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Abstract  

 

Purpose: While heterozygous de novo missense variants in the microtubule-binding GAR domain of 

Microtubule-actin cross-linking factor 1 (MACF1) cause Lissencephaly 9 with Complex Brainstem Malformations 

[MIM #618325], the phenotypic impact of variants outside this domain remains unclear.  

 

Methods: Through collaborative efforts, we assembled a cohort of 10 affected individuals from 8 unrelated 

families with either biallelic or monoallelic non-GAR domain MACF1 variants who exhibit partially overlapping 

yet unique phenotypic traits. Combined with previously reported cases, we analyzed genotype and phenotype 

data from 29 individuals using Human Phenotype Ontology (HPO)-based unsupervised hierarchical clustering. 

 

Results: Clustering revealed two distinct phenotypic signatures, suggesting domain-specific effects. Variants 

outside the GAR domain associate with broader neurodevelopmental phenotypes and variable craniofacial and 

skeletal expressivity. Additionally, enrichment analysis (p < 0.001) using OMIM HPO sets supported these 

findings. In contrast to the GAR domain’s strong correlation with lissencephaly and brainstem malformations, 

biallelic non-GAR domain MACF1 variants were linked to diverse developmental anomalies. 

 

Conclusion: These results expand the phenotypic spectrum of MACF1-related disorders and highlight the 

relevance of domain-specific variant effects. Comprehensive genetic and phenotypic assessments are essential 

for understanding the role of MACF1 in development, informing diagnosis, and guiding future research on 

cytoskeletal regulation in neurodevelopment. 

 

 

Keywords: MACF1 variants, GAR domain, Actin-microtubule cross-linking, Phenotypic variability, Domain-

specific phenotypes, Lissencephaly, Neurodevelopmental disorder 
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Introduction 

MACF1 encodes Microtubule-Actin Cross-linking Factor 1, a highly versatile protein known for its crucial role in 

cytoskeletal organization and dynamics. In humans, MACF1 is located on chromosome 1p34.3, spanning 

~300kb and comprising 101 exons1,2. The full-length protein spans ~7555 amino acids, with an approximate 

molecular weight of 860 kDa, making it one of the larger cytoskeletal proteins. A modular domain structure that 

supports its critical roles in cellular organization, migration, and signaling3. At the N-terminus, there are two 

calponin homology (CH) domains constitute the functional actin-binding domain, enabling direct interaction with 

actin filaments, and anchoring the protein to the actin cytoskeleton and facilitating its integration with other 

cellular components4,5. The central portion of MACF1 contains the plakin domain and spectrin repeats, defining 

MACF1 as a member of the spectraplakin protein family. The plakin domain mediates interactions with cellular 

junctions and the cortical cytoskeleton, while the spectrin repeats confer structural flexibility and serve as 

scaffolding elements for protein-protein interactions necessary to maintain cytoskeletal integrity1,2,4,6. EF-hand 

calcium binding motifs downstream of the spectrin repeats provide regulatory functions by modulating the activity 

of MACF1 in response to calcium signaling. The C-terminus of MACF1 harbors a growth arrest specific 2 

(GAS/GAR) domain that allows MACF1 to directly bind to microtubules, contributing to crosslinking activities2,4. 

This intricate domain arrangement allows MACF1 to act as a "mega-scaffold," linking cytoskeletal elements and 

coordinating their functions with intracellular signaling pathways. MACF1 functions are pleiotropic, having been 

implicated as a regulator of the GSK3/TCF77,8 control of migration during bone development, a regulator of 

skeletal muscle function through cytoskeletal-based localization of myonuclei9, and perhaps most notably as a 

critical gene in cortical development through its role in the cell polarity and migration of neural progenitors and 

axon guidance7-12.  

The multifunctional role of MACF1 in cellular architecture and signaling explains its association with a 

diverse array of developmental phenotypes. A 2014 study described a family with neuromuscular features 

including hypotonia, reduced motor coordination, joint contractures, and low muscle tone. Affected individuals 

harbored a 302kb heterozygous duplication on 1p34.3 encompassing exons 1 through 36 and part of exon 37 

at the N-terminus of MACF1. Functional studies showed decreased MACF1 mRNA and protein expression13. In 

2018, Dobyns et al. reported nine probands with recurrent de novo heterozygous missense variants affecting 

the zinc ion-binding pocket in the GAR domain of MACF114. These variants were shown to impair neuronal 

 . CC-BY 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted June 28, 2025. ; https://doi.org/10.1101/2025.06.26.25330137doi: medRxiv preprint 

https://doi.org/10.1101/2025.06.26.25330137
http://creativecommons.org/licenses/by/4.0/


migration and axon guidance through dominant-negative mechanisms, resulting in a distinct phenotype 

characterized by lissencephaly and a W-shaped brainstem malformation caused by hypo- or aplasia of the 

pontine crossing fibers14. Bölsterli et al. (2021) further proposed that this MRI pattern is pathognomonic for 

MACF1 variants in the GAR domain15. However, several additional studies have expanded the phenotypic 

spectrum associated with MACF1 variants outside the GAR domain to variably include infantile spams and 

epilepsy16, hypotonia and muscle weakness17, congenital myasthenic syndromes with limb-girdle weakness11,18, 

non-syndromic hearing loss19, autism spectrum disorder20, structural brain malformations21. Rare MACF1 

variants have also been linked to neurobehavioral and neurodegenerative disorders such as  schizophrenia, 

bipolar disorder22-24 and Parkinson's disease, where its role in cytoskeletal stability and cellular transport 

pathways may contribute to pathogenesis25. These findings emphasize the multifunctional role of MACF1 in 

maintaining cellular and tissue integrity across systems, with variants disrupting its scaffolding and signaling 

capabilities. As genomics efforts advance, further studies will likely uncover additional roles for MACF1 in rare 

and common diseases, broadening our understanding of its contribution to human pathology. 

