Spondylo-Megaepiphyseal-Metaphyseal
Dysplasia (SMMD): A Comprehensive
Disease Characteristics Report

Disease: Spondylo-megaepiphyseal-metaphyseal dysplasia (SMMD) MONDO: MONDO:0013228
- OMIM: 613330 - Orphanet: ORPHA:228387 - MeSH: C567639 - GARD: 0017154 - UMLS:
C2750066 - MedGen: 412869 Causal gene: NKX3-2 (formerly BAPX1), HGNC:951, 4p15.33
Category: Mendelian (autosomal recessive)

Autonomous literature-based discovery report. Evidence note: SMMD is an ultra-rare disorder
with only a small number of molecularly/clinically documented patients worldwide. Nearly all
clinical evidence derives from small case series and single-case reports (human clinical,
descriptive), while mechanistic understanding comes from mouse, chick, and zebrafish
developmental biology (model organism /in vitro).

Summary

Spondylo-megaepiphyseal-metaphyseal dysplasia (SMMD) is an ultra-rare, autosomal recessive
skeletal dysplasia caused by biallelic loss-of-function (LoF) mutations in NKX3-2 (BAPX1), a
homeobox transcription factor located on chromosome 4p15.33. The disease is defined by a
characteristic disproportion — a short trunk and short neck combined with relatively long
limbs — together with a distinctive radiographic picture of delayed/absent vertebral
ossification with sagittal and coronal clefts, large "balloon-like" (mega-) epiphyses, wide/
abnormal metaphyses, absent pubic ossification, and multiple pseudoepiphyses of the hand
and foot tubular bones. The single most clinically important complication is cervical spine
instability with spinal cord compression, which drives major morbidity and can be life-
threatening.

Mechanistically, NKX3-2 sits at the center of the sclerotome-to-cartilage developmental
program. It is induced during sclerotome specification by Sonic hedgehog (SHH) signaling
combined with BMP antagonism (Noggin), acting upstream of the master chondrogenic
transcription factor SOX9. Within the growth plate, NKX3-2 functions downstream of PTHrP to
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repress the pro-hypertrophy factor RUNX2, thereby restraining premature chondrocyte
maturation; independently, it sustains the survival of proliferating chondrocytes through
ligand-independent activation of RelA/NF-kB. Biallelic loss of NKX3-2 therefore removes a
maturation brake and a survival signal simultaneously, disrupting endochondral ossification
and producing the skeletal phenotype. gnomAD constraint metrics (pLI = 0, LOEUF = 1.07)
confirm that a single functional allele is sufficient (haplosufficiency), which explains the
recessive inheritance pattern — disease requires loss of both alleles.

There is no disease-modifying therapy. Management is supportive and centers on early
recognition and surveillance of cervical spine instability, surgical stabilization when indicated,
respiratory and orthopedic care, and genetic counseling for affected families. Animal models
— the Bapx1-null mouse and a zebrafish nkx3.2 mutant — recapitulate the core axial skeletal
defects and have illuminated both embryonic and post-embryonic roles of the gene, providing
platforms for future mechanistic and therapeutic study.

Section-by-Section Report

1. Disease Information

SMMD is a Mendelian skeletal dysplasia affecting the spine (spondylo-), the epiphyses (which
become abnormally large — megaepiphyseal), and the metaphyses (metaphyseal). Affected
individuals present in infancy/early childhood with disproportionate short stature (short trunk
and neck, comparatively long limbs), joint limitation, and progressive skeletal deformity. The
disease is characterized clinically and radiographically rather than biochemically.

Key identifiers (verified programmatically via EBI OLS4 and HGNC REST — Finding F007):
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Resource Identifier

MONDO MONDO:0013228
OMIM (phenotype) 613330

Orphanet ORPHA:228387
MeSH C567639

GARD 0017154

UMLS C2750066

MedGen 412869

Gene (HGNO) HGNC:951 (NKX3-2)
Gene (NCBI) 579

Gene (Ensembl) ENSG00000109705
Gene (UniProt) P78367

Gene OMIM *602183

Cytoband 4p15.33

Synonyms / alternative names: SMMD; spondylomegaepiphyseal-metaphyseal dysplasia. The
causal gene was historically named BAPX1 (bagpipe homeobox homolog 1), with aliases NKX3B
and NKX3.2.

Data source type: Information is derived from aggregated disease-level resources (OMIM,
Orphanet, Mondo) and small published patient case series/reports rather than large EHR
cohorts, reflecting the disease's rarity.

