the RAD50 gene that give
rise to low levels of unstable RAD50 protein. Cells from the patient were characterized by
chromosomal instability; radiosensitivity; failure to form DNA damage-induced MRN foci;
and impaired radiation-induced activation of and downstream signaling through the ATM
protein.” (PMID: 19409520)

Genetic risk factors. The causal variants are the biallelic RAD50 alleles themselves. No
independent modifier or susceptibility loci have been established given the tiny patient
population.

Environmental risk factors. No environmental cause initiates the disease — it is fully genetic.
However, because the defect is in DSB repair, ionizing radiation and radiomimetic/genotoxic
chemicals are dangerous exposures that exacerbate genomic instability and should be
minimized.

Protective factors. No genetic or environmental protective factors are established.
Conceptually, in DSB-repair-deficient microcephaly models, genetic co-deletion of TP53 rescues
progenitor cell death (see Mechanism), but this is a mechanistic observation, not a clinical
protective factor.

Gene-environment interactions. The principal clinically relevant interaction is genotype x
ionizing radiation: RADS50-deficient cells are hypersensitive to radiation, so radiation
exposure (diagnostic or therapeutic) produces disproportionate DNA damage and
chromosomal instability. This underlies the clinical mandate to avoid radiotherapy and
minimize CT imaging.

3. Phenotypes

The core phenotype is remarkably consistent across reported patients, with variable
hematologic/immune involvement. Frequencies are qualitative given the tiny cohort.


https://pubmed.ncbi.nlm.nih.gov/19409520/
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Suggested HPO term
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Frequency
(qualitative)

Microcephaly (often
severe/congenital)

Pre/post-natal growth
restriction, short
stature

"Bird-like" face (sloping

forehead, midface
prominence, receding
mandible)

Mild intellectual
disability /
developmental delay

Bone-marrow failure

B-cell
immunodeficiency /
lymphopenia

Café-au-lait macules

Brachydactyly / skeletal

features

Cryptorchidism
(bilateral)

Cellular
radiosensitivity /

Physical/
structural

Physical

Clinical sign

Behavioral/
cognitive

Laboratory/

clinical

Laboratory

Physical

Physical

Physical

Laboratory

HP:0000252
(Microcephaly);
HP:0011451
(Congenital
microcephaly)

HP:0001511 (IUGR);
HP:0004322 (Short
stature)

HP:0000271 (Abnormal

facial shape);
HP:0000347
(Micrognathia)

HP:0001256

(Intellectual disability,

mild)

HP:0005528 (Bone
marrow
hypocellularity)

HP:0005479 (B-cell
immunodeficiency);
HP:0001888
(Lymphopenia)

HP:0000957 (Café-au-
lait spot)

HP:0001156
(Brachydactyly)

HP:0000028
(Cryptorchidism)

Congenital/
neonatal

Prenatal
onset

Congenital

Childhood

Childhood

Childhood

Childhood

Congenital

Congenital

Constitutive

Universal

Universal

Common

Common

Variable
(subset)

Variable
(subset)

Reported

Reported

Reported
(male
patient)
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Frequency
Phenotype Suggested HPO term Onset e
(qualitative)
HP:0003220 Universal
chromosomal
. . (Chromosomal (cellular
instability
breakage) hallmark)

Key distinction from classic NBS. The index patient "never had severe infections, had normal
immunoglobulin levels, and did not develop lymphoid malignancy up to age 23 years" (PMID:
19409520). This milder immunologic/oncologic profile separates RAD50 deficiency from
NBN-driven NBS. However, Takagi et al. 2023 reported a girl "with microcephaly, mental
retardation, bird-like face, short stature, bone marrow failure and B-cell immunodeficiency"
(PMID: 37794136), showing hematologic/immune involvement is part of the spectrum in some
individuals. Sun et al. 2026 described a 6-year-old boy who "presented with bilateral
cryptorchidism, severe microcephaly, growth retardation, multiple café-au-lait macules,
brachydactyly, and distinctive craniofacial features, including a sloping forehead, midface
prominence, and receding mandible. Mild intellectual impairment was confirmed" (PMID:

41655867).

Progression and severity. Microcephaly and growth restriction are congenital and
structurally non-progressive; intellectual disability is generally mild and stable. Marrow
failure, when present, is progressive and life-threatening.