In this study, a collaborative effort facilitated by matchmaking of geneticists interested in genotype-

phenotype studies (GeneMatcher26 and Undiagnosed Diseases Network27) allowed for the independent 

identification of 10 affected individuals from 8 families with segregating variants mapping closer to the N-terminus 

of MACF1. These variant alleles affected or were adjacent to actin binding and spectrin domains rather than the 

microtubule binding GAR domain, and affected individuals had a phenotype that included microtia, facial 

asymmetry, microcephaly, and spasticity. To better delineate the domain-specific phenotypic spectrum of 

MACF1, quantitative phenotypic analyses using the Human Phenotype Ontology (HPO)28 were performed. Our 

data suggest that both mono- and biallelic variants outside the GAR-domain of MACF1 may indeed cause a 

partially overlapping but unique disease trait distinct from that observed in individuals with monoallelic variants 

within the GAR domain. Furthermore, the observed phenotype-genotype association implicates MACF1 in yet 

another potential role in neurodevelopment and craniofacial phenotypes. 

 

Methods 

Identification of individuals with MACF1 variants 
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The study was conducted with approval from the Baylor College of Medicine (BCM) Institutional Review Board. 

Written, informed consent was obtained from all participants or their guardians under BCM protocol H-29697 or 

through other institutional review boards at each respective institution. Participants were identified via the Baylor-

Hopkins Center for Mendelian Genomics (BHCMG) / BCM Genomics Research Elucidates the Genetics of Rare 

disease (BCM-GREGoR) database, the Baylor Genetics (BG) clinical diagnostic laboratory database, the 

Undiagnosed Diseases Network (UDN)27, GeneMatcher26, or other research and clinical diagnostic laboratories. 

All participants were evaluated by a clinical geneticist and/or neurologist. Detailed pedigrees and phenotypic 

data were collected from collaborating clinicians using a standardized template.  

 

Exome/Genome sequencing and analysis 

Sequencing methods are detailed in the Supplemental Text. We considered all MACF1 variants identified in our 

cohort for inclusion based on phenotypic consistency, regardless of their clinical classification. All rare, predicted 

damaging single-nucleotide variants and indels were reviewed in accordance with ACMG/AMP guidelines to 

ensure standardized variant interpretation29 (Supplemental table 1). 

 

Human Phenotype Ontology (HPO)-based quantitative phenotypic similarity analysis 

After ascertainment of a cohort of individuals with putatively damaging variation of MACF1, the clinical data 

obtained from all cases were annotated with Human Phenotype Ontology (HPO) terms using RAG-HPO30 

followed by manual curation. The number of HPO terms assigned to each proband was used to assess the depth 

of phenotypic annotation within the cohort (Figure S1), with an average of 16.7 HPO terms/case. To ensure 

sufficient resolution for quantitative phenotypic analysis, a minimum of four HPO terms per case was required 

for inclusion. This threshold was selected based on the premise that comprehensive phenotypic annotation 

improves the reliability of semantic similarity computations and facilitates the identification of distinct and 

biologically meaningful clusters within the dataset. To perform the quantitative phenotype comparison analyses, 

HPO term sets from each newly ascertained individual and each individual previously reported to have a GAR 

domain variant were compared in a pairwise fashion. These case term sets were also compared to the publicly 

available HPO annotated OMIM gene (4869) and disease (8384) associated phenotype database 

(https://hpo.jax.org/data/annotations). 
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To perform ontological similarity comparison, a symmetric Lin score was generated as provided in the 

OntologyX31 suite of R packages. P-values were calculated by comparing the Lin similarity32 of a proband 

phenotype and a matching gene or disease to that of 100,000 randomly selected pairs from all term sets being 

compared. A p-value cutoff of 0.001 was used to define the set of most similar gene associated phenotype sets 

or disease phenotype sets to include in further analyses. The group of MACF1 probands were clustered with 

matching genes or disease phenotype sets. A gap statistical analysis, where goodness of clustering was 

measured against number of clusters assigned, allowed definition of an optimal number of clusters (Figure S2). 

Hierarchical Agglomerative Clustering using the Ward method was then applied to cluster the clinically observed 

phenotypes of the patients, and results visualized on a heatmap of pairwise Lin phenotypic similarity score using 

the R package ComplexHeatmap.  

 

Results 

Identification of cases 

The index case (Individual 1, Family 1) presents with facial asymmetry, facial hyperostosis and left central facial 

paralysis. Notable features include small crumpled and cupped ears, microstomia and small oral aperture, 5th 

finger clinodactyly, hirsutism and synophrys (Figure 1, Table 1). Brain MRI showed right frontotemporal cortical 

dysplasia, along with calcification of the falx cerebri. Sleep-wake video EEG showed focal epileptic findings in 

the left frontocentral region. She was born to consanguineous parents. Trio-based ES prioritized a homozygous 

MACF1 variant [NM_001394062.1:c.4069G>A, p.(E1357K)] within an Absence of Heterozygosity (AOH) region 

of 19.9Mb (Total AOH 146.8Mb) (Figure S3). To comprehensively define the phenotypic spectrum of MACF1 with 

possible domain specificity, we leveraged the online matchmaking platform GeneMatcher26 and explored 

additional datasets from research and diagnostic laboratories such as the UDN27 and Baylor Genetics diagnostic 

laboratory. We identified 10 affected individuals from 8 unrelated families with neurodevelopmental disorders 

who carry rare biallelic or monoallelic variants in MACF1 located outside the GAR domain (Figure 1, Table 1). 

These variants are predicted to be damaging by in silico tools (CADD PHRED scores >2033) and are located in 

highly conserved residues (GERP++ >534). Additional rationale for inclusion of specific cases and variants is 

provided in the Supplemental Text.  
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  We analyzed genotype and phenotype data from these 10 cases, as well as previously reported disease-

associated MACF1 variants included in this study (Table S2)11,14,15,17,18,20,21,35. These cases display a wide 

phenotypic spectrum, spanning severe structural brain anomalies such as lissencephaly and cortical dysplasia, 

as well as neuromuscular features and diverse neurodevelopmental and neurological manifestations. 

Collectively, these cases inform a systematic assessment of the role of both biallelic and monoallelic MACF1 

variants outside the GAR domain in contributing to neurodevelopmental phenotypes. 

