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ARTICLE

Molecular genotype-phenotype correlation
in ACTB- and ACTG1-related non-muscle actinopathies
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Summary

Recent advances in Mendelian genomics reveal the importance of variant-level characterization of allelic disorders. Non-muscle actin
isoforms, encoded by the genes ACTB and ACTG1, are the most abundant intracellular proteins, but historically, they are often re-
garded as merely being “housekeeping” molecules. Here, we illuminate the extraordinary clinical heterogeneity and complex patho-
biology of genetic non-muscle actinopathies. To do this, we combine human genomics studies with molecular biology. Strikingly,
variants in ACTB and ACTG1 isoforms generate at least eight distinct clinical disorders. A subset of disease-associated missense variants
causes dysregulated actin polymerization-depolymerization and neuronal migration defects. In contrast, nonsense, frameshift, and
missense variants enhancing protein degradation cause milder phenotypes or are benign. These results emphasize the essential
functional aspects of the non-muscle actin isoforms. Critically, they additionally constitute a template for the personalized genetic
variant-level-driven management of the pleiotropic allelic single-gene disorders.

Introduction pinning molecular and disease mechanisms are prereq-

uisites to developing precision medicine approaches
The ability to make accurate diagnoses, reliably estimate for genetic disorders. Recent advances in Mendelian ge-
prognoses, and having a deep understanding of under- nomics have dismantled the “one-gene one-disorder
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paradigm.”’ This means that many genetic disorders
will likely require characterization at the variant level,
not just at the gene level. We attempted dissection of a
complex set of allelic disorders caused by constitutional
variants in two genes encoding for actin isoforms, which
we here refer to collectively as non-muscle actinopa-
thies (NMA:s).

Actin is the most abundant intracellular protein, high-
ly versatile and essential for numerous cellular pro-
cesses. The mammalian actin gene family consists of
four muscle-specific isoforms (ACTA1 [MIM: 102610],
ACTA2 [MIM: 102620], ACTC1 [MIM: 102540], and
ACTG2 [MIM: 102545]) and two ubiquitously ex-
pressed genes, ACTB (MIM: 102630) and ACTG1 (MIM:
102560), coding for the highly conserved p- and y-cyto-
plasmic actins (CYAs), respectively. Human BCYA and
yCYA differ only in four out of 375 amino acids
but possess different polymerization properties, localize
in different parts of the cell, and display preferred
interactions with different subsets of actin-binding
proteins.”

NMAs listed in OMIM include ACTB-related Baraitser-
Winter cerebrofrontofacial syndrome 1 (BWCFF1 [MIM:
243310]), dystonia-deafness syndrome 1 (DDS1 [MIM:
607371]),° thrombocytopenia 8 with dysmorphic fea-
tures and developmental delay (MIM: 620475),*
ACTGI-related BWCFF2 (MIM: 614583),>° and domi-
nant deafness 20/26 (MIM: 604717).”® An additional
documented NMA, ACTB-associated isolated ocular
coloboma,” is not listed in OMIM. A neurodevelopmen-
tal-congenital malformation disorder due to loss-of-
function ACTB variants'® is included within BWCFF1.
Furthermore, postzygotic somatic mosaic ACTB variants
have been detected in Becker’s nevus, segmental odonto-
maxillary dysplasia, and congenital smooth muscle
hamartoma with or without hemihypertrophy.'' "
Nevertheless, the full mutational and clinical spectrum
of human monogenic disorders caused by ACTB or
ACTG]1 variants has yet to be systematically explored.
Challenges in assigning pathogenicity and in linking
individual variants to specific NMAs hamper accurate
diagnosis. Even after a specific NMA is diagnosed, clinical
management and providing prognosis is challenging
due to limited data. Moreover, the pathobiology of
NMAs is poorly understood. For example, it is not known
whether disease-causing missense variants (MVs) in
NMAs are hypomorphic, dominant-negative, or gain-
of-function. Because of these limitations, no specific
treatments for these disorders exist.

Here, we undertake detailed studies of disease-causing
variants in ACTB and ACTG1. We describe a cohort
of 290 individuals with pathogenic or likely pathogenic
(P/LP) variants and propose a variant- and phenotype-
based classification system that delineates NMAs and
defines their clinical spectrum. Using in vitro cellular and
biochemical studies, we provide variant-level insights
into the molecular mechanisms of NMAs.

Material and methods

Simulation of all possible nucleotide substitutions
within genomic regions of ACTB and ACTGT

For each of the 1,128 reference alleles in ACTB transcript
chr7:5527148-5530601 (hg38) (GenBank: NM_001101.5) and
1,128 in ACTG1 transcript chr17:81509971-81512799 (hg38)
(GenBank: NM_001614.5), all three possible single-nucleotide
alterations were simulated in silico, resulting in a list of
1,128 x 3 x 2 = 6,768 alternate alleles (ALT) for both transcripts
(Table S1). The functional consequences of all possible single-
nucleotide alterations were annotated according to Ensembl
Variant Effect predictor.'*

Compilation of ACTB and ACTG1 population variants
and public databases

We retrieved gnomAD v.3.1.1 (hg38) genomic variants
from genomic regions chr7:5527148-5530601 (ACTB) and
chr17:81509971-81512799 (ACTG1).'® To prevent redundancy
with v.3.1.1., the gnomAD v.2.1.1 (hgl9) variants were
downloaded for exomes only; exons were defined by
gnomAD standard transcripts ENSG00000075624.9 (ACTB)
and ENSG00000184009 (ACTG1), including gnomAD’s default
padding of 75 nt. The Ensembl tool “assembly converter” con-
verted the genomic positions of gnomAD v.2 hg19 variants to
hg38. We exploited each of the different gnomAD subsets sepa-
rately: controls (2,148 variants), non-TOPMed (3,107 variants),
non-neuro (3,476 variants), and non-cancer (3,605 variants).
We retrieved 2,184 genomic variants passing TOPMed filter
(i.e., flagged as PASS in VCF “FILTER” column) (Freeze8 on
GRCh38, accessed on November 1, 2021) within the genomic
regions chr7:5527148-5530601 (ACTB) and chr17:81509971-
81512799 (ACTG1).'® We retrieved 2,280 variants from
https://grch38.pggsnv.org/index.html (accessed on July 31,
2021) within the genomic regions chr7:5527148-5530601
(ACTB) and chr17:81509971-81512799 (ACTGI)."” 752
variants were retrieved from the COSMIC catalog using gene
names ACTB and ACTG1 (441 and 311 variants, respectively).
The query for cBioPortal mutations (not including structural
variants and copy-number alterations) was performed using
a user-defined list containing HUGO gene symbols ACTB and
ACTGI1 (accessed on July 31, 2021 with the query of 46,305
individuals, representing 48,834 samples in 188 studies).'®!?
This query identified 389 unique and a total number of
508 variants. ClinVar variants were retrieved with the NCBI
search term using hg38 coordinates of both genes (accessed
on November 3, 2021)*%: (7[CHR] AND 5527148[CHRPOS]:
5530601[CHRPOS]) and (17[CHR] AND 81509971[CHRPOS]:
81512799[CHRPOS]). From LOVD the search for all variants
in ACTB (GenBank: NM_001101.3 transcript reference
sequence) and ACTGI (GenBank: NM_001614.3 transcript
reference sequence) resulted in 110 and 195 variants, respec-
tively (accessed on November 3, 2021).%!