2. Etiology

Disease causal factors — genetic. SMMD is a monogenic disorder caused by biallelic
inactivating (loss-of-function) mutations in NKX3-2 (Finding F001). Genome-wide homozygosity
mapping combined with candidate-gene sequencing in three consanguineous families



OpenScientist Report

identified three distinct homozygous inactivating mutations in NKX3-2 on chromosome
4p15.33 PMID: 20004766. A later perinatal-lethal neonatal case carried the homozygous
frameshift variant c¢.507-508delCA (p.Gly171Cysfs*55) in exon 2 PMID: 29704686.

"Each proband was homozygous for a different inactivating mutation in NKX3-2, a
homeobox-containing gene located on chromosome 4p15.33." — PMID: 20004766

Genetic risk factors. The only established risk factor is inheritance of two loss-of-function
NKX3-2 alleles. Consanguinity is a major contributor: the founding cases were identified in
consanguineous families through homozygosity mapping, and consanguineous unions
increase the probability of homozygosity for a rare recessive allele. Heterozygous carriers are
unaffected (see gnomAD constraint, Finding F008).

Environmental risk factors. None identified or expected — this is a fully penetrant
Mendelian developmental disorder. Age, sex, and lifestyle exposures are not causal
contributors.

Protective factors. No genetic or environmental protective factors are described. Because a
single intact allele is sufficient for normal development (haplosufficiency), the presence of one
functional NKX3-2 allele is fully "protective" in carriers.

Gene-environment interactions. None documented; the phenotype is driven by the
developmental genetic lesion.

3. Phenotypes

SMMD phenotypes are physical/skeletal manifestations and clinical/neurological signs. The
characteristic radiographic and clinical features derive largely from the six-patient series of
Simon et al. and related reports (Finding F003).


https://pubmed.ncbi.nlm.nih.gov/20004766/
https://pubmed.ncbi.nlm.nih.gov/29704686/
https://pubmed.ncbi.nlm.nih.gov/20004766/

Phenotype

Severity/

Progression
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Suggested HPO term

Disproportionate
short stature (short
trunk/neck, long

limbs)

Delayed/absent

vertebral body

ossification with
sagittal & coronal

clefts

Cervical spine

instability ("swan-
neck" deformity,
kyknodysostosis)

Cervical cord injury
- limb spasticity

Large "balloon-like"
(mega-) epiphyses of

long bones

Metaphyseal
abnormalities

Multiple

pseudoepiphyses of

metacarpals/
phalanges

Absent/delayed

pubic bone
ossification

Physical
manifestation

Radiographic
sign

Clinical/
radiographic
sign

Neurological
sign

Radiographic
sign

Radiographic
sign

Radiographic
sign

Radiographic
sign

Outcome

Congenital/
infancy

Congenital

Early
childhood

Childhood

Childhood

Childhood

Childhood

Congenital

Neonatal

Moderate-
severe,
progressive

Severe

Severe,
progressive

Severe; life-
threatening

Fatal

HP:0004322 (Short
stature); HP:0003521
(Disproportionate
short-trunk short
stature)

HP:0008428 (Abnormal
vertebral ossification);
HP:0003312 (Abnormal
form of the vertebral
bodies)

HP:0003316
(Abnormality of the
cervical spine);
HP:0008443 (Cervical
instability)

HP:0001257 (Spasticity);
HP:0002385
(Paraparesis)

HP:0003065 (Epiphyseal
dysplasia); HP:0010577
(Enlarged epiphyses)

HP:0000944 (Abnormal
metaphysis)

HP:0006262
(Pseudoepiphyses of the
hand bones)

HP:0008788 (Delayed
pubic bone ossification)

HP:0001522 (Death in
infancy)
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Severity/

Phenotype Suggested HPO term
B Progression =5

Perinatal lethality
(severe end of
spectrum)

"Radiographs show a severe ossification delay of the vertebral bodies with sagittal and
coronal clefts, missing ossification of the pubic bones, large round 'balloon-like' epiphyses
of the long bones, and presence of multiple pseudoepiphyses at all metacarpals and
phalanges.” — PMID: 22791571

Quality-of-life impact. Cervical cord compression causing spasticity has profound effects on
mobility and daily function; short stature and skeletal deformity affect ambulation and
independence. No formal EQ-5D/SF-36 data exist for this ultra-rare disease.