 

Domain specificity and MACF1 variants 

The molecular and genetic data regarding the variants and families are summarized in Table 2. More detailed 

clinical and molecular data are described in Table S1. Throughout this report, all sequence variants described 

are based on MANE select reference sequence GenBank: NM_001394062.1. In our cohort, a total of five families 

with homozygous variants, two families with compound heterozygous variants, and one family with heterozygous 

variant were identified. These include eight unique missense variants, one splice-site variant and one frameshift 

variant, which are collectively categorized among the above classifications described. MACF1 has 5 different 

domains that interact with various molecules and support its critical roles in cellular organization, migration, and 

signaling4. Mapping the variants identified in our cohort, we observe domain-specific phenotypes (Figure 2). 

Variants in the GAR domain are associated with characteristic structural brain abnormalities, including a W-

shaped brainstem, dysplastic cerebellum, and thin corpus callosum14. In contrast, variants in other MACF1 

domains result in a partially overlapping yet broader phenotypic spectrum, encompassing craniofacial and 

skeletal anomalies such as microcephaly, cleft palate, micrognathia, and clinodactyly. The different phenotypes 

associated with these regions reflect the multiple roles and domain functions of MACF1 in cytoskeletal structure 

and cellular signaling.  

 

Phenotypic spectrum of MACF1 variation 

While monoallelic variants affecting the GAR domain in MACF1 associate well with Lissencephaly 9 with 

Complex Brainstem Malformations [MIM 618325]14, we observe variants (mono- and biallelic) in other domains 

of MACF1 that show a partially overlapping yet broader phenotypic spectrum. This makes assessment of 

domain-specific MACF1 variation and disease more difficult.  To systematically explore the phenotypic spectrum 
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of MACF1, deep phenotypic data were collected from collaborating clinicians using a standardized template. 

Through an inhouse developed tool, RAG-HPO30, that uses large language models (LLMs) and Retrieval-

Augmented Generation (RAG) followed by manual curation, we comprehensively extracted HPO terms from 

clinical data and the previously reported cases. Among all 29 affected individuals, we have an average of 16 

HPO terms per individual (Figure S1). Gross motor delay, hypotonia, and tethered spinal cord are observed in 

Individual 8. Since only 3 HPO terms were available from her clinical notes, she was excluded from the 

quantitative phenotypic analysis, which requires a minimum of 4 HPO terms per case to ensure sufficient 

phenotypic resolution. Insufficient HPO term annotation can adversely affect clustering performance and the 

interpretability of metrics such as the gap statistic and Ward evaluation score. Applying the minimum threshold 

of four HPO terms per case, the analysis yielded a Gap statistic of 0.19 and a Ward evaluation score of 0.865, 

indicative of moderately structured, well-separated, and internally cohesive clusters. 

To contextualize the phenotypic features associated with MACF1 variants, we included phenotypic data 

from previously reported disease-causing variants in the GAR domain for comparison with the variants described 

in this study. Reports of cases with MACF1 variants outside the GAR domain, linked to an expanded phenotype, 

were also evaluated11,14,15,17,18,20,21,35. Furthermore, two cases of unreported inheritance with heterozygous 

missense MACF1 variants outside the GAR domain, documented in the DECIPHER database35, were 

incorporated into the analysis. This approach was designed to reduce potential bias from selective case 

inclusion, providing a balanced and nuanced evaluation of MACF1-associated phenotypic variability. 

Through HPO-based phenotypic clustering analysis, we can compare and investigate the clinical 

manifestations of domain-specific variants in MACF1. Phenotypic similarity scores generated using the Lin 

similarity32 method are calculated and visualized in a heatmap (Figure 3a). Strikingly, we identify 2 distinct 

clusters, suggesting that variants outside the GAR domain display traits that have a distinct phenotypic spectrum. 

Cluster 1 includes the 9 cases described by Dobyns et al. with variants in the GAR domain that result in a 

distinctive phenotype with severe pons hypoplasia and lissencephaly, while cluster 2 includes 19 cases that have 

a phenotypic spectrum.  

To identify unique HPO terms significantly associated with one of the two specific clusters, we applied a 

generalized linear model (GLM) using a quasipoisson distribution. This model evaluates the statistical 

association between HPO terms and cluster assignments, enabling the identification of terms that are most 
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characteristic of each cluster. The heatmap (Figure 3b) highlights distinct phenotypic profiles between the two 

clusters, showcasing the variability in phenotype prevalence, while considering the number of cases in each  

cluster. Neurological phenotypes such as lissencephaly, seizures, and severe intellectual disability are notably 

more prevalent in cases with MACF1 variants in the GAR domain, while craniofacial and skeletal phenotypes 

such as microcephaly, cleft palate, micrognathia, and clinodactyly are present in cases with MACF1 variants 

outside the GAR domain. Traits like short stature, spasticity, and infantile spasms appear in both clusters, albeit 

at lower prevalence than traits exhibiting greater variability between clusters, suggesting they may reflect shared 

but less penetrant features of the overall phenotype. Hierarchical clustering further elucidates patterns of 

phenotypic co-occurrence, hinting at shared genetic or developmental pathways that may underlie certain 

phenotype groupings. This approach integrates statistical modeling with quantitative phenotypic clustering to 

uncover phenotypic patterns and cluster dependencies, providing valuable insights into disease phenotypes and 

their genetic underpinnings. 

 

Distinct phenotypic clustering of MACF1 variants based on domain localization 

Phenotypic clustering analysis between these cases and matching OMIM gene-associated HPO terms sets (i.e. 