Clinical and genomic analysis of the cohort

Study approval

The study was approved by the Institutional Review Board (IRB)
of TU Dresden (EK-127032017 and BO-EK-341062021) and the
Central Manchester (02/CM/238) and local IRBs from referring
physicians. All individuals consented to participation prior to
participating. Written informed consent was also received for
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all photographs of individuals included. The record of informed
consent has been retained.

Compilation of the clinical cohort

Patients were recruited primarily at the Institute for Clinical Ge-
netics, University Hospital Dresden (by N.D.D.) as part of the
active registry within the EJPRD-funded PredACTINg project as
well as at the Manchester Center for Genomic Medicine within
the NHS sequencing projects (by S.B.) after the rare variant in
ACTB or ACTG1 was discovered in the clinical genetic testing.
Additionally, affected individuals were referred to N.D.D. and
S.B. by multiple clinicians for the second opinion regarding
variant interpretation, management advice, or specifically for
this study. Clinical and molecular data were collected with the
standardized proforma (supplemental information). Clinical
photographs were available for 160 persons and were indepen-
dently assessed by four authors experienced in dysmorphology
and specifically familiar with BWCFF (N.D.D., S.B., G.V.M., and
D.P.). Additionally, PubMed was searched for publications using
terms “ACTB” OR “ACTG1” OR “Baraitser-Winter syndrome”
OR “Baraitser-Winter-Cerebrofrontofacial syndrome” OR “Dysto-
nia-deafness syndrome” OR “ACTG1 hearing loss” OR “ACTB
neurodevelopmental disorder” OR “ACTG1 neurodevelopmental
disorder.” We extracted reported data from identified publica-
tions and added follow-up information where available. In addi-
tion, we screened the ClinVar database for (likely) pathogenic
variants and variants of uncertain significance and contacted
responsible laboratories requesting clinical information.
Genomic- and phenotypic-led approach for classification of the
clinical cohort

Available clinical data, facial photos, and MR images of all
individuals were systematically reassessed regarding their pheno-
typical assignment by one of the corresponding authors. For
classification of the cohort into relevant NMA groups, first all in-
dividuals were separated according to the gene in which their
variant was located. Predicted loss-of function (pLoF) variants
and protein-altering variants (PAVs) (missense or in-frame) were
then separated. Clinical features of persons with pLoF variants
were manually analyzed. Facial images were available for 166 of
275 individuals with small single-nucleotide variants (SNVs).
Definition of the facial gestalt is described separately in the
next section. The identified clinical features identified from
these individuals were used to identify individuals with PAVs
whose phenotype overlapped with those with pLoF variants.
Next, individuals with recurrent PAVs were identified, their
clinical features were manually analyzed, and genotype-pheno-
type relationships were extracted. Clinical data from these
individuals were used to generate diagnostic criteria for each
NMA. These diagnostic criteria were applied to individuals with
non-recurrent variants, and additional individuals were identi-
fied for each subgroup. The clinical and mutation spectrum of
each NMA was compiled using the combined data. The approach
is summarized in Figure S1.

Definition of the syndrome specific facial gestalt

Four medical geneticists experienced in dysmorphology who
have seen multiple (>10) individuals with BWCFF (G.M., D.P.,
S.B., and N.D.D.) independently evaluated clinical pictures of
89 individuals with the pathogenic variants in ACTB and
ACTG1. Images were copied into one file without mentioning
the genotype or additional clinical data. Frontal facial photo-
graphs of different quality were available for all individuals.
Lateral images were available for more than two-thirds of the in-
dividuals. Body images as well as hand and feet photographs were

provided for less than the half of the individuals. Twelve addi-
tional individuals with the microdeletions encompassing the
entire ACTB gene'® were shown with the genotype. Individuals
were grouped as having a typical BWCFF face, typical ACTB
pLoF face (guided by the facial features associated with deletions),
or not having typical features of any of both disorders. The phe-
notypes were discussed in several online meetings.
GestaltMatcher facial analysis

To assess similarity between cohorts, we utilized
GestaltMatcher®”*® to analyze 75 images spanning BWCEF
(n = 38; including ACTB_BWCFF n = 23 and ACTG1_BWCEFF
n = 15), ACTB LoF (n = 19), unNMA (n = 15; ACTG1_unNMA
n = 6 and ACTB_unNMA n = 9), and BWCFF_unNMA (n = 3).
The dataset comprises affected individuals reported in this
work and images previously published in the GestaltMatcher
database®* (GMDB; https://db.gestaltmatcher.org). We first en-
coded each image to a S512-dimensional feature vector by
GestaltMatcher and further utilized t-distributed stochastic
neighbor embedding (t-SNE)*° to visualize the distribution of
the four groups of subjects in two-dimensional space.