Quality-of-life impact. Microcephaly with mild intellectual disability affects educational
attainment and independence; short stature affects psychosocial well-being; marrow failure/
immunodeficiency (when present) markedly reduce QoL and survival. No formal EQ-5D/SF-36
data exist for this ultra-rare disorder.

4. Genetic / Molecular Information

Causal gene. RAD50 (HGNC:9816; NCBI Gene 10111; UniProt Q92878; locus 5q31.1; RefSeq
NM_005732). RAD50 encodes a ~1,312-amino-acid SMC-family ATPase with N- and C-terminal
Walker A/B ATPase motifs joined by long antiparallel coiled-coils and a central CXXC zinc-hook
that dimerizes RAD50 and tethers the two ends of a broken DNA molecule.


https://pubmed.ncbi.nlm.nih.gov/19409520/
https://pubmed.ncbi.nlm.nih.gov/19409520/
https://pubmed.ncbi.nlm.nih.gov/37794136/
https://pubmed.ncbi.nlm.nih.gov/41655867/
https://pubmed.ncbi.nlm.nih.gov/41655867/
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Structural role within MRN. Cryo-EM shows that "MRN senses DSBs through a tight clamp-like
sensing state with closed coiled-coil domains, but auto-inhibited MRE11 nuclease. NBS1 wraps
around the MRE11 dimer, with NBS1's ATM recruitment motif sequestered by binding to the
regulatory RAD50 S site, necessitating a switch in the NBS1 C helix for ATM activation" (PMID:
40968163). RAD50 thus directly gates ATM activation through its regulatory "S site," explaining
why RAD50 loss impairs ATM signaling.

Reported pathogenic variants in NBSLD (all biallelic, autosomal recessive, private — no

founder):
Patient / study Variant(s) (protein) Type PMID
Waltes 2009 . .
(index) Compound het; low unstable RAD50 protein LOF/hypomorphic 19409520
index

i Homozygous ¢.2524G>A (exon 15) — ,
Ragamin 2020 o . Splice/LOF 32212377
aberrant splicing/truncation

Missense +

Takagi 2023 p-Arg83His + p.Glu485Ter 37794136
nonsense
Sun 2026 €.2165_2166insT (p.Lys722Asnfs*6) + Frameshift + 1655867
(Chinese child) €.3752+4_3752+7dup splice splice
) Frameshift +
Novel case 2026 p-His1269Argfs*2 + p.Ser844Asn 41798197

missense

"compound heterozygosity for two variants in RAD50 (NM_005732.3): a paternally inherited
frameshift variant ¢.2165_2166insT (p.Lys722Asnfs6) and a maternally inherited splice-site
variant ¢.3752 + 4_3752 + 7dup"* (PMID: 41655867)

Variant classification & functional consequence. All reported variants are pathogenic/likely-
pathogenic loss-of-function or hypomorphic, producing reduced or unstable RAD50 protein
— 1l.e.,, a loss-of-function mechanism (not gain-of-function or dominant-negative). Splice
variants have been confirmed pathogenic by minigene assays and radioresistant DNA
synthesis in patient fibroblasts.

Somatic vs germline. All disease-causing variants are germline. (Somatic RAD50/MRN
dysregulation is separately implicated in cancer biology but is not the disease mechanism
here.)


https://pubmed.ncbi.nlm.nih.gov/40968163/
https://pubmed.ncbi.nlm.nih.gov/40968163/
https://pubmed.ncbi.nlm.nih.gov/19409520/
https://pubmed.ncbi.nlm.nih.gov/32212377/
https://pubmed.ncbi.nlm.nih.gov/37794136/
https://pubmed.ncbi.nlm.nih.gov/41655867/
https://pubmed.ncbi.nlm.nih.gov/41798197/
https://pubmed.ncbi.nlm.nih.gov/41655867/
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Modifier genes. None formally established for NBSLD. TP53 dosage is a mechanistic modifier
of the downstream apoptotic phenotype in model systems.

Epigenetic information / chromosomal abnormalities. No specific disease-defining
methylation signature or large-scale chromosomal rearrangement; the hallmark is acquired
chromosomal instability (breaks, radiation-induced aberrations) secondary to defective DSB
repair, not a constitutional cytogenetic abnormality.