‘gene-level’ analyses, p <0.001, Figure 4a) revealed that variants outside the GAR domain display traits with a 

distinct phenotypic spectrum. Overall, these analyses provide evidence that variants outside the GAR domain 

are associated with phenotypes that are more variable, with some overlap of neurologic features associated with 

variants within the GAR domain. Of note, OMIM phenotypes associated with NCAPD3 cluster with cases 

harboring MACF1 variants outside the GAR domain. Biallelic variants in NCAPD3 are associated with primary 

microcephaly-22 (MCPH22), poor overall growth, and variable neurologic features including moderate 

developmental delay, seizures, and limb hypertonia, illustrating the association of biallelic variation in our MACF1 

cohort with expanded clinical presentations36. Although their shared phenotypes might suggest a common 

pathway or co-expression network, there is currently no direct evidence supporting functional overlap or 

interaction.  

The OMIM entry for MACF1 clusters with the Dobyns et al. cases14, possibly reflecting the core clinical 

presentation previously described. Moreover, MACF1 variants within the GAR domain cluster with genes 

implicated in cytoskeleton organization (TUBA1A, TUBG1, PAFAH1B1, DCX), neuronal development (HCN1, 
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CHRNA4, SYP, DCX, MAST1, MAST3), and intracellular transport (ARFGEF2, SNF8, IQSEC1, TMX2). This 

clustering pattern is particularly noteworthy considering the established role of the MACF1 GAR domain in 

microtubule binding and its critical function in cellular and neuronal processes.  

Comparative analysis of phenotypic data using OMIM disease-associated HPO term sets (i.e. ‘disease-

level’ analyses, p < 0.001, Figure 5) demonstrated consistent clustering trends. Cases with variants within the 

GAR domain were observed to cluster with phenotypes linked to lissencephaly and cortical dysplasia with 

complex brain malformations. Cluster 2 consists of de novo heterozygous cases with frameshift variants or large 

deletions near the GAR domain, which are strongly associated with intellectual disability, developmental delay, 

and epilepsy phenotypes. Cluster 3 includes cases described in the literature with MACF1 variants associated 

with myasthenic syndrome, clustering with other congenital myasthenic syndrome phenotypes. Cluster 4 

includes cases from our cohort with MACF1 variants outside the GAR domain, which do not align with any known 

OMIM disease phenotype, potentially indicating that these cases represent broader neurodevelopmental 

phenotypes. The clustering pattern differences reflect how gene-level annotations capture broader phenotypic 

variation, while disease-level annotations emphasize canonical diagnoses, highlighting the importance of OMIM 

annotation context in interpreting phenotype-based clustering results. 

Overall, MACF1 variants within the GAR domain demonstrate a strong genotype-phenotype correlation 

with lissencephaly with brain stem hypoplasia. In contrast, cases with variants outside the GAR domain exhibit 

a broader neurodevelopmental phenotype with variable expressivity, particularly affecting craniofacial and 

skeletal features. 

 

Discussion 

This study broadens the understanding of MACF1-related disorders by highlighting phenotypic expansion with 

biallelic or monoallelic variants outside the microtubule-binding GAR domain. Specifically, we describe a 

constellation of clinical features, including microcephaly, clinodactyly, micrognathia, cleft palate, and skeletal 

abnormalities, which distinguish these cases from the previously described autosomal dominant (AD) phenotype 

of Lissencephaly 9 with Complex Brainstem Malformation (MIM#:618325)14. Our findings suggest that MACF1 

variants closer to the N-terminal region, encompassing the actin-binding Calponin Homology (CH) domains and 

cytoskeletal spectrin and plakin repeats, contribute to a more variable autosomal recessive (AR) or autosomal 
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dominant with incomplete penetrance phenotype, implicating distinct structural and functional roles of these 

domains. 

MACF1 encodes a mega-scaffolding protein critical for cytoskeletal organization, particularly through its 

ability to cross-link actin and microtubules. This dual interaction is essential for processes such as cell migration, 

morphology, and division, which are fundamental to neurodevelopment and tissue patterning. Heterozygous 

missense variants in the GAR domain, which are specifically involved in microtubule binding, have been firmly 

linked to Lissencephaly 9 with Brainstem Malformation (MIM#:618325), underscoring the importance of 

microtubule dynamics in neuronal migration14. In contrast, the phenotypic features associated with N-terminal 

MACF1 variants suggest that perturbations in actin-binding and cytoskeletal anchoring mechanisms contribute 

to a broader neurodevelopmental impact, along with craniofacial abnormalities and skeletal defects.  

The dual phenotypic outcomes linked to MACF1 variants are reminiscent of domain-specific phenotypes 

observed in other genes. For instance, pathogenic variants in COL2A1, encoding type II collagen, result in 

distinct disorders37. Truncating variants in COL2A1 cause Stickler syndrome, a connective tissue disorder 

characterized by ocular, auditory, and skeletal abnormalities, via haploinsufficiency38,39. In contrast, 

spondyloepiphyseal dysplasia, marked by short stature and epiphyseal abnormalities, arises from missense 

variants in the Gly-X-Y motif, disrupting collagen assembly through a dominant negative effect38,39. Similarly, 

FGFR1 mutations demonstrate domain-specific effects: variants in the extracellular Ig-like domains cause 

Pfeiffer syndrome (OMIM: 101600), characterized by craniosynostosis, broad thumbs, and great toes, while 

mutations in the kinase domain are associated with Kallmann syndrome (OMIM: 147950), distinguished by 

hypogonadotropic hypogonadism and anosmia40-42. These examples highlight how the disruption of specific 

functional domains of a single gene can give rise to diverse phenotypic outcomes, a concept supported by our 

findings in MACF1. 

The presence of biallelic MACF1 variants in our cohort aligns with established patterns in which dominant 

and recessive disorders driven by a locus may result in distinct phenotypic spectra and degrees of severity. For 

instance, LMNA variants lead to diverse tissue-specific phenotypes including cardiomyopathy, lipodystrophy, 

neuropathy, progeria, bone/skin disorders, and syndromes that include combinations of two or more of these 

phenotypes43,44. Like MACF1, LMNA is a large structural protein with critical roles in cellular and nuclear 

architecture and function. Both MACF1 and LMNA thus share similar complexities in establishing genotype-
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phenotype correlations such as variability in phenotypic expression from identical variants, the influence of 

variant location within the gene, the role of post-transcriptional modifications, and the impact of genetic 

background45,46. Such genotype-phenotype correlations emphasize the importance of inheritance patterns and 

domain-specific functions in shaping clinical outcomes. 