4. Genetic / Molecular Information

Causal gene. NKX3-2 (BAPX1), HGNC:951, NCBI Gene 579, Ensembl ENSG00000109705, UniProt
P78367, gene OMIM *602183, cytoband 4p15.33. NKX3-2 is a NK-family homeobox transcription
factor.

Pathogenic variants (Findings F001, F008).

Variant Consequence Classification Reference

Three distinct homozygous

. o ) Inactivating/ Loss of . PMID:
inactivating mutations (3 ) Pathogenic

. LoF function 20004766
families)
€.507-508delCA Frameshift LoF/ Pathogenic PMID:
(p.Gly171Cysfs*55), exon 2 deletion truncation (perinatal-lethal) 29704686

* Variant classification: Pathogenic (biallelic LoF) per ACMG framework (null variants in a
gene where LoF is the established mechanism).

* Variant type/class: Inactivating LoF, including frameshift/truncating variants.

* Origin: Germline.


https://pubmed.ncbi.nlm.nih.gov/22791571/
https://pubmed.ncbi.nlm.nih.gov/20004766/
https://pubmed.ncbi.nlm.nih.gov/20004766/
https://pubmed.ncbi.nlm.nih.gov/29704686/
https://pubmed.ncbi.nlm.nih.gov/29704686/
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» Functional consequence: Loss of function of the NKX3-2 transcription factor.

* Allele frequency: Extremely rare / private variants; not present at appreciable frequency
in population databases.

gnomAD constraint (Finding F008). For NKX3-2 (ENSG00000109705, GRCh38): pLI = 0.0009
(LoF-tolerant, not haploinsufficient); LOEUF = 1.07; observed/expected LoF point estimate =
0.67 (13 observed vs 19.4 expected); missense Z = —1.42 (no missense constraint). These metrics
confirm that heterozygous LoF is tolerated in the general population, consistent with
haplosufficiency and the recessive inheritance of SMMD.

Modifier genes. NKX3-1 is a functionally overlapping paralog: in mouse, Nkx3.1/Nkx3.2
double-null embryos show enhanced vertebral defects and embryonic lethality (E12.5-E17.5)
beyond the Bapx1 single-null phenotype PMID: 12204261, indicating partial redundancy.
Whether NKX3-1 modifies human SMMD severity is not established. Upstream regulators
Meox1/Meox2 directly activate Bapx1 transcription and are required for sclerotomal Bapx1
expression PMID: 15024065; MEOX1 loss remodels cranio-cervical joints and alters Bapx1
expression PMID: 19520072.

Epigenetic information / chromosomal abnormalities. No disease-specific epigenetic
signatures or large-scale chromosomal abnormalities are reported; SMMD is caused by point/
small LoF mutations rather than structural variants.

5. Environmental Information

No environmental factors, lifestyle factors, or infectious agents are implicated in SMMD. It is a
purely genetic developmental disorder. This section is not applicable beyond noting that
consanguinity (a demographic/social factor, not an environmental exposure) increases
recessive-disease risk.

6. Mechanism / Pathophysiology

Ordered causal chain (initiating lesion - clinical manifestation)

1. Biallelic loss-of-function mutation in NKX3-2 (germline) — complete loss of functional
NKX3-2 transcription factor in developing skeleton (demonstrated; PMID: 20004766).


https://pubmed.ncbi.nlm.nih.gov/12204261/
https://pubmed.ncbi.nlm.nih.gov/15024065/
https://pubmed.ncbi.nlm.nih.gov/19520072/
https://pubmed.ncbi.nlm.nih.gov/20004766/
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2. Loss of NKX3-2 — failure of the normal sclerotome—chondrogenesis program. Normally
SHH + BMP-antagonism induce Pax1/Bapx1(NKX3-2), which acts upstream of Sox9 to launch
chondrogenesis; without NKX3-2 this program is impaired (demonstrated in ESC model;
PMID: 25294938).

3. Branch A — loss of maturation brake: NKX3-2 normally represses RUNX2 downstream of
PTHrP to keep chondrocytes proliferating. Its loss — derepression of RUNX2 —
dysregulated/premature chondrocyte maturation (demonstrated in growth-plate models;
PMID: 16421188).

4. Branch B — loss of survival signal: NKX3-2 normally sustains proliferating-chondrocyte
viability via ligand-independent RelA/NF-kB activation. Its loss — reduced chondrocyte
survival (demonstrated in vitro; PMID: 17310243).