5. Environmental Information

* Environmental factors: No environmental agent causes NBSLD. Ionizing radiation is a
hazard that worsens genomic instability in the radiosensitive cells (relevant to diagnostic
imaging and radiotherapy).

» Lifestyle factors: None established as causal or protective.

* Infectious agents: Not applicable as a cause. Recurrent/severe infections may occur
secondary to immunodeficiency in the subset with immune involvement.

6. Mechanism / Pathophysiology

Causal chain (upstream — downstream):
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Biallelic RAD50 LOF variants
| (reduced / unstable RAD50 protein)
v
Destabilized MRE11-RAD50-NBS1 (MRN) complex
| (cannot sense DSBs; NBS1 ATM-recruitment switch fails)
v
Failure to form DNA-damage-induced MRN foci

v
Impaired ATM kinase activation & downstream DDR signaling

— Defective G1/S checkpoint

— Radioresistant DNA synthesis (S-phase checkpoint failure)
— G2 accumulation

L— Chromosomal instability + cellular radiosensitivity

v

Unrepaired DSBs in rapidly proliferating progenitors
| (esp. neural progenitor cells)
v

p53 (TP53)-dependent apoptosis of progenitors

v
Depletion of progenitor pool & reduced tissue growth

v
MICROCEPHALY + GROWTH RESTRICTION (+ marrow failure)

Molecular pathways & cellular processes. The central pathway is the MRN-ATM DNA
double-strand-break response / DNA damage checkpoint signaling. Suggested GO
biological-process terms: GO:0006302 (double-strand break repair), GO:0000724 (DSB repair via
homologous recombination), G0:0006281 (DNA repair), GO:0031573 (mitotic intra-S DNA
damage checkpoint), GO:0007095 (mitotic G2 DNA damage checkpoint), GO:0042769 (DNA
damage response, detection of DNA damage), GO:0006977 (DNA-damage-induced cell cycle
arrest by p53), GO:0006915 (apoptotic process).

Protein dysfunction. RAD50 loss is a loss-of-function of a structural ATPase; the MRN clamp
cannot adopt the DSB-sensing state and cannot switch NBS1's C-helix to activate ATM (PMID:
40968163). In the index patient, DNA-damage-induced ATM activation was abolished and
restored by WT RAD50; Takagi 2023 similarly found "DNA damage-induced activation of the
ATM kinase was markedly decreased, which was restored by the expression of wild-type (WT)
RADS50" (PMID: 37794136).


https://pubmed.ncbi.nlm.nih.gov/40968163/
https://pubmed.ncbi.nlm.nih.gov/40968163/
https://pubmed.ncbi.nlm.nih.gov/37794136/
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Downstream apoptotic mechanism (microcephaly). Evidence from DSB-repair-deficient
microcephaly models indicates that unrepaired DSBs in proliferating neural progenitor cells
(NPCs) trigger p53-dependent apoptosis, depleting the progenitor pool and producing
microcephaly:

* In citron-kinase-deficient mice, "in doubly CitK and Trp53 mutant mice, neural progenitor cell
death is dramatically reduced; moreover, clinical and neuroanatomical phenotypes are
remarkably improved" (PMID: 28199840).

* Conditional Ino80 deletion from cortical NPCs "impairs DNA double-strand break (DSB)
repair, triggering p53-dependent apoptosis and microcephaly” (PMID: 32737294).

In vivo consequences of MRN dysfunction. Hypomorphic Mrell-complex mouse alleles
reveal that "the DNA repair, rather than DDR signaling functions of the complex, is acutely
required in the context of ATM deficiency to suppress genome instability and lymphomagenesis”
(PMID: 26538284), establishing genome instability and cancer predisposition as in-vivo

consequences of MRN/RAD50 dysfunction.

Cell types & compartments. Principally affected cell types: neural progenitor cells
(CL:0011020), hematopoietic stem/progenitor cells (CL:0008001), lymphocytes/B cells
(CL:0000236). Subcellular compartment: nucleus (GO:0005634); the MRN complex acts at sites
of nuclear DNA damage (GO:0035861, site of double-strand break).

Immune involvement. Because MRN/ATM signaling participates in V(D)] recombination and
class-switch recombination, RAD50 hypofunction can impair lymphocyte development,
producing B-cell immunodeficiency and lymphopenia in a subset (PMID: 37794136).