Moreover, we wanted to compare the similarities between
each group and the control distribution sampled from GMDB.
Because the facial phenotypic similarity between two persons
was quantified by the cosine distance, when the distance was
smaller, the two individuals were more similar as they are closer
in the space. We then examined the mean pairwise cosine dis-
tance between individuals among the three groups. We sampled
control distributions from 1,499 images with 321 different disor-
ders in the GMDB that were not included in the training of
GestaltMatcher and calculated the mean pairwise distances
between two cohorts stemming (1) from the same syndrome
and (2) from two different syndromes. We further derived a
threshold to decide whether two cohorts stem from the same
or different syndromes by receiver-operating characteristic anal-
ysis, resulting in a final threshold of ¢ = 0.896. To assess the
similarity between the two cohorts C; and C,, we computed
their mean pairwise cosine distanced(C,, C;), and compared it
to the threshold c. Additionally, we conducted 100 subsampling
iterations from each cohort to generate subcohorts, calculating
the mean pairwise cosine distance for each iteration. If at least
50% of these 100 subsampled comparisons yielded values above
the threshold ¢, it would provide evidence suggesting that the
two cohorts stem from different syndromes.

To quantify how distinct are the two cohorts (C; and Cy),
we computed the positive predictive value (PPV) for an observed
intercohort distance d that falls within the range of distances
between sampled subgroups of C; and Cy: d € (min d(C;, Cyp),
max d(C;, Cp)).?* PPV was estimated from pooled control
distributions built on the validation folds using PPV =
(sensitivity x p)/(sensitivity x p + (1 — specificity) x (1 — p)),
where sensitivity = P(distance in range | different syndromes),
specificity = P(distance outside range | same syndrome), and
p is the pre-test probability that two cohorts are from different
syndromes. We set p = 0.5 to reflect no prior information (equal
prior odds of “same” vs. “different”). In this framework, a higher
PPV indicates greater evidence that the two cohorts are truly
distinct.

To assess whether each subgroup (unNMA, ACTB_unNMA,
ACTG1_unNMA, BWCFF, and ACTB LoF) exhibits phenotypic
cohesion, we computed the mean pairwise distance among
images within each subgroup. As a reference, we simulated a con-
trol distribution by repeatedly sampling equally sized batches of

The American Journal of Human Genetics 713, 1-18, February 5, 2026 3


https://db.gestaltmatcher.org/

Please cite this article in press as: Di DonatoNMA ConsortiumThom, Molecular genotype-phenotype correlation in ACTB- and ACTG1-
related non-muscle actinopathies, The American Journal of Human Genetics (2026), https://doi.org/10.1016/j.ajhg.2025.12.007

individuals from the GMDB drawn across different syndromes
and computing their mean pairwise distances. Each subgroup’s
within-group mean distance was then located on this control
distribution to derive an empirical left-tail percentile, which re-
flects how unusually similar the subgroup is relative to random
batches of subjects. Lower mean distance and lower percentile
indicate stronger intragroup similarity.

Structural modeling

The structures of human BCYA and yCYA were homology
modeled using the Schrédinger Prime 4.0 and BioLuminate ap-
plications (Schrodinger, New York, NY). The sequences were
retrieved from the UniProt database (accession numbers Uni-
Prot: P60709 and P63261). The crystal structure of Bos taurus
B-actin (PDB: 2btf) was used as a template. Mismatched residues
in the template were replaced with those in the target structures,
and the strontium ion was replaced with a magnesium ion.
Model optimization of the resulting structures was performed
by a series of iterative rotamer prediction and energy minimiza-
tion steps.

Fibroblast experiments

Establishment of the subject-derived and control fibroblast cul-
tures

Primary dermal fibroblasts were obtained following 3-mm
cutaneous punch biopsies and cultured in BIO-AMF-2 medium
(Biological Industries USA, Cromwell, CT, USA). For subculturing,
primary fibroblasts were washed twice with 1x Dulbecco’s PBS
(dPBS) and detached at 37°C for at least 3 min with 0.05%
trypsin/EDTA (Gibco; Thermo Scientific, Waltham, MA, USA).
Cells were resuspended in BIO-AMF-2 medium, seeded onto
Corning plasticware (Corning, NY, USA), and maintained in
BIO-AMF-2 medium at 37°C in the presence of 5% CO,. Cultures
were continued for a maximum of three passages and, thereafter,
the cultures were cryopreserved in multiple cryovials for long-
term storage at —150°C. 90% FBS + 10% dimethyl sulfoxide
was used as a freezing medium. Thawing of the frozen cells was
performed rapidly in a 37°C water bath. Thawed cells were
centrifuged at 240 x g for 5 min and resuspended in fresh
BIO-AMF-2 medium in a new flask. Only cultures in early pas-
sages (maximum seven passages) have been used in the experi-
ments. Cultures were labeled with the actin amino acid change
and a subject’s ID corresponding to the ID in Table S2 (e.g.,
G343S 61-B).

Primary dermal fibroblasts from nine healthy adult individ-
uals were obtained and stored following the same procedure
described above. These cell lines are labeled as Control_1 and
Control_2, as well as Control_6 through Control_12. Only
cultures in early passages (maximum seven passages) were
used in the experiments. Additionally, three control cell lines
were acquired from the Coriell Biobank—GMO00013 (passage
13), GM04390 (passage 11), and GM05294 (passage 8)—and
labeled Control_3, Control_4, and Control_5, respectively.
Coriell cultures were only used for the transcriptome analysis.
Cell lysis and western blot analysis
Cells grown to approximately 70% confluence were washed
with room-temperature dPBS twice. 0.6 mL of RIPA buffer (Santa
Cruz, sc-24948) was added to the monolayer cells in a T25 flask
and gently rocked for 15 min at 4°C. Adherent cells were
removed with a cell scraper, and the lysate was transferred
into a microcentrifuge tube. Lysate was incubated for 5 min