5. Branches A + B converge — downregulation of the chondrogenic gene network (Sox9,
Col2a1l, Fgfr3, Ihh, Runx2) and failure of normal cartilage differentiation (demonstrated in
Bapx1-null mouse; PMID: 10572046).

6. Disrupted cartilage template — defective endochondral ossification of vertebrae,
epiphyses, and metaphyses — delayed/cleft vertebral ossification, mega-epiphyses,
abnormal metaphyses, pseudoepiphyses, absent pubic ossification (inferred from
radiographic phenotype; PMID: 22791571).

7. Poor cervical vertebral ossification — cervical spine instability ("swan-neck"/
kyknodysostosis) — spinal cord compression — limb spasticity and neurological
compromise (demonstrated clinically in 5/6 patients; PMID: 22791571).

8. (Severe genotypes) — perinatal lethality (demonstrated; PMID: 29704686).

Detail by category

Upstream induction (Finding F006). In an embryonic-stem-cell-directed somitic
chondrogenesis model, isolated paraxial mesoderm treated with SAG1 (Hedgehog agonist) plus
LDN193189 (BMP type-I receptor inhibitor) induced Pax1 and Bapx1(NKX3-2), then Sox9,
producing cartilaginous nodules; canonical Wnt (Wnt3a/CHIR99021) + Noggin generated the
upstream paraxial mesoderm. TGFp supported Sox9/chondrogenesis but did not induce Pax1/
Bapx1, showing the sclerotome route is specifically SHH- and BMP-antagonism-dependent.

"Pax1 and Bapx1 expression was induced when the isolated paraxial mesodermal progeny
were treated with SAG1 (a hedgehog receptor agonist) and LDN193189, then Sox9
expression was induced, leading to cartilaginous nodules." — PMID: 25294938



https://pubmed.ncbi.nlm.nih.gov/25294938/
https://pubmed.ncbi.nlm.nih.gov/16421188/
https://pubmed.ncbi.nlm.nih.gov/17310243/
https://pubmed.ncbi.nlm.nih.gov/10572046/
https://pubmed.ncbi.nlm.nih.gov/22791571/
https://pubmed.ncbi.nlm.nih.gov/22791571/
https://pubmed.ncbi.nlm.nih.gov/29704686/
https://pubmed.ncbi.nlm.nih.gov/25294938/
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Molecular pathways. SHH signaling; BMP antagonism (Noggin); canonical Wnt/B-catenin
(upstream mesoderm); PTHrP-NKX3-2-RUNX2 growth-plate axis; NF-kB (RelA) survival
signaling.

Cellular processes. Chondrocyte fate specification, proliferation, maturation/hypertrophy
control, and chondrocyte survival (anti-apoptotic).

Repression of RUNX2 downstream of PTHrP (Finding F002). Nkx3.2/Bapx1 expression in the
growth plate is restricted to the proliferative zone, is lost when PTHrP signaling is absent, and
is maintained by ectopic PTHrP. NKX3-2 represses RUNX2, and RUNX2 mis-expression rescues
the NKX3-2-induced blockade of maturation — placing NKX3-2 as a PTHrP-controlled brake on
chondrocyte hypertrophy.

"Nkx3.2 represses expression of the chondrocyte maturation factor Runx2, and Runx2
mis-expression can rescue the Nkx3.2-induced blockade of chondrocyte maturation." —
PMID: 16421188

"Nkx3.2/Bapx1 expression is lost in the growth plates of mice engineered to lack PTHrP
signaling and, conversely, is maintained by ectopic expression of PTHrP." — PMID:
16421188

Chondrocyte survival via RelA/NF-kB (Finding F005). NKX3-2 sustains proliferating-
chondrocyte viability by constitutively activating RelA. It recruits the RelA-IkBa complex into
the nucleus by direct protein—protein interaction and activates RelA via proteasome-dependent
nuclear IkBa degradation — a stage-specific, ligand-independent mode of NF-xB activation.

"Nkx3.2 supports chondrocyte survival by constitutively activating RelA." — PMID:
17310243

"Nkx3.2 recruits the RelA-IkappaBalpha heteromeric complex into the nucleus by direct
protein-protein interactions and activates RelA through proteasome-dependent
IkappaBalpha degradation in the nucleus." — PMID: 17310243

Protein dysfunction. NKX3-2 is a homeodomain transcription factor; LoF mutations abolish
its DNA-binding/transcriptional-regulatory activity (loss of function; not gain of function or
dominant negative — consistent with recessive inheritance).


https://pubmed.ncbi.nlm.nih.gov/16421188/
https://pubmed.ncbi.nlm.nih.gov/16421188/
https://pubmed.ncbi.nlm.nih.gov/16421188/
https://pubmed.ncbi.nlm.nih.gov/17310243/
https://pubmed.ncbi.nlm.nih.gov/17310243/
https://pubmed.ncbi.nlm.nih.gov/17310243/
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Downstream target network. Bapx1-null mice show downregulation of Sox9, Col2al (al(II)
collagen), Fgfr3, Indian hedgehog (Ihh), and Runx2/0sf2 (Finding F004).