Molecular profiling. No large-scale transcriptomic/proteomic/metabolomic disease signatures
have been published for this ultra-rare disorder; the mechanistic evidence is functional/cell-
biological.

7. Anatomical Structures Affected

* Primary organs / systems: Central nervous system — brain, especially cerebral cortex
(UBERON:0000955 brain; UBERON:0000956 cerebral cortex) — microcephaly. Whole-body
growth (skeletal system, UBERON:0002204) — growth restriction/short stature. Craniofacial
skeleton — bird-like facies.
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» Secondary/variable involvement: Bone marrow / hematopoietic system
(UBERON:0002371) —» marrow failure; immune system (UBERON:0002405) — B-cell
immunodeficiency; reproductive (cryptorchidism); skin (café-au-lait macules).

* Tissue/cell level: Proliferating progenitor populations — neural progenitors (CL:0011020)
and hematopoietic progenitors (CL:0008001) — are most vulnerable because DSB burden is
highest in rapidly dividing cells.

* Subcellular level: Nucleus (GO:0005634), specifically chromatin at DSB sites (G0:0035861).

* Localization / lateralization: Microcephaly is symmetric/bilateral; craniofacial and growth
features are generalized and symmetric.

8. Temporal Development

* Onset: Congenital. Microcephaly and growth restriction are present prenatally
(intrauterine growth restriction) and at birth; developmental delay becomes apparent in
early childhood.

* Onset pattern: Chronic/constitutive (a developmental disorder, not acute).

* Progression: Structural/neurodevelopmental features are static/non-progressive.
Intellectual disability is stable and mild. When present, bone-marrow failure is
progressive and may be life-limiting. Cellular radiosensitivity and cancer risk are lifelong.

* Disease course: Chronic, lifelong.

* Critical periods: Prenatal and early-childhood neurodevelopment (window during which
progenitor apoptosis determines brain size). Lifelong vulnerability window for radiation-
induced damage and malignancy.

9. Inheritance and Population

» Inheritance: Autosomal recessive (biallelic RAD50 variants; affected individuals are
homozygous or compound heterozygous). Unaffected parents are obligate carriers.

» Epidemiology: Ultra-rare. Only a handful of unrelated patients/families reported
worldwide since 2009. Sun et al. 2026: "Merely few cases have been reported worldwide, and
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its phenotypic spectrum remains incompletely defined" (PMID: 41655867). No reliable
prevalence or incidence figures exist.

* Penetrance / expressivity: Biallelic LOF appears fully penetrant for microcephaly/growth
restriction; expressivity is variable for hematologic/immune features (present in some,
absent in others).

* Founder effects / consanguinity: No founder mutation; all variants are private.
Homozygous cases (e.g., Ragamin 2020's splice variant) imply a role for consanguinity/
shared ancestry in some families.

* Carrier relevance (breast cancer): In a population-based Northern Finnish study (2,343
breast-cancer cases vs 4,607 controls), heterozygous RAD50 loss-of-function was a
moderate-risk breast-cancer allele: "CHEKZ2 ¢.1100delC, MCPH1 ¢.909_921del, and RAD50
c.687delT were moderate-risk alleles” (PMID: 40009290). Carriers warrant counseling about
cancer risk even though they do not have NBSLD.

* Sex ratio: Both sexes affected; no sex bias expected for an autosomal recessive disorder.

10. Diagnostics

Diagnostic approach. Clinical suspicion is triggered by congenital microcephaly, pre/post-
natal growth restriction, bird-like facies, and mild intellectual disability. This prompts trio-
based whole-exome sequencing (WES) or DNA-repair gene panels, which identify the
biallelic RAD50 variants. Splice variants are confirmed by minigene assays (PMID: 41655867);
variants are Sanger-validated and segregation-tested in parents (PMID: 41798197).

Functional / cellular confirmation (essential given VUS abundance in a private-variant
disease). Patient-derived primary fibroblasts are used to demonstrate: - reduced/absent RAD50
protein by immunoblot; - cellular radiosensitivity (colony-survival assays); - radioresistant
DNA synthesis — "Using patient-derived primary fibroblasts, we could show abnormal
radioresistant DNA synthesis confirming pathogenicity of the identified variant” (PMID:
32212377); - absent DNA-damage-induced MRN foci; - impaired ATM activation; - rescue by
wild-type RAD50 complementation — "The defective cellular phenotype was rescued by wild-
type RAD50" (PMID: 19409520).