on ice before centrifugation at 14,000 x g for 10 min at 4°C,
and the supernatant was collected. Total protein concentration
was measured with the Qubit fluorometer and Qubit protein
assay kit (Thermo Fischer Scientific). Approximately 7 pg of pro-
tein was separated on 4%-12% NuPAGE Bis-Tris gels (Thermo
Fischer Scientific) by electrophoresis (90 V for approximately
2.5 h) under reducing conditions with 6 pL of ProSieve Quad-
Color pre-stained protein marker loaded. Proteins were blotted
onto a 0.2-pm pore nitrocellulose membrane with the iBlot2
system (Thermo Fischer Scientific). Revert 700 Total Protein
stain (LI-COR, 926-11011) was performed for normalization of
target protein signal intensities, and images of wet membranes
were acquired with the Odyssey SA LI-COR Infrared Imaging
system in the 700-nm channel (LI-COR). Subsequently, mem-
branes were blocked overnight at 4°C in 5% (w/v) skim milk
in TBS-Tween 20 (TBS-T). On the next day, membranes were
incubated with primary antibodies diluted in 0.5% (w/v) skim
milk in TBS-T for 2 h at room temperature (see Table S4 for
antibodies and dilutions used). After three washing steps with
0.5% (w/v) skim milk in TBS-T, membranes were incubated
with secondary antibodies for 1 h at room temperature with
three subsequent washes with TBS-T followed by three washes
with TBS. Next, images of dried membranes were acquired
again with the Odyssey Imaging system in the 800-nm channel.
Analysis of western blot signals was performed with CLIQS Gel
Image Analysis software (TotalLab). Target protein signals were
normalized to corresponding total lane signals of total protein
stain, and lastly the samples from affected individuals were
normalized to the respective control cell line. Results were ob-
tained from three different lysates of independent cell passages
with up to three replicates for each sample. GraphPad Prism
v.9.3.1 for Windows (GraphPad Software, La Jolla, CA, USA;
http://www.graphpad.com/) was used for graphical illustration
and statistical analysis. Data were tested for normal distribution
using the Shapiro-Wilk test and subsequently analyzed using
ordinary one-way ANOVA. Outlier analysis was performed
using the ROUT method.
Transcriptome analysis of primary fibroblast cultures

Library preparation and sequencing of biological and technical
replicates. Transcriptome analysis was done using primary
fibroblast cultures from 15 individuals with missense variants
in ACTB, three individuals with variants in ACTG1, and seven
control cultures from healthy adult individuals (Control_1,
Control_2, and Control_6 through Control_10) as well as
three fibroblast cultures from Coriell Biobank (Control_3 through
Control_5). All cultures were harvested at early passages of a
maximum of seven, except for cultures from Coriell, which
were available in the later passages (up to passage 15).

Fibroblasts were seeded in T75 flasks and harvested at ~70%
confluence. The culture was performed twice to produce biolog-
ical replicates. RNA was extracted using the miRNeasy Mini Kit
(Qiagen) according to the manufacturer’s instructions. On-
column DNA digestion was included to remove residual contam-
inating genomic DNA. All experiments were performed in
triplicate, meaning that RNA was independently extracted
three times from each culture. In total, we performed six library
preparations per individual (affected individuals and control
subjects). For library preparations, the TruSeq Stranded mRNA
Library Prep Kit (Illumina) was used according to the manufac-
turer’s protocol, starting with 1 pg of total RNA. All barcoded
libraries were pooled and sequenced 2 x 75-bp paired-end on
an Illumina NextSeq500 platform to obtain a minimum of 10
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million reads per sample. Raw reads from Illumina sequencers
were converted from bcl to fastq format using bcl2fastq (v.2.20)
allowing for one barcode mismatch.

Bioinformatics pipeline. The quality of the obtained fastq files
was initially checked by FastQC v.0.11.4 (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/) followed by
adapter removal and quality trimming using Trim Galore
v0.4.2  (http://www.bioinformatics.babraham.ac.uk/projects/
trim_galore/). Mapping of reads to the human reference genome
(GRCh38 Ensembl release 95) was done using STAR v.2.5.3a
with standard settings,”® and duplicates were marked and
removed using Picard tools v.1.141 (http://broadinstitute.
github.io/picard/). Quality analysis of mapped reads was done
using RSeQC v.3.0.0%°7 to analyze read distributions across
gene bodies. Raw read counts per gene were determined by
counting gene-specific reads in exons of protein-coding genes
using FeatureCounts v.1.5.3.?® Finally, a gene-expression data
matrix was created by removing genes without any reads and
lowly expressed genes (less than 1 read per million in more
than 50% of samples) followed by cyclic loess normalization,*’
resulting in normalized log, counts per million for 12,772
protein-coding genes that were measured in each sample.
The average gene-expression levels per affected individual or
control individual are provided in Table S3.

Similarity of gene-expression profiles and differential gene-expression
analysis. Principal-component analysis of average genome-wide
gene-expression profiles of study subject and control samples was
done to analyze whether the different disease and control groups
form separate clusters (R function prcomp). Further, similarity of
genome-wide gene-expression profiles of samples from affected
individuals and control samples was determined by computing
the Pearson correlation coefficient for each pair of samples utiliz-
ing the average expression profile of each subject and control
sample (R function cor). The corresponding correlation matrix
was visualized as a heatmap (Figure S12).

Protein production and characterization

Generation of plasmid and baculovirus

The pFastBac vectors carrying the sequence of interest were
constructed and generated as described previously.*° Mutations
in the sequence were introduced via site-directed mutagenesis
with oligonucleotides encoding the desired mutation. Baculovi-
rus was generated as described in the Bac-to-Bac Baculovirus
Expression System manual (Thermo, Waltham, MA, USA). In
short, pFastBac vectors carrying the sequence of interest were
transformed into DH10EMBacY Escherichia coli to generate the
recombinant bacmid. Sf-9 insect cells were then transfected
with the recombinant bacmid to generate the recombinant
baculovirus. Production of the recombinant actin wild type
(WT) or mutant was started by infecting 1.8 x 10° cells/mL
with 1:50 of the corresponding virus stock. Cells containing
the protein of interest were harvested 3 days post infection and
stored at —80°C until used for purification.