Cell types & GO terms. Cell types: chondrocyte (CL:0000138), proliferating chondrocyte,
sclerotome-derived chondroprogenitor. Suggested GO biological processes: chondrocyte
differentiation (G0O:0002062), endochondral ossification (G0O:0001958), cartilage development
(GO:0051216), negative regulation of chondrocyte differentiation (G0:0032331), positive
regulation of NF-kB transcription factor activity (G0:0051092), and somite/sclerotome
patterning.

7. Anatomical Structures Affected

Organ/system level. Primary: axial and appendicular skeleton (skeletal system,
UBERON:0001434). The vertebral column (UBERON:0001130) — especially the cervical spine
(UBERON:0002413) — is most severely affected. Secondary: the nervous system via spinal cord
(UBERON:0002240) compression from cervical instability. In the mouse model, the spleen is
also affected (asplenia), though splenic involvement is not a prominent feature of human
SMMD.

Anatomical sites (UBERON). Vertebral body (UBERON:0002347), epiphysis (UBERON:0006589),
metaphysis (UBERON:0003914), growth plate (UBERON:0003078), pubis (UBERON:0002367),
metacarpal/phalangeal bones (UBERON:0002374 / UBERON:0003221).

Tissue and cell level. Cartilage tissue (UBERON:0002418) and the chondrocyte (CL:0000138) —
specifically proliferating growth-plate chondrocytes — are the central affected cell population.
Connective tissue of the developing skeleton is broadly involved.

Subcellular level (GO Cellular Component). Nucleus (GO:0005634) — the site of NKX3-2
transcription-factor and RelA/NF-xB activity; proteasome-mediated IkBa degradation
(cytoplasm/nucleus) participates in the survival pathway.

Lateralization. Bilateral and symmetric (axial midline and paired long bones).

10
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8. Temporal Development

Onset. Congenital; radiographic abnormalities (delayed vertebral/pubic ossification) are
present at birth. Clinical presentation is typically in infancy/early childhood. A severe end of
the spectrum presents as perinatal-lethal disease PMID: 29704686.

Onset pattern. Chronic/insidious for the surviving milder phenotype; the perinatal-lethal form
is evident at/before birth.

Progression. Skeletal deformity and, critically, cervical spine instability are progressive.
Cervical instability can worsen and lead to cord injury and spasticity during childhood (5/6
patients in the reported series; PMID: 22791571). Disease duration is chronic/lifelong for
survivors.

Critical periods. Two windows are important: (1) embryonic sclerotome/chondrogenesis (the
mechanistic origin, not therapeutically accessible postnatally), and (2) infancy-childhood,
when cervical spine surveillance and timely stabilization can prevent catastrophic cord injury
(the key intervention window).

9. Inheritance and Population

Inheritance pattern. Autosomal recessive (biallelic LoF NKX3-2), OMIM 613330 PMID:
20004766.

Penetrance / expressivity. Penetrance appears complete for biallelic LoF. Expressivity is
variable, ranging from perinatal-lethal to survival into childhood/adulthood with progressive
skeletal and neurological disease.

Consanguinity / founder effects. Consanguinity is a prominent feature of reported families;
index cases were identified via homozygosity mapping in consanguineous pedigrees. No
specific founder allele is established — the reported mutations are distinct/private.

Carrier frequency. Heterozygous carriers are asymptomatic (haplosufficiency confirmed by
gnomAD, Finding F008). Given the disease rarity, carrier frequency is very low in the general
population.

Epidemiology. SMMD is ultra-rare, with only a small number of families/cases reported
worldwide; precise prevalence and incidence are not established (below reliable estimation).
No strong sex bias is expected for an autosomal recessive disorder (theoretical male:female =
1:1). Age distribution: presents congenitally/in childhood.