Laboratory / clinical tests. Complete blood count (cytopenias/marrow failure),
immunoglobulin levels and lymphocyte subsets (immunodeficiency), chromosomal breakage
studies (spontaneous and radiation-induced), and brain MRI to characterize microcephaly.
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Clinical criteria / differential diagnosis. Differential includes classic NBS (NBN), ATLD
(MRE11), ataxia-telangiectasia (ATM), LIG4 syndrome, and other microcephalic primordial
dwarfism/DSB-repair disorders. Distinguishing features: RAD50 deficiency shows microcephaly
+ growth failure with generally milder immunodeficiency and (in the index case) no
lymphoma, versus prominent immunodeficiency/lymphoma of NBS and the ataxia (without
microcephaly) of ATLD.

Screening. No newborn or population screening exists (too rare). Cascade carrier testing of
relatives and prenatal/preimplantation testing are options once familial variants are known.

11. Outcome / Prognosis

* Survival / life expectancy: Not formally quantified due to rarity. Prognosis is driven by (a)
severity of neurodevelopmental impairment, (b) presence of bone-marrow failure/
immunodeficiency, and (c) cancer development. Patients without marrow failure or
malignancy (e.g., the index patient followed to age 23) can have relatively stable long-term
courses.

* Morbidity: Mild intellectual disability, short stature, and (variable) immune/hematologic
disease. Café-au-lait macules and skeletal features add to the phenotype but are not
typically disabling.

» Complications: Bone-marrow failure, B-cell immunodeficiency/recurrent infections, and
predisposition to malignancy (genome instability). By analogy to MRN-complex dysfunction,
lymphomagenesis is a theoretical concern, though the index RAD50 patient had not
developed lymphoma by age 23.

* Prognostic factors: Presence and severity of marrow failure and immunodeficiency are
the key adverse prognostic indicators; radiosensitivity constrains oncologic treatment
options.
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12. Treatment

There is no curative or disease-specific therapy. Management is supportive and symptom-
directed. Suggested MAXO terms in brackets.

 Supportive / rehabilitative care: Growth monitoring, developmental and educational
support, physical/occupational/speech therapy as indicated [MAX0:0000506 therapeutic
intervention]. Surveillance of blood counts and immune function.

* Endocrine caution: Recombinant human growth hormone has been tried for short stature,
but administering it without prior genetic evaluation is inappropriate — highlighted by a
case in which GH was prescribed before the underlying RAD50 diagnosis was recognized
(PMID: 41798197). Growth-promoting therapy in a genome-instability disorder must weigh
theoretical proliferation/cancer risks.

* Hematopoietic stem-cell transplantation (HSCT): Reserved for those who develop bone-
marrow failure/immunodeficiency. "Allogeneic hematopoietic stem cell transplantation
(HSCT) has been proposed as a potential therapeutic option for DNA damage repair disorders.
However; it is not presently required” in patients without marrow failure (PMID: 41655867)
[MAXO0:0000827 bone marrow transplantation].

» Radiation / chemotherapy precautions: Because cells are radiosensitive and
chromosomally unstable, ionizing radiation should be minimized/avoided (diagnostic
and therapeutic), and radiomimetic/genotoxic chemotherapy dose-reduced if malignancy
arises — mirroring reduced-intensity protocols established for classic NBS.

* Pharmacogenomics / targeted / gene / cell / RNA therapies: None established for NBSLD.
Gene-replacement/gene-editing is conceptually attractive (WT-RAD50 rescues the cellular
phenotype in vitro) but not clinically available.

13. Prevention

* Primary prevention: Not applicable to disease occurrence (genetic). Genetic counseling for
at-risk couples and reproductive options (prenatal diagnosis, preimplantation genetic
testing) once familial variants are identified. Avoiding unnecessary ionizing radiation in
affected individuals is harm prevention.
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» Secondary prevention: Cascade testing of relatives; early identification enables
surveillance of blood counts/immune function and radiation avoidance before
complications arise.