Purification of recombinant cytoskeletal actin WT and mutants
Recombinant human cytoskeletal actin WT and mutants were
purified from Sf-9 insect cells using an actin-thymosin-p4-Hisg
fusion construct as described by Noguchi et al.*' In short, Sf-9
cells were resuspended in lysis buffer (10 mM Tris [pH 7.8],
5 mM CaCl,, 1.25% Triton X-100, 1 mM ATP, 100 mM KClI,
7 mM f-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride
[PMSF], 100 pg/mL N,-p-tosyl-L-arginine methyl ester, 80 pg/mL

N-tosyl-L-phenylalanine chloromethyl ketone, 2 pg/mL pepsta-
tin, and 5 pg/mL leupeptin) and sonicated to disrupt the cells.
The lysate was cleared by centrifugation and the supernatant
incubated with 2 mL of lysis-buffer-equilibrated Pure Cube
NiNTA column material (Cube Biotech, Monheim am Rhein,
Germany) per liter of expression culture for 2 h, rotating at 4°C.
The material was washed with 25 column volumes of wash
buffer 1 (10 mM Tris [pH 7.8], 5 mM CacCl,, 10 mM imidazole,
200 mM KCl, and 1 mM ATP) followed by 25 column volumes
of wash buffer 2 (10 mM Tris [pH 7.8], 5 mM CaCl,, 10 mM
imidazole, 50 mM KCl, and 1 mM ATP). The protein was eluted
with 250 mM imidazole, and the purity of the eluate was verified
via SDS-PAGE. Fractions that contained the majority of the
protein were pooled and dialyzed against G-buffer (10 mM Tris
[pH 7.8], 0.2 mM CaCl,, 0.1 mM dithiothreitol [DTT], and
0.1 mM ATP) overnight to remove imidazole. The dialyzed
sample was then digested with 1:300 weight/weight of a-chymo-
trypsin from bovine pancreas (Merck, Darmstadt, Germany) to
remove the thymosin-p4-Hisg moiety including the linker to
yield the pure actin with native N and C termini. The reaction
was quenched after a minimum of 45 min by the addition of
1 mM PMSF. The exact time of digest strongly depends on the
age of the used batch of a-chymotrypsin. The sample was
concentrated to 10-15 mg/mL, and polymerization of actin was
induced by the addition of 100 mM KCI and 5 mM MgCl,. The
polymerization reaction was incubated for at least 3 h at room
temperature and then moved to 4°C overnight. On the following
day, the F-actin was sedimented by centrifugation at 130,000 x g
for 1 h at 4°C. The pellet was washed with G-buffer and finally
resuspended in 0.5-1 mL of G-buffer using a Dounce homogeniz-
er. The sample was dialyzed against a total of 5 L of G-buffer
supplemented with 0.1 mM PMSF over 4 days. The buffer
was changed at least three times over that period. After dialysis,
the protein sample was centrifuged at 15,000 x g for 15 min to
remove precipitate. The pure protein was flash frozen in liquid
nitrogen and stored at —80°C.

Assays probing polymerization and depolymerization of actin
Pyrene-actin-based assays to monitor polymerization and depoly-
merization of actin filaments were performed as previously
described**** with some slight modifications. To determine the
rate of actin polymerization, Mg?"-ATP-G-actin was supplemented
with 5% pyrene-labeled Mg?"-ATP-G-actin (WT) as a tracer to a
final concentration of 10 pM. 20 pL of this solution was placed
in a black flat-bottom 96-well plate (BrandTech Scientific, USA).
The polymerization reaction was monitored as a function of
increasing pyrenyl fluorescence in a Synergy 4 microplate reader
(BioTek Instruments, Winooski, USA) using the built-in filter set
(excitation 340/30 nm, emission 400/30 nm). Polymerization
was induced by applying 80 pL of 1.25x polymerization buffer to
a final concentration of 10 mM Tris (pH 7.8), 100 mM KCl,
5 mM MgCl,, 0.5 mM EGTA, 0.1 mM DTT, and 0.1 mM ATP using
the built-in pipetting function. To determine the rate of depoly-
merization, Mg?*-ATP-G-actin was polymerized at 20 uM in the
presence of 5% pyrene-labeled Mg?*-ATP-G-actin (WT) overnight
at 4°C. 3 pL of the F-actin solution was placed in a black flat-
bottom 96-well plate and rapidly diluted by applying 297 pL of
G-buffer (10 mM Tris [pH 7.8], 0.2 mM CaCl,, 0.1 mM DTT,
and 0.1 mM ATP). The dilution-induced depolymerization of the
actin filaments was monitored using the settings mentioned
above. The apparent half-time of the polymerization and depoly-
merization reaction was calculated by applying a single-exponen-
tial fit to the kinetic traces.
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(A) Number and distribution of truncating variants (start loss, stop gain, frameshift) in ACTB.

(B) Facial gestalt in individuals with the ACTB whole-gene deletions (1 and 2) and familial presentation of the ACTB stop gain (3-5).
Note the resemblance of the facial gestalt of the last individual (6), although he carries a missense variant in ACTB.

(C) Segregation and intrafamilial variability of microdeletion of ACTG1 with the pedigree with the affected aunt (I1.4) and nephew
(II1.4) with unilateral polymicrogyria on the left; +/— indicates the carrier status. Right: the UCSC genome hg38 browser view demon-
strating a microdeletion encompassing ACTG1 and FSCB2; coordinates of the last normal probes are shown in red with the precise
breakpoint mapping in blue (first and last missing bases), including junction sequence shown below.

Thermofluor assay

Thermal stability of WT and mutant proteins was assessed using
the Thermofluor assay. The assay utilizes the fluorescent dye
Sypro Orange, which shows an increase in fluorescent intensity
upon binding to hydrophobic core regions of proteins that
become exposed during thermal denaturation. Ca®>"-ATP-G-actin
was converted to Mg>"-ATP-G-actin by incubation with
magnesium-exchange buffer (10x, 10 mM EGTA and 1 mM
MgCl,) for 2 min on ice prior to the experiment. 0.2 mg/mL
Mg*"-ATP-G-actin and 5x Sypro Orange (Life Technologies,
Carlsbad, USA, stock: 5000x) were mixed in assay buffer
(10 mM Tris [pH 7.8], 0.1 mM MgCl,, 1 mM EGTA, 0.1 mM
DTT, and 0.1 mM ATP) to a final volume of 25 pL. The samples
were placed in a MicroAmp 48-well plate (Applied Biosystems,
Waltham, MA, USA). The change in fluorescence intensity over
a linear temperature gradient (1°C/min) was measured in a
StepOne Real-Time PCR System (Applied Biosystems). The
melting temperature was derived from the peak value of the first
derivative of the melting function.

Nucleotide exchange assay

The rate of nucleotide exchange of Mg*"-ATP-G-actin was
determined as previously described®* using the fluorescent ATP
analog e-ATP (Jena Bioscience, Jena, Germany).