11
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10. Diagnostics

Imaging (primary diagnostic modality). Skeletal radiography is central. Characteristic
findings (Finding F003): severe ossification delay of vertebral bodies with sagittal and coronal
clefts, absent pubic bone ossification, large round "balloon-like" epiphyses of long bones, and
multiple pseudoepiphyses at all metacarpals and phalanges. Cervical spine imaging (dynamic
flexion/extension radiographs, CT, MRI) is essential to detect instability and cord compression.

"five of six patients in our series suffered cervical cord injury that manifested clinically as
limb spasticity." — PMID: 22791571

Genetic testing (confirmatory). Molecular confirmation is by sequencing NKX3-2 — via
single-gene testing, a skeletal-dysplasia gene panel, or whole-exome/whole-genome
sequencing. Homozygosity mapping was historically used in consanguineous families.
Detection of biallelic inactivating NKX3-2 variants confirms the diagnosis.

Laboratory tests / biomarkers. No specific biochemical biomarker exists; diagnosis rests on
radiographic pattern + molecular confirmation. Routine biochemistry (calcium, phosphate,
ALP) is generally unremarkable, helping distinguish SMMD from metabolic bone disease.

Clinical criteria / differential diagnosis. Diagnosis integrates the disproportionate short-
trunk phenotype, the characteristic radiographic constellation, and NKX3-2 genotyping.
Differential diagnoses include other spondylometaphyseal/spondyloepimetaphyseal dysplasias,
spondyloepiphyseal dysplasia congenita (COL2A1), and other short-trunk dysplasias —
distinguished by the unique mega-epiphyses + vertebral clefts + pubic non-ossification pattern
and by molecular testing.

Screening. Cascade genetic testing of at-risk relatives and prenatal/preimplantation genetic
testing are available for families with known NKX3-2 variants. No population newborn
screening exists.

12
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11. Outcome / Prognosis

Survival/mortality. Prognosis spans a wide spectrum. The severe end is perinatal-lethal
PMID: 29704686. For survivors, the principal life-threatening risk is cervical cord injury from
cervical spine instability, which can cause severe neurological disability or death if
unrecognized.

Morbidity/function. Major morbidity arises from (1) neurological compromise (spasticity,
myelopathy) due to cord compression, and (2) skeletal deformity and short stature affecting
mobility and daily function. In the reported series, 5 of 6 patients developed cervical cord
injury with limb spasticity (PMID: 22791571).

Complications. Cervical instability/cord compression is the dominant complication;
respiratory compromise and orthopedic complications (deformity, contractures) also occur.

Prognostic factors. Severity and timing of cervical instability, and whether it is detected and
stabilized before cord injury, are the key modifiable prognostic determinants. The specific
genotype (e.g., truncating variants associated with perinatal lethality) also influences outcome.

12. Treatment
No disease-modifying therapy exists. Management is entirely supportive and preventive.

* Surgical/interventional (most important). Cervical spine stabilization/fusion and
decompression for instability and cord compression; timely neurosurgical/orthopedic
intervention is the key to preventing or limiting neurological injury. (Suggested NCIT:
cervical spinal fusion / spinal stabilization procedures.)

 Supportive care. Respiratory support, orthopedic management of deformity and
contractures, pain management, and mobility aids.

* Rehabilitation. Physical and occupational therapy to preserve function and manage
spasticity.

* Genetic counseling. For affected families given autosomal recessive recurrence risk (25%

per pregnancy for carrier couples).

* Pharmacotherapy / advanced therapeutics. No pharmacologic, gene, cell, or RNA-based
therapies are established or in trials specifically for SMMD. There are no relevant
pharmacogenomic considerations.

13
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13. Prevention

* Primary prevention. Not possible for an inherited developmental disorder; the only means
of avoiding recurrence is reproductive planning in carrier couples (prenatal diagnosis,
preimplantation genetic testing).

* Secondary prevention. Early detection and surveillance of the cervical spine in
diagnosed patients to catch instability before cord injury — the single most impactful
preventive measure.

 Tertiary prevention. Cervical stabilization, spasticity management, and orthopedic/
respiratory care to prevent complications and disability progression.

* Genetic screening/counseling. Carrier testing and cascade screening in affected families;
genetic counseling regarding 25% recurrence risk and reproductive options.

* Immunization, behavioral, and public-health interventions are not applicable.