Our observations also suggest a potential role for MACF1 in development of the pharyngeal arches and 

craniofacial structures. While MACF1 has been well-studied in the context of neuronal development, its 

involvement in craniofacial and skeletal patterning remains unexplored. Given the actin-binding properties of the 

N-terminal region, it is plausible that disruptions in cytoskeletal anchoring and cell polarity influence pharyngeal 

pouch development47, leading to the craniofacial abnormalities observed in this study. This hypothesis warrants 

further investigation, particularly in patient cohorts with rare, deleterious non-GAR domain MACF1 variants. 

Complete constitutional loss of Macf1 in mice results in embryonic lethality prior to somitogenesis, 

characterized by a failure in primitive streak formation, underscoring the essential developmental role of 

MACF148-50. In contrast, conditional knockout of Macf1 in the mouse brain leads to impaired cortical neuron 

migration, respiratory distress, and early postnatal lethality, highlighting its critical function in 

neurodevelopment49. MACF1 is classified as highly intolerant to loss-of-function (LoF) variants, with a pLI score 

of 1 (gnomAD v4) and moderately intolerant to missense variants (z = 6.22)51,52. Heterozygous missense variants 

in the GAR domain are associated with severe phenotypes, including lissencephaly and cortical dysplasia with 

complex brain malformations, suggesting that these variants may act through an altered function or a dominant-

negative mechanism14. In contrast, variants outside the GAR domain are more commonly linked to broader 

neurodevelopmental features, often displaying variable expressivity and incomplete penetrance. Based on these 

patterns, we hypothesize that non-GAR variants represent hypomorphic alleles resulting in partial LoF and are 

more likely to follow a recessive mode of inheritance. 

A recent study provides valuable insights by identifying the enrichment of MACF1 variants in epilepsy 

and their distinct localization53. Specifically, their findings suggest that epilepsy is associated with biallelic 

missense variants in the MACF1 plakin domain, while monoallelic de novo variants in the GAR domain associate 

with lissencephaly 9, and those in spectrin repeats with autism spectrum disorder53. Our research builds upon 

these observations by expanding the recognized phenotypic landscape of MACF1-related conditions by 

integrating detailed clinical characterization, systematic OMIM gene and disease comparisons, and structured 
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HPO-based phenotypic analysis. Notably, we observed variable expressivity and identified individuals with 

monoallelic variants, who presented with epilepsy, suggesting that MACF1-associated phenotypes have complex 

inheritance patterns. Together, these studies underscore the emerging multifaceted nature of MACF1-related 

neurodevelopmental disorders. 

In our cohort, we observe notable intrafamilial variability, with individuals carrying identical biallelic 

MACF1 variants exhibiting a range of neurological, skeletal, and craniofacial features. This variability suggests 

a dosage-sensitive or context-dependent role for MACF1, potentially influenced by genetic or environmental 

modifiers. It also raises the possibility that a subset of individuals with milder MACF1-related neurodevelopmental 

disorders, particularly older individuals who have not undergone genetic testing, may be underdiagnosed. 

Further investigation into intrafamilial phenotypic heterogeneity is warranted to refine the clinical spectrum and 

improve genetic counseling and expectant management for families.  

In our phenotypic clustering analysis, we observed notable differences in alignment when comparing 

phenotypic data from our cases to gene-level (Figure 4) versus disease-level (Figure 5) OMIM annotations. 

These differences reflect how phenotypic annotations are curated and structured. Gene-based profiles capture 

broader phenotypic variability, often aggregating phenotypes across multiple associated conditions, whereas 

disease-level annotations are constrained to specific clinical and molecular diagnoses. This contrast is influenced 

by varying curation depth and the one-to-many relationship between genes and diseases. As a result, clustering 

of our MACF1 cases showed stronger alignment with gene-level annotations, especially in the context of 

phenotypic variability or non-classical clinical features. Additionally, since a single gene can underlie multiple 

clinically distinct conditions, alignment to gene-level phenotypes may better reflect underlying molecular 

mechanisms, while disease-level alignment may support specific diagnostic interpretations. Together, these 

findings highlight the complementary value of gene- and disease-based phenotypic comparisons and underscore 

the need for careful interpretation of phenotypic clustering results in the context of rare diseases. 

In summary, our study expands the phenotypic spectrum of MACF1-related disorders and underscores 

the significance of domain-specific functions in shaping distinct clinical presentations. By linking biallelic non-

GAR domain MACF1 variants to craniofacial, skeletal abnormalities and neurological disorders, we provide novel 

insights into MACF1’s broader developmental roles and highlight the need for comprehensive phenotypic and 

genetic analyses in elucidating the molecular mechanisms underlying these rare conditions. Further studies are 
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essential to explore the full extent of MACF1 involvement in cytoskeletal regulation and its impact on human 

development. 
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Figure legends 

Figure 1: Pedigrees and their genotypes for families with MACF1 variants. Standard pedigree structures are 

utilized—filled circles and squares denote clinically affected individuals, and probands are indicated by black 

arrows. Nine families with 11 individuals affected with MACF1-related neurodevelopmental disorders that are 

identified through the BHCMG/ BCM-GREGoR, the Baylor Genetics (BG) clinical diagnostic laboratory database, 

Undiagnosed Diseases Network (UDN), and GeneMatcher. All participants were evaluated by a clinical geneticist 

and/or neurologist. Detailed pedigrees and phenotypic data were collected from collaborating clinicians using a 

standardized template. 