Results

ACTB and ACTG1 variants have dissimilar population
profiles

To study the profile and consequences of the variants
in the NMA genes, we simulated all possible ACTB
and ACTGI single-nucleotide changes and compared
them with known variants from population databases,
representing ~431,130 individuals.'*"!” Simulated variant
counts per gene were similar overall, but we observed
several differences between the non-synonymous, synon-
ymous, and non-coding population variant counts of
the two genes, which are unlikely to be the result of
differences in mutation acquisition potential (Figures
S2 and S3; Table S1). For example, the population
dataset included only one individual with pLoF ACTB
variant (probability of LoF intolerance [pLI] = 0.99)
but >20 individuals with truncating ACTG1 variants
(pLI = 0)*° (Figures 1A and S2A). Both genes are highly
constrained for population MVs (Table S1A), but ACTB is
more intolerant (43 distinct MVs, 0.02% population
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frequency) than ACTG1 (149 MVs, 0.05% population fre-
quency) (Table S1).**

Next, we compiled clinical information from 290 indi-
viduals (125 new) with ACTB or ACTG1 variants classified
as P/LP*® in various diagnostic laboratories in multiple
countries. This “NMA cohort” comprised 275 individuals
with SNVs in ACTB (n = 145) or ACTG1 (n = 130) and
15 individuals with small deletions removing the entire
ACTB or ACTG1 gene (Table S2). The cohort’s age range
spanned 20 weeks gestation to 60 years, with 54% males
and 46% females. The phenotype profiles of individuals
in the NMA cohort, as expected, were highly variable.

ACTB and ACTG]I variants, therefore, have remarkably
different population profiles. These observations support
their different biological roles in humans. Our initial exam-
ination of the clinical data revealed impressive heterogene-
ity, indicating the need for systematic in-depth analysis.

ACTB and ACTGITLoF alleles have distinct clinical
consequences
We devised a variant and phenotypic-led approach to study
the clinical consequences of variations in the two genes
(Figure S1). We first analyzed pLoF variants in our NMA
cohort (Figure 1A). Previously, two conditions have been
described to result from ACTB pLoF variants, i.e., a “pleio-
tropic developmental disorder” due to 7p22.1 chromo-
somal microdeletions or point variants,'® which is
included within BWCFF1 (#243310) in OMIM; and syn-
dromic thrombocytopenia caused by point variants in the
last exon, which has a separate OMIM entry (#620475).*
We compared the phenotypes of individuals either with
microdeletions encompassing ACTB or with individuals’
ACTB pLoF variants expected to undergo or escape
nonsense-mediated decay (NMD) (Figure 1B and
Table S2). Individuals with LoF variants predicted to escape
NMD were initially analyzed separately but exhibited a
phenotype comparable to those with alleles subject to
NMD. Across all three groups, the clinical presentations
were highly overlapping and included mild to moderate
neurodevelopmental delay or borderline to mild intellec-
tual disability, behavioral abnormalities, mild micro-
cephaly, short stature, and brain anomalies (such as heter-
otopia but not pachygyria) as well as various congenital
malformations and variable thrombocytopenia (Note S1).
In contrast, the NMA cohort did not have any P/LP
ACTG1 pLoF point variants. However, we identified seven
individuals with chromosome 17925 deletions shorter
than 1 Mb that encompassed ACTGI1. Deletion carriers
showed variable phenotypes ranging from normal intelli-
gence to borderline intellectual disability with additional
structural anomalies (Table S2). This included a 41.6-kb
deletion including ACTG1 and FSCNZ2 segregating
through three generations in mildly affected and healthy
relatives (Figure 1C). A unilateral polymicrogyria was
observed in two affected family members, both of whom
are high-functioning and show only mild neurodevelop-
mental involvement. FSCN2 encodes the actin-bundling

protein fascin-2 that crosslinks actin filaments into
bundles within dynamic membrane protrusions, and its
pLI score is O, indicating that its haploinsufficiency alone
is unlikely to cause a monogenic disorder."”

ACTG1 shows a loss-of-function observed/expected
upper bound fraction (LOEUF) of ~0.62, indicating
no marked depletion of pLoF. Considering the preva-
lence of the ACTGI1 pLoF variants in the population
datasets, ACTG1 pLoF point variants are unlikely to be
pathogenic. Chromosome 17q25.3 deletions involving
ACTG1 and flanking genes could cause a contiguous
gene deletion syndrome with variable penetrance, which
requires further studies.

ACTB or ACTGImissense and in-frame variants result
in multiple NMAs

Next, applying a structured classification strategy
(Figure S1) on individuals with missense or in-frame vari-
ants in the NMA cohort, we identified 73 individuals
whom we categorized into ACTB-BWCFF1 and 40 with
ACTG1-BWCFF2 (Figures 2A and 2B). BWCFF can be diag-
nosed in an individual with a (likely) pathogenic MV in
ACTB or ACTG1 if this individual presents with (1) the
specific facial dysmorphism (typically including hyperte-
lorism, high-arched eyebrows, ptosis, long palpebral fis-
sures with everted lower lid, broad nasal tip, long smooth
philtrum, large mouth with thin upper lip, grooved chin,
and large vertically oriented ears) and/or (2) frontal
predominant pachygyria. Expert consensus description
of the specific features is summarized in Note S2.

Sixty individuals presented with ACTG1-isolated hearing
loss (HL) and 13 with ACTB-DDS1. Detailed inspection of
the clinical data of the remainder showed that eight individ-
uals with five ACTBMVs/in-frame indels presented with fea-
tures similar to those of individuals with ACTB pLoF vari-
ants (Figure 1B1-1B6). Here, the main criterion was the
overlap of the subjects’ facial gestalt with that observed in
individuals carrying deletions encompassing ACTB or vari-
ants predicted to result in NMD. These defining features
are detailed in Note S1. Importantly, none of these individ-
uals presented with the frontal predominant pachygyria, a
clinical symptom specific for BWCFF.

The remaining 65 individuals exhibited heterogeneous
phenotypes that were not compatible with any of the
previously mentioned actinopathies and did not show
a recognizable facial gestalt even if some individuals
presented with minor facial anomalies (grouped as un-
specified non-muscle actinopathy or unNMA) (Figures
2C and 2D). We suggest that more distinct entities will
be identified within this cohort in the future.

This classification revealed detailed clinical character-
istics and variant spectrum for each NMA subtype
(Notes S1-S5).