 Tertiary prevention: Monitoring for and early management of marrow failure, infections,
and malignancy; infection prophylaxis and immunoglobulin support in immunodeficient
patients (extrapolated from NBS management).

» Counseling: Autosomal-recessive recurrence risk (25% for carrier couples); carrier
relatives should be informed of the moderate breast-cancer risk of heterozygous RAD50
LOF (PMID: 40009290).

14. Other Species / Natural Disease

* Taxonomy / orthologs: RAD50 is deeply conserved. Orthologs: mouse Rad50 (NCBI Gene
19360), and functional homologs in S. cerevisiae (RAD50) and S. pombe; the MRN/MRX
complex is conserved across eukaryotes.

» Natural disease in other species: No well-characterized naturally occurring RAD50-
deficiency syndrome is documented in companion animals (OMIA) analogous to human
NBSLD; the comparative knowledge base is experimental (engineered models) rather than
natural disease.

* Evolutionary conservation: The MRN complex and its role in DSB sensing/ATM activation
are conserved from yeast to humans, making lower-organism studies informative about
mechanism.

15. Model Organisms

* Mouse (primary model): Complete Rad50 knockout is embryonic lethal, so disease
modeling relies on hypomorphic alleles of the Mrel1-complex, which model DSB-repair
defects, genome instability, and lymphomagenesis, and reveal ATM-independent repair
functions: "Hypomorphic alleles of MRE11 and NBS1 confer embryonic lethality in ATM-
deficient mice, indicating that the complex exerts ATM-independent functions that are
essential when ATM is absent" (PMID: 26538284).
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* Related MRN models: Transgenic mice expressing reduced wild-type MRN or the MRE11-
ATLD1 allele exhibit small body size, anemia, bone-marrow failure, extramedullary
hematopoiesis, and impaired lymphocyte development — recapitulating hematopoietic
aspects of MRN-deficiency disorders (PMID: 41075274).

* Microcephaly models (mechanistic surrogates): Citron-kinase-deficient (PMID: 28199840)
and Ino80-deficient (PMID: 32737294) mice recapitulate the DSB-repair-failure — p53-
apoptosis — microcephaly axis and, importantly, show TP53 co-deletion rescues progenitor
death — supporting the mechanistic model for NBSLD microcephaly.

» Lower organisms: S. cerevisiae and S. pombe (Mre11-Rad50-Nbs1/Xrs2 = MRX/MRN) provide
conserved insight into DSB processing and ATM(Tel1) regulation.

* Model limitations: No mouse fully recapitulates the specific human RAD50-hypomorph
NBSLD phenotype; knockout lethality forces reliance on hypomorphs and related-subunit
models, and murine models may not capture the milder human neurocognitive phenotype.

Mechanistic Model / Interpretation

NBSLD is best understood as a "DSB-sensing failure" disorder. RAD50 is a structural
cornerstone of the MRN clamp that (1) tethers broken DNA ends via its zinc-hook and coiled-
coils and (2) gates ATM activation through its regulatory S site controlling NBS1's ATM-
recruitment switch. Biallelic hypomorphic RAD50 variants reduce or destabilize the protein, so
MRN cannot fold into its DSB-sensing state. The proximal cellular result is loss of DNA-damage-
induced MRN foci and blunted ATM activation — directly demonstrated in patient cells and
rescued by WT RADS50 in two independent studies (PMID: 19409520; PMID: 37794136).

Downstream, the DDR checkpoint network fails: G1/S checkpoint is defective, DNA synthesis
becomes radioresistant, cells accumulate in G2, and chromosomal instability ensues. In the
developing organism, the tissues that suffer most are those with the highest proliferative
demand — neural and hematopoietic progenitors. Unrepaired DSBs in these progenitors
activate p53-dependent apoptosis, depleting the progenitor pool. This is the crux linking a
housekeeping DNA-repair defect to the tissue-specific clinical picture of microcephaly and
growth restriction, and it is the same paradigm validated genetically (via Trp53 rescue) in
independent microcephaly models. The variable hematologic/immune involvement reflects the
same progenitor-apoptosis mechanism operating in bone marrow plus impaired MRN/ATM-
dependent V(D)] and class-switch recombination.
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The distinction from classic NBS is instructive: both diseases hit the same MRN-ATM acxis, yet
NBN mutations produce prominent immunodeficiency and lymphoma while RAD50 mutations
produce a comparatively milder immune/oncologic phenotype (at least in the index patient).
This likely reflects subunit-specific residual functions and the particular hypomorphic nature
of the reported RAD50 alleles.
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Evidence Base