Figure 2: Schematic diagram of MACF1 protein structure (A) Conceptual representation of MACF1 protein 

structure produced by translation of MANE transcript NM_001394062.1 with mapping location (circles) of the 

amino acid variants observed in this study. In total, we identified 23 different SNVs and indels that are distributed 

throughout the protein. A larger deletion (39.6kb) is shown in a dark blue line. Homozygous missense variants 

are represented in orange circles, while heterozygous missense variants are denoted in yellow. Greenish blue 

circles represent compound heterozygous variants, and the black circle is for heterozygous frameshift variant 

observed in this study. (B) Annotation grid of phenotypes highlighting domain specificity. Columns represent 
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individual cases, mapped to the MACF1 protein based on the identified variant. Phenotype terms are listed in 

each row. Variants within the GAR domain are associated with Lissencephaly and cerebellar hypoplasia, 

whereas variants outside the GAR domain correspond to a broader neurodevelopmental phenotype, including 

craniofacial and skeletal abnormalities. 

Figure 3: Quantitative phenotypic analyses. (A) Phenotypic similarity heatmap for individuals with MACF1 

variants. A heatmap was generated using proband phenotypic similarity scores and ordered based on 

Hierarchical Agglomerative Clustering of proband phenotypic similarity. Dendrograms showing clusters are 

present at the left and top sides of the heatmap. Highest phenotypic similarity score of 1 is shown in red that 

runs along as the diagonal. Two distinct  clusters are noted suggesting clinical subgroups within MACF1-related 

disorder. (B) Significant HPO terms differentiating the 2 clusters is plotted. Applying a generalized linear model 

(GLM) using a quasipoisson distribution, unique HPO terms significantly associated with the two specific clusters 

were identified. Percentages of cases in each cluster for each of the significant HPO term is denoted in the 

columns.  

Figure 4: Comparative phenotypic analysis using OMIM gene term sets. Phenotypic similarity heatmap of 

individuals with MACF1 variants, analyzed alongside OMIM gene term sets (p < 0.001), reveals two distinct 

clustering patterns. Cluster 1 comprises cases with MACF1 variants outside the GAR domain, along with 

NCAPD3, which are linked to microcephaly and global developmental delay as shared phenotypes. Cluster 2 

includes cases with MACF1 variants within the GAR domain, as well as OMIM genes associated with 

lissencephaly and cerebellar hypoplasia, consistent with microtubule-binding defects.  

Figure 5: Comparative phenotypic analysis using OMIM disease term sets. Phenotypic similarity heatmap of 

individuals with MACF1 variants, analyzed alongside OMIM disease term sets (p < 0.001), reveals four distinct 

clustering patterns. Cluster 1 includes cases with GAR domain variants that are closely aligned with 

Lissencephaly and Cortical Dysplasia, Complex, with Other Brain Malformations phenotypes. Cluster 2 includes 

de novo heterozygous cases with frameshift mutations or large deletions near the GAR domain, clustering with 

intellectual disability, developmental delay, and epilepsy phenotypes. Cluster 3 comprises cases previously 

described with congenital myasthenic syndrome, which align with myasthenic syndrome phenotypes. Cluster 4 

consists of cases from our cohort without a defined OMIM disease phenotype, suggesting that these cases 

represent broad neurodevelopmental phenotypes. 
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Table legends 

Table 1: Summary of clinical phenotypic data for individuals identified in this study  

Table 2: Genotype summary of individuals identified in this study 

 

Supplementary Figures and Tables 

Figure S1: Phenotypic depth. The number of HPO terms per individual is plotted. On average, there are 16.7 

HPO terms per individual as represented by the black line. The red dotted line marks the minimum threshold of 

4 HPO terms required for inclusion in the phenotypic clustering analysis. 

Figure S2: Gap Statistical Analysis for Determining Optimal Clusters. The gap statistic method compares the 

variation within observed data clusters against a null reference distribution to identify the optimal number of 

clusters with meaningful differences. (A) Gap statistic plot for all individuals in our cohort, where the largest gap 

difference indicates 2 optimal clusters. (B) Gap statistic plot for all individuals combined with OMIM gene term 

sets (p<0.001), identifying 2 optimal clusters. (C) Gap statistic plot for all individuals combined with OMIM 

disease term sets (p<0.001), identifying 4 optimal clusters. 

Figure S3: The absence of heterozygosity (AOH) plot for Individual 1 demonstrates the variant 

(NM_001394062.1:c.4069G>A, p.(E1357K)) is located within a run of homozygosity (ROH) block of 19.9Mb on 

chromosome 1, marked by gray zones.  

Table S1: Detailed summary of MACF1 variants for individuals identified in this study  

Table S2: Detailed summary of MACF1 variants for individuals previously reported 

Table S3: HPO terms for all individuals in this study 
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O1_c.10075A>G;c.11302C>T
P96_c.10873G>A
RK1.1_c.12320C>T
F8.1_c.16261_16262del
WDFY3_OMIM
TM4SF20_OMIM
SYP_OMIM
CHRNA4_OMIM
HCN1_OMIM
LMAN2L_OMIM
ATP6V0C_OMIM
MAST3_OMIM
WB5.2_c.21884G>T
WB5.1_c.21883T>G
WB6_c.21884G>T
MACF1_OMIM
WB2_c.21707G>T
WB1_c.21707G>T
WB3_c.21877G>T
WB7_39.6kb_del
IQSEC1_OMIM
TMEM163_OMIM
MAST1_OMIM
VLDLR_OMIM
DCX_OMIM
ADGRG1_OMIM
OXR1_OMIM
TSEN15_OMIM
PLEKHG2_OMIM
ADD3_OMIM
SNF8_OMIM
B1.1_c.21877G>T
TUSC3_OMIM
WB8_c.20293G>C
CRADD_OMIM
WB4_c.21877G>T
ARFGEF2_OMIM
KIF2A_OMIM
TUBG1_OMIM
TUBA1A_OMIM
TMX2_OMIM
PAFAH1B1_OMIM