Note that multiple congenital malformations; e.g., heart,
urinary tract, skeletal, and gastrointestinal anomalies, were
more prevalent in the BWCFF group but were also observed
in individuals with ACTB LoF and unNMA. Apart from
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Figure 2. Missense variants in ACTB and ACTGTresult in several distinct disorders
(A) Number and distribution of missense variants in ACTB and ACTG1 resulting in the Baraitser-Winter cerebrofrontofacial syndrome
(BWCEFF); ACTB (blue bar) and ACTG1 (orange bar) with every 50th amino acid numbered in both gene models. The borders of coding
exons are marked with dashed lines.
(B) Representative facial gestalt in individuals with the BWCFF syndrome. Shown are individuals #1 (180-G), #2 (194-G), #3 (23-B), #4
(ID_09), #5 (47-B), and #6 (45-B), with subjects’ IDs corresponding to those listed in Table S2. Note that individuals #5 and #6 carry the
same ACTB hotspot variant at position Arg196, and that individuals in images 5 and 6 carry the same ACTB hotspot variant at position

Argl9e6.

(C) Number, distribution, and clinical consequence of the missense variants in ACTB and ACTG1 not resulting in BWCFF; gene models
and amino acid numbering are as described above.

(D) Representative facial gestalt in individuals with unspecified non-muscle actinopathies (unNMA) due to variants in ACTG1 (1-4)
and ACTB (5 and 6). Note that images 3 and 4 show affected individuals from the same family. Shown are individuals #1 (35-G),
#2 (119-B), #3 (47-G), #4 (48-G), #5 (20-B), and #6 (193-G), with subjects’ IDs corresponding to those listed in Table S2.
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Figure 3. Broad clinical spectrum of non-muscle actinopathies

(A) Distribution of 290 pathogenic variants in ACTB and ACTG1 within different disorders of NMA spectrum. BWCFF, Baraitser-Winter
cerebrofrontofacial syndrome; del, whole-gene deletion; MV, missense variant; pLoF, putative loss of function.

(B) t-SNE visualization of three major NMA phenotypes in GestaltMatcher analysis. NMA-BWCFF indicates three individuals who were
not reliably classified as BWCFF or unNMA based on the facial gestalt. Note that GestaltMatcher analysis allocated all three individuals
within the BWCFF group.

(C) Phenogrid demonstrating frequencies of selected clinical features in individuals with pLoF in ACTB, microdeletions encompassing
ACTB (ACTB del) or ACTG1 (ACTG]1 del), and non-truncating ACTB variants resulting in unstable protein (ACTB func.LoF), BWCEFF,
dystonia-deafness syndrome (DD), hearing loss (HL), and unspecified non-muscle actinopathy (unNMA). Individuals with incomplete
clinical information were counted as “clinical feature not present” except for gastrointestinal (GI) anomalies. For GI anomalies,
individuals with unknown status were excluded from the calculation. The presence of dystonia was analyzed in individuals older
than 18 years.

(D) Phenotypic similarity between subgroups of subjects. To assess whether individuals within each subgroup are phenotypically
coherent, we simulated a control distribution by repeatedly computing the mean pairwise distance in batches of randomly sampled
individuals from the GestaltMatcher database (i.e., individuals with different syndromes). Each subgroup’s mean within-group
distance d(C) was then compared to this control distribution. The BWCFF subgroup showed the strongest intra-group similarity
(d =0.82, 1.61st percentile), followed by ACTB LoF (d = 0.86, 4.35th percentile). The unNMA-based subsets were less extreme but still
below random expectation: ACTB_unNMA d = 0.91 (15.90th percentile), unNMA d = 0.92 (18.95th percentile), and ACTG1_unNMA

(legend continued on next page)
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rare exceptions, we found that individuals with the same
variants generally had highly overlapping clinical features
and were classified into the same NMA subtype. Notably,
however, we detected substantial differences in severity
within the same subtype. We found the variant spectra to
be much larger than previously recognized for all NMAs,
apart from ACTB-DDS1, which seems to be caused only
by ACTB:p.Arg183Trp. Interestingly, we observed that for
certain positions, the same substitution in ACTB or in
ACTGI can cause different NMAs.

These data show that ACTB or ACTG1 protein-altering
variants (PAVs) result in multiple NMAs. While specific
variants exhibit reproducible genotype-phenotype corre-
lations, we recognize that not all pathogenic variants in
ACTB or ACTG1 will necessarily act with similar predict-
ability, and that phenotypic outcome may in some cases
depend on variation at other loci and/or environmental
influences.

Notably, the broad spread of PAVs across most NMAs
suggests that these variants (with a possible exception
of ACTB:p.Argl183Trp [c.547C>T]) are unlikely to be
gain-of-function.” The differences of phenotypes of
most ACTB/ACTG1 PAVs versus LoF variants indicate
that these missense/in-frame variants are unlikely to
result in simple LoF. Hence, most of these variants
possibly act in dominant-negative manner or result in
loss of different subfunctions.?” The heterogeneity of
associated clinical features suggests that their cellular
consequences could be context dependent.

Genetic and clinically led classification of NMAs is
accurate and has important clinical implications
To test our clinically led classification (Figure 3A), we
subjected our conclusions to objective validation. First,
objective analysis of the craniofacial features using the
photographs available to us using GestaltMatcher®**®
confirmed our classification orthogonally (Figures 3B,
3D, §4, and S5; Table S5). Next, we compared the clinical
features of all the NMAs (Figure 3C) and mapped the
summarized trends in the severity of intellectual/neuro-
logical and the number of congenital anomalies or
affected organs (Figure 3E). This revealed an extraordi-
narily broad clinical spectrum, ranging from individuals
who appear to be unaffected (e.g., small chromosomal de-
letions across ACTGI1) or relatively mildly affected (e.g.,
ACTB pLofF variants) to individuals who die in utero.
These results show that our genetic and clinically led
classification of NMAs is reasonably accurate, and that
the clinical differences between NMAs have implications
for their accurate diagnosis, management, prognosis, and
surveillance (expert opinion recommendations are sum-
marized in Notes S1-S5).