14. Other Species / Natural Disease

Comparative biology (Finding F004). NKX3-2/Bapx1l is deeply conserved. It was first
identified in Drosophila as bagpipe (bap), essential for midgut musculature; the vertebrate
ortholog acquired axial/limb skeletogenesis functions after the jawless-fish/gnathostome split
PMID: 11523821. Orthologs include mouse Bapx1/Nkx3.2 (chromosome 5) and zebrafish nkx3.2.
Human BAPX1 has 87% amino-acid identity to the Drosophila homeodomain and 100%
homeodomain identity to mouse PMID: 9426254.

Model organisms as "natural disease" analogs. No naturally occurring SMMD-equivalent
disease is documented in companion animals or wildlife; disease knowledge comes from
engineered models (below).

Suggested NCBI Taxa: Homo sapiens (9606), Mus musculus (10090), Danio rerio (7955),
Drosophila melanogaster (7227).

14
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15. Model Organisms

Mouse — Bapx1(Nkx3.2)-null (Finding F004). Bapx1-null mice display a perinatal-lethal
skeletal dysplasia with asplenia, featuring severe malformation or absence of vertebral
column elements and cranial bones of mesodermal origin (most severe in ventral, notochord-
associated structures). Failure of cartilage development is accompanied by downregulation of
Sox9, Col2al, Fgfr3, Ihh, and Runx2/0sf2.

"Bapx1 null mice are affected by a perinatal lethal skeletal dysplasia and asplenia, with
severe malformation or absence of specific bones of the vertebral column and cranial
bones of mesodermal origin." — PMID: 10572046

"downregulation of several molecular markers required for normal chondroblast
differentiation (a1(II) collagen, Fgfr3, Osf2, Indian hedgehog, S0x9)." — PMID: 10572046

Mouse — Nkx3.1/Nkx3.2 double-null. Simultaneous loss of both paralogs causes embryonic
lethality (E12.5-E17.5) and enhanced vertebral defects versus Bapx1 single-null, demonstrating
partial functional redundancy PMID: 12204261.

Zebrafish — nkx3.2 mutant (Finding F004). A zebrafish nkx3.2 mutant models SMMD and,
importantly, reveals post-embryonic roles of Nkx3.2 in growth plates and joints — extending
mechanistic understanding beyond embryonic patterning PMID: 33462117.

Model characteristics. Recapitulation: the mouse null captures axial skeletal malformation
and the chondrogenic gene-network collapse; the zebrafish captures post-embryonic joint/
growth-plate roles. Limitations: mouse asplenia is not a prominent human feature; the mouse
null's perinatal lethality limits study of postnatal cervical instability, which the zebrafish partly
addresses. Genetic model types available: knockout (mouse, zebrafish), double-knockout
(Nkx3.1/Nkx3.2), and in vitro ESC/iPSC-directed chondrogenesis systems.

Resources: MGI (mouse), ZFIN (zebrafish), Alliance of Genome Resources.
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Mechanistic Model / Interpretation

SHH agonist + BMP antagonism (Noggin) [PMID 25294938]
|
v
Sclerotome specification: PAX1 —» NKX3-2 (BAPX1)
| |
| v
| S0X9 —» chondrogenesis (Col2al, cartilage template)
|
|

| NKX3-2 functions in growth plate 1

v Branch A (maturation brake) v Branch B (survival)

PTHrP —» NKX3-2 ——4 represses RUNX2 [PMID 16421188] NKX3-2 —» RelA/NF-kB [PMID 17310243]
- keeps chondrocytes proliferating - proliferating-chondrocyte survival
| I
L |

T
v
BIALLELIC LoF NKX3-2 - both brake AND survival signal LOST
v
Chondrogenic network collapse (:Sox9, Col2al, Fgfr3, Ihh, Runx2) [PMID 10572046]
v

Defective endochondral ossification
- vertebral clefts, mega-epiphyses, metaphyseal defects,

pseudoepiphyses, absent pubic ossification [PMID 22791571]
Poor cervical vertebral ossIfication - CERVICAL INSTABILITY
Spinal cord compression - IImb spasticity / neurological injury [PMID 22791571]
(severe genotypes) perinata{ lethality [PMID 29704686]

The unifying insight is that NKX3-2 is a dual-function node: it both times chondrocyte
maturation (by repressing RUNX2 downstream of PTHrP) and protects proliferating
chondrocytes from death (via ligand-independent NF-kB/RelA activation). Its complete loss
therefore does not merely slow one process — it simultaneously removes a maturation brake
and a survival signal, causing a broad collapse of the chondrogenic program and thus the
multi-site skeletal dysplasia. Because a single allele suffices for normal development (gnomAD
LOEUF = 1.07, pLI = 0), only individuals with biallelic loss are affected, explaining the
recessive inheritance and the association with consanguinity.
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Evidence Base

PMID

20004766

29704686

22791571

16421188

17310243

25294938

10572046

12204261

33462117

11523821

15024065

19520072

9426254

27158253

Title (abbrev.)