cluster
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OMIM:618730
OMIM:611603
OMIM:607432
OMIM:618677
OMIM:610031
OMIM:615411
OMIM:615412
B1.1_c.21877G>T
OMIM:618325
WB6_c.21884G>T
WB5.2_c.21884G>T
WB5.1_c.21883T>G
OMIM:614039
OMIM:617026
OMIM:616763
OMIM:620783
WB2_c.21707G>T
WB1_c.21707G>T
WB4_c.21877G>T
WB3_c.21877G>T
OMIM:617984
OMIM:608097
OMIM:614019
OMIM:617938
OMIM:617864
OMIM:614559
OMIM:300957
OMIM:620028
OMIM:617862
OMIM:617008
OMIM:606854
OMIM:618273
OMIM:224050
OMIM:300067
OMIM:614483
OMIM:618687
OMIM:620243
OMIM:213000
OMIM:612438
OMIM:620540
OMIM:616739
OMIM:611093
OMIM:614347
OMIM:614499
F8.1_c.16261_16262del
OMIM:616418
OMIM:300705
OMIM:617520
OMIM:615752
WB7_39.6kb_del
OMIM:618482
WB8_c.20293G>C
OMIM:620537
OMIM:618559
OMIM:600513
OMIM:300802
OMIM:611096
OMIM:300716
OMIM:300433
OMIM:616887
OMIM:300852
OMIM:300848
OMIM:616902
OMIM:615432
OMIM:620465
OMIM:616172
OMIM:620115
OMIM:300643
OMIM:616324
O1_c.10075A>G;c.11302C>T
OMIM:605809
OMIM:603034
P96_c.10873G>A
OMIM:610542
K1.1_c.1502C>T;c.17840T>C
F1.1_c.4069G>A
F7.1_c.4045C>A
F3.1_c.19531T>A
F6.1_c.470C>T;c.11743T>C
F2.2_c.11755C>T
F2.1_c.11755C>T
F4.1_c.17738C>T
D526795_c.4039T>A
D526583_c.4039T>A
RK1.1_c.12320C>T
K1.2_c.1502C>T;c.17840T>C
C1.1_c.22598C>T
F5.1_c.15817−2A>G;c.20174T>C

cluster

Phenotypic 
similarity score

Cluster
1
2
3
4

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 . CC-BY 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted June 28, 2025. ; https://doi.org/10.1101/2025.06.26.25330137doi: medRxiv preprint 

https://doi.org/10.1101/2025.06.26.25330137
http://creativecommons.org/licenses/by/4.0/


Family 1

Individual 1

Nucleotide (NM_001394062.1) c.4069G>A

Protein p.E1357K

Zygosity Hom

Consanguinity Yes

Sex F

Head circumference cm(%) (SD) 35 percentile (-0.38 SD)

Head and neck anomalies Hirsutism, Synophrys

Hemifacial Microsomia/Facial Asymmetry (Uni or bilateral) +

Hemifacial atrophy -

Facial palsy/paralysis +

Micrognathia -

Preauricular tags +

Microtia +

Hearing loss +

Microcephaly -

Celft palate -

Dental anomalies -
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Skeletal abnormalities Clinodactyly 5th toes

Neurologic symptoms -

Seizures -

Global developmental delay -

Speech delay -

Motor delay -

Intellectual disability -
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MRI Craniofacial/Neurologic Finding

Cortical dysplasia (thick cortex, R 

frontotemporal), calcification of 

falx cerebri

 . CC-BY 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted June 28, 2025. ; https://doi.org/10.1101/2025.06.26.25330137doi: medRxiv preprint 

https://doi.org/10.1101/2025.06.26.25330137
http://creativecommons.org/licenses/by/4.0/


Other findings 

Focal epileptic findings (Individual 

has no seizure) 
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Family 3

Individual 2 Individual 3 Individual 4

c.11755C>T c.11755C>T c.19531T>A

p.R3919W p.R3919W p.S6511T

Hom Hom Hom

- - Yes

M M F

< 1 percentile (-3.10 SD)

Small forehead, Smaller right eye, 

High palate, Tubular nose, Long 

smooth philtrum, Asymmetric 

crying facies noted

High palate, Long smooth philtrum

Narrow face, prominent and 

cupped ears, simple and large 

nose, full lips, synophrys, 

hirsuitism

+ - -

+ - -

+ (unilateral) + (unilateral) -

+ + +

- - -

+ + -

+ + + (conductive)

+ + +

- - +

- - -

Family 2
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Clinodactyly, Small 4th/5th toes -

Bilateral forearms demonstrate 

the left radial head to be 

posteriorly dislocated congenitally 

with a shallow capitellum. The left 

ulna is positive in relationship to 

the radius at the wrist level. Left 

arm does not supinate.  Short 5th 

metatarsals, short distal 

phalanges.

- -

Progressive functional and 

cognitive decline (now non-verbal, 

non-ambulatory, requiring g-tube, 

trach)

Hyperactivity, generalized 

hypotonia, generalized weakness, 

spasticity, episodic dyskinesias,  

Abnormal EEG not associated 

with abnormal movements  bells 

phenomenon, Lagophthalmos

- - -

- - + (severe)

- - +

- - +

- - +
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Thin corpus callosum, cerebral 

white matter atrophy

Mild periventricular foci of 

increased FLAIR and T2 signal

Progressive global brain atrophy 

(includes cerebrum, deep gray 

nuclei, cerebellum, brainstem, 

corpus callosum) particularly 

notable ,in the pons and 

cerbellum; hot-cross bun sign
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Spastic diplegia

Periventricular leukomalacia

Pre and post natal growth 

deficiency with short stature. 

Bulbous toes. On hands, single 

palmar crease bilaterally, 

decreased thenar crease on right 

with absent thenar crease on left 

with striking thenar hypoplasia,  no 

creases on left thumb.

Early puberty;

Hypoplastic toe nails 4-5; 

Cataracts. 

Muscle biopsy showed mild 

myopathic changes. 

In addition, large deletion on 

muscle mtDNA m.3259-16069 at 

40% heteroplasmy which is 

absent in blood and buccal 

mtDNA, and homozygous variant 

in gene of uncertain significance 

PARQ3 (c.864G>C; pW288C) 
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Family 4

Individual 5 Individual 6 Individual 7

c.17738C>T c.15817-2A>G; c.20174T>C c.15817-2A>G; c.20174T>C

p.P5913L p.L6725P p.L6725P

Hom Comp. het Comp. het

No No No

F M F

< 1 percentile (-2.99 SD) 36 percentile (-0.36 SD) 17 percentile (-0.95 SD)

Prominent forehead, small head - -

- - -
- - -
- - -
- - -
- - -
- - -
- - -
+ - -
- - -
Melanosis of the gums - -

Family 5
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clinodactyly of fingers 3,4 and 5 

and the 2nd and 4th toes overlap 

the third. The second and fourth 

metacarpals in both hands are 

shortened as compared to the first 

third and fifth. The third and fourth 

metatarsals in both feet are 

shortened as compared to the first 

second and fifth.