PMID

19409520

32212377

37794136

41655867

41798197

40968163

26538284

28199840

32737294

40009290

41075274

Study

Waltes 2009 — Human
RADS50 deficiency in a NBS-
like disorder

Ragamin 2020 —

Confirmation of a distinctive
phenotype

Takagi 2023 — Bone marrow
failure & immunodeficiency

Sun 2026 — Expanding the
mutational spectrum
(Chinese child)

2026 case report

Cryo-EM of MRN

Mrell-complex mouse
model

CitK/Trp53 mice

Ino80 NPC model

Finnish breast-cancer study

MRE11-ATLD1 mouse

OpenScientist Report

Contribution

Defining paper. Compound-het RAD50, unstable
protein, absent MRN foci, impaired ATM, checkpoint
failure, chromosomal instability; rescued by WT
RADS50.

Homozygous splice variant; radioresistant DNA
synthesis confirms pathogenicity.

Expands phenotype; ATM activation decreased,
rescued by WT RAD50.

New private biallelic variants; documents rarity; HSCT
indication.

Novel variants p.His1269Argfs*2 + p.Ser844Asn;
cautionary GH-before-diagnosis narrative.

Structural basis of DSB sensing and RAD50-gated ATM
activation.

In vivo genome instability/lymphomagenesis; ATM-
independent MRN repair functions.

p53-dependent progenitor apoptosis drives
microcephaly; TP53 rescue.

DSB-repair failure — p53 apoptosis — microcephaly.

Heterozygous RAD50 LOF is a moderate breast-cancer
risk allele (carrier counseling).

Low MRN - anemia, marrow failure, impaired
lymphocyte development.
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Limitations and Knowledge Gaps

1.

Extreme rarity. Only a handful of unrelated patients reported worldwide; conclusions rest
on case reports and functional assays, not cohorts. No prevalence, incidence, survival, or
QoL data exist.

. Private-variant genetics. Every variant is family-specific with no founder allele,

complicating variant interpretation and making functional assays essential for diagnosis.

. Phenotypic spectrum incompletely defined. Whether marrow failure/immunodeficiency

and cancer risk are core or occasional features is unresolved; longer follow-up is needed to
establish lifetime malignancy risk.

. No dedicated RADS0-hypomorph mouse fully models the human disease; knockout

lethality forces reliance on related-subunit and general microcephaly models. The p53-
apoptosis causal chain is inferred from analogous DSB-repair models, not proven directly in
RADS50-deficient neural tissue.

. No omics data. No transcriptomic/proteomic/metabolomic disease signatures exist for

NBSLD.

. No disease-specific therapy or trials. Management is extrapolated from NBS and general

DNA-repair-disorder practice.

Proposed Follow-up Experiments / Actions

1

. International patient registry / natural-history study to aggregate scattered cases and

define the true phenotypic spectrum, lifetime cancer risk, and survival.

. Standardized functional-assay panel (RAD50 immunoblot, radiosensitivity, radioresistant

DNA synthesis, MRN-foci, ATM activation, WT-RAD50 rescue) to classify VUS reproducibly
across labs.

. RAD50-hypomorph mouse or human iPSC-derived cerebral organoid models carrying

patient variants to directly test the p53-dependent progenitor-apoptosis mechanism and
evaluate whether p53/apoptosis modulation preserves progenitor pools.

. Prospective hematologic/immune surveillance protocol to determine who progresses to

marrow failure and to define HSCT timing.

. Carrier-counseling guidance integrating the moderate breast-cancer risk of heterozygous

RAD50 LOF into family cascade testing.
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6. Careful re-evaluation of growth-hormone use in genome-instability disorders, given the
theoretical proliferation/cancer risk and the reported instance of GH prescribed before
genetic diagnosis.

Report compiled from 6 confirmed findings and 31 reviewed papers over 5 investigation
iterations. Evidence types span human clinical case reports, in vitro patient-cell functional
studies, model-organism genetics, and structural biology.

Generated by OpenScientist — Scientific Hypothesis Agent for Novel Discovery
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