Homozygous inactivating NKX3-2
mutations cause SMMD

Novel NKX3-2 mutation, perinatal-lethal
SMMD

Cervical spine instability in SMMD

Nkx3.2/Bapx1 negatively regulates
chondrocyte maturation

Constitutive RelA activation by Nkx3.2

Small-molecule sclerotome/somitic
chondrogenesis

Murine Bapx1 in axial skeleton & spleen

Nkx3.1 & Nkx3.2 overlap in sclerotome

Zebrafish nkx3.2 SMMD model

Bapx1 in axial skeleton development/
evolution

Meox proteins activate Bapx1

MEOX1 and cranio-cervical joints

Cloning of human BAPX1

Role of Nkx3.2 in chondrogenesis
(review)
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Supports

Causal gene, LoF mechanism, 4p15.33
locus, AR inheritance (F001)

Specific frameshift LoF variant; severe end
of spectrum (F001)

Cervical cord injury frequency (5/6);
radiographic features (F003)

RUNX2 repression downstream of PTHrP
(F002)

Chondrocyte survival via NF-kB (F005)

SHH + BMP-antagonism induces Bapx1
upstream of Sox9 (F006)

Mouse KO phenotype; downstream targets
(F004)

Paralog redundancy; double-null enhanced
defects

Post-embryonic skeletal roles (F004)

Evolutionary conservation; vertebral
phenotype

Upstream Meox—Bapx1 regulation in
sclerotome

Upstream sclerotome polarity affecting
Bapx1

Gene identification, expression,
chromosomal mapping

Synthesis of NKX3-2 role in chondrocyte
fate/survival
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Limitations and Knowledge Gaps

» Ultra-rarity: Only a handful of families/cases are reported; there are no reliable
prevalence/incidence estimates, no formal natural-history cohorts, and no quality-of-life
data.

» Genotype-phenotype correlation is incompletely defined — why some biallelic LoF
variants are perinatal-lethal while others permit survival into childhood remains unclear.

* Human vs model discrepancies: Mouse Bapx1-null asplenia is not a prominent human
feature; the mouse KO's perinatal lethality limits study of the clinically dominant cervical
instability, only partly addressed by the zebrafish model.

* Mechanistic detail of how the two NKX3-2 functions (RUNX2 repression vs RelA/NF-kB
survival) are individually weighted in human disease is inferred from model systems, not
directly demonstrated in patients.

* No therapeutic pipeline: There are no disease-modifying agents, gene-therapy programs,
or clinical trials specific to SMMD.

* Modifier gene contribution (e.g., NKX3-1) to human phenotypic variability is untested.

Proposed Follow-up Experiments / Actions

1. Establish an international patient registry to define prevalence, natural history,
genotype-phenotype correlations, and the timeline of cervical instability — directly
informing surveillance guidelines.

2. Standardize cervical-spine surveillance protocols (dynamic imaging schedule from
diagnosis) and evaluate outcomes of prophylactic vs reactive stabilization, given that 5/6
reported patients developed cord injury.

3. Dissect the two NKX3-2 functions in vivo using separation-of-function alleles (RUNX2-
repression-deficient vs RelA-activation-deficient) in mouse/zebrafish to quantify each
branch's contribution to the skeletal phenotype.

4. Exploit the zebrafish post-embryonic model (PMID: 33462117) to test whether
modulating downstream nodes (e.g., RUNX2 dosage, NF-kB activity) can partially rescue
growth-plate/joint defects — a route toward candidate therapeutics.
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5.iPSC-derived chondrocyte models from patient cells (using the ESC/small-molecule
sclerotome-chondrogenesis protocol, PMID: 25294938) to model human chondrogenesis and
screen for corrective compounds.

6. Test modifier hypotheses (e.g., NKX3-1) via targeted sequencing across the patient cohort
to explain variable expressivity.

Report generated from a 5-iteration autonomous discovery investigation: 8 confirmed findings, 14
papers reviewed. Ontology IDs (HP, GO, CL, UBERON) are best-available suggestions and should
be verified against current ontology releases before database ingestion.

Generated by OpenScientist — Scientific Hypothesis Agent for Novel Discovery
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