- -

Autism spectrum disorder; 
paroxysmal abnormal 
movements

Gross motor delay, hypotonia, 
tethered spinal cord

-
Normal EEG in context of 
abnormal movements

-

+ - -
+ - -
+ - +
- Not evaluated Not evaluated
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Had MRI, No intracranial findings.  

the dens been somewhat 

posteriorly, and there is partial 

fusion and hypoplasia of C6 and 

C7. So-called posterior vertebral 

scalloping (concave posterior 

vertebral body) is noted in L1, L2, 

L3, and L4 vertebral bodies. 

MRI brain with nonspecific 
T2/FLAIR hyperintensity.
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Mild OSA, had T&A
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Family 6 Family 7 Family 8

Individual 8 Individual 9 Individual 10

c.470C>T, c.11743T>C c.4045C>A c.16261_16262del

p.T157I, p.S3915P p.L1349M p.Q5421Afs*5

Comp. het Hom Het

Yes No

F F M

< 1 percentile (-4.62 SD) 1 percentile (-2.29 SD) < 1 percentile (-3.11 SD)

Slanting forehead, flat nasal 

bridge, smooth philtrum, short 

webbed neck, frontal parietal 

plagiocephaly, left facial drooping, 

synophrys and retrognathia

Cleft palate, large tounge -

+ (while smiling) + -

- + -

- - -

+ + -

- - -

+ - -

+ (conductive) + (bilateral) -

+ + +

+ + -

Primary delayed dentition - -
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brachydactyly, syndactyly of 

second

and third toe, Skeletal dysplasia

Short foot

Short toe

Humeroradial synostosis

Club foot -

Generalized hypotonia

Spasticity

EEG abnormality
+ +

- +

+ + +

+ + +

+ + +

- + +
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No parenchymal abnormality 

identified. Mild prominence of the 

extra-axial CSF spaces
No Left cortical frontal dysplasia
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feeding difficulties, poor weight 

gain, gastrostomy tube feed

dependence, failure to thrive, 

Bilateral ptosis, Speech apraxia, 

Ankyloglossia

poor feeding, 
dysphagia,recurrent aspirations, 
bilateral club foot were identified 
and assisted. Posterior clinical 
examinations revealed short 
stature, poor weight, severe 
developmental delay without 
regression, generalized muscle 
hypotonia and ataxia. Auricular 
septal defect

coarse features, type 1 diabetes, 

behaviour trouble with treatment, 

able to read a few words, EEG : 

abnormal epileptiform activity but 

of moderate abundance in the left 

frontotemporal region.
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Individual Zygosity Genomic Location (hg38)
Nucleotide/Protein

(NM_001394062.1)

Minor Allele frequency / 

Hmz count (gnomAD v4)

Family 1

Individual 1
Homozygous 1:39322647 c.4069G>A, p.E1357K 1.239E-6 (0 hmz)

Family 2

Individual 2
Homozygous 1:39357705 c.11755C>T, p.R3919W 7.435E-5 (0 hmz)

Family 2

Individual 3
Homozygous 1:39357705 c.11755C>T, p.R3919W 7.435E-5 (0 hmz)

Family 3

Individual 4
Homozygous 1:39444761 c.19531T>A, p.S6511T 9.912E-6 (0 hmz)

Family 4

Individual 5
Homozygous 1:39434586 c.17738C>T, p.P5913L 2.106E-5 (0 hmz)

1:39422372 c.15817-2A>G 1.859E-6 (0 hmz)

1:39448679 c.20174T>C, p.L6725P 6.197E-7 (0 hmz)

1:39422372 c.15817-2A>G 1.859E-6 (0 hmz)

1:39448679 c.20174T>C, p.L6725P 6.197E-7 (0 hmz)

1:39257970 c.470C>T, p.T157I 1.053E-5 (0 hmz)

1:39357693 c.11743T>C, p.S3915P 1.228E-3 (3 hmz)

Family 7
Individual 9

Homozygous 1:39322623 c.4045C>A, p.L1349M 1.107E-3 (2 hmz)

Family 8

Individual 10
Heterozygous 1:39424138-39424140 c.16261_16262del, p.Q5421Afs*5 0 (0 hmz)

Compound 

Heterozygous

Compound 

Heterozygous

Compound 

Heterozygous

Family 6

Individual 8

Family 5
Individual 6

Family 5
Individual 7
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CADD PHRED score SpliceAI Primate AI GERP++
NMD-

EscPredictor
ACMG Classification

24.2 - Deleterious (0.82) 5.92 - VUS (PM2, PP2)

21.5 - Uncertain (0.52) 6.07 - VUS (PM2, PP2)

21.5 - Uncertain (0.52) 6.07 - VUS (PM2, PP2)

20.4 - Uncertain (0.54) 6.116 - VUS (PM2, PP2)

22 - Uncertain (0.74) 5.8 - VUS (PM2, PP2)

35 0.99 (AL) - - - VUS (PM2, PVS1)

23.6 - Uncertain (0.68) 6.17 - VUS (PM2, PP2)

35 0.99 (AL) - - - VUS (PM2, PVS1)

23.6 - Uncertain (0.68) 6.17 - VUS (PM2, PP2)

23.4 - Deleterious (0.9) 5.41 - VUS (PM2, PP3, PP2)

19.12 - Benign (0.034) 6.07 - Benign (PP2, BS1, BS2, BP4)

26 - Uncertain (0.78) 5.99 - Benign (PP2, BS1, BS2, BP6)

- - - -
Degraded by 

NMD
LP (PVS1,PM2)
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