ACTB MVs associated with LoF phenotype result in
abnormal folding or impact actin thermal stability
Eight individuals with five ACTB MVs/in-frame indels
presented with clinical features similar to those of indi-
viduals with ACTB pLoF variants. According to
SpliceAI*? predictions, none of these MVs are expected
to affect ACTB splicing. Therefore, we hypothesized
that some ACTB MVs might result in protein instability
and degradation. We generated recombinant mutant
BCYA proteins for in vitro characterization of a selection
of these variants (Figure 4A). Protein purification
could not be achieved for BCYA with two variants
(p-Met313Arg [c.938T>G] or p.Ser338_Ile341del [c.1012_
1023del]; Figure S6), indicating a possible defect
with protein folding and/or stability. In contrast, other
tested variants could be purified in sufficient quantity
(Figure 4B). Among these, one variant (p.Gly302Ala
[c.905G>C]) showed a significantly reduced stability
(Figure 4C). We confirmed the previously observed
mild reduction in stability for p.Arg183Trp** and de-
tected no further differences in thermal stability between
the wild-type and the remaining four MVs analyzed in
this study (Figure 4D).

Using dermal fibroblasts from individuals with ACTB-
pLoF disorder, we quantified the amount of pCYA and
yCYA produced in the affected individuals’ cells by
western blot. Intriguingly, we did not observe a signifi-
cant reduction of BCYA production in cells with ACTB
deletion and LoF variant, nor with the variants with
reduced thermal stability (Figure S7).

Summarizing our data, we suggest that the ACTB-
related “pleiotropic developmental disorder”'” is distinct
from BWCFF1. The phenotype previously described as
“syndromic thrombocytopenia”* substantially overlaps
with the ACTB-related pleiotropic developmental disor-
der. In the expanded cohort, we observed a shared facial
gestalt and confirmed thrombocytopenia in individuals
with ACTB deletions, supporting that these entities
represent a single clinical spectrum that should be
merged under the term “ACTB pLoF disorder.” The
ACTB pLoF-associated disorder may involve three molec-
ular mechanisms: (1) loss of ACTB transcription due to
deletion of one allele, (2) NMD of mRNA containing a
premature stop codon, and (3) production of unstable
BCYA resulting from selected missense or in-frame
ACTB variants.

Actin polymerization and depolymerization
dynamics are significantly altered in BWCFF
syndrome variants

Next, we set out to understand the mechanistic basis
of BWCFF. Using selected recombinant proteins, we

d = 0.93 (22.20th percentile). These results indicate that BWCFF and ACTB LoF groups exhibit pronounced within-group similarity,
whereas the unNMA subsets show modest yet non-random clustering relative to random controls.
(E) Severity grading of the disorders within the non-muscle actinopathy spectrum based on the number of congenital anomalies

and/or affected organs and the severity of intellectual impairment.
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Figure 4. ACTB MVs associated with LoF phenotype result in abnormal folding or impact actin thermal stability

(A) Schematic of the purification strategy for recombinant human pCYA and yCYA (adapted from Greve and Manstein

40) .

(B) SDS gels show purified WT and variant actin isoforms with the exact purification yield listed in the right panel; note three recom-
binant PCYA mutant variants could not be purified. Examples of the immunoblot of Sf9 insect cell lysate are presented in Figure S4.
(C) Differential scanning fluorimetry was used to assess the thermal stability of Mg®"-ATP-G-actin. Representative traces of
experiments with fCYA WT and variants (left) and yCYA (right) in the presence of 0.1 pM Mg>"-ATP. Data are shown as the first
derivative of the obtained protein melting traces. The point of thermal denaturation (T\) is determined from the peak of the
function. Final concentration of actin is 0.2 mg mL™'. Four independent experiments were performed. Means and SD are shown

in the right panel.

investigated the potential impacts of CYA variants on
actin dynamics. ACTB:T1201 (BWCFF1), ACTB:R196H
(BWCFF1), and ACTGI1:T203M (BWCFF2) could be
successfully purified with the thermal stability similar
to the purified control isoforms (Figure 4). We observed
a striking decrease in filament polymerization rates
and faster depolymerization in the cases of ACTB:
R196H and ACTGI1:T203M (Figures SA and S11). All
tested mutants formed co-filaments with WT protein.
The presence of 50% WT protein in the polymeri-
zation experiments attenuated the observed defect in
all but one mutant (Figure 5B). Actin filaments con-
taining both ACTB:T1201 and WT proteins showed
the same polymerization rate as the pure ACTB:T120I
mutant. In comparison, we observed only minor
alterations in the polymerization and depolymer-
ization kinetics of one unNMA-associated variant
ACTGI1:E334Q.*" Similarly, nearly normal dynamics
were demonstrated for the ACTB:R183W, ACTB:
E364K,”* and ACTG1:K118.*

Collectively, we observed significant changes in the
polymerization and depolymerization dynamics of the
selected BWCFF variants, a biochemical property specif-
ically associated with BWCFF and not observed in other
NMA phenotypes (Figure 5D).

The amount of BCYA and yCYA in the primary
fibroblasts from individuals with BWCFF did not differ
from the actin amount in the healthy control cell lines
(Figures S7-S10). Interestingly, we observed no signifi-
cant differences in the transcriptional profiles of the
several BWCFF1/2, DDS1, and unNMA fibroblast cell lines
(Figures S12 and S13).

In silico prediction tools require caution in clinical
applications with novel actin variants

The identification of novel variants in ACTB or ACTG1
classified as (likely) pathogenic according to ACMG
criteria still necessitates a thorough evaluation of their
clinical association. This can be particularly challenging
in individuals with limited clinical data, such as those un-
dergoing prenatal or newborn testing. A clear correlation
between the location of variants in the actin molecule
and their associated phenotypic outcomes is crucial for
predicting the phenotypic outcome of novel variants.
Therefore, we mapped all identified disease-associated sin-
gle amino acid substitutions in fCYA and yCYA onto the
corresponding structures to analyze possible correlations
between the variant’s location within the three-dimen-
sional structure of actin and the phenotype. We observed
no clear phenotype-specific accumulation of variants in
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Figure 5. NMA variants result in diverse polymerization anomalies
(A) Salt-induced actin polymerization assessed by pyrene assay. Scatterplot demonstrates distribution of the measured half-times from
the individual experiments with 2 pM BCYA WT, yCYA WT, and mutant isoforms. Means and SD are indicated; representative traces are

shown in Figure S14.

(B) Same experiment as in (A) repeated with a 1:1 mixture of the WT and mutant proteins.
(C) Dilution-induced actin filament depolymerization assessed by pyrene assay. Scatterplot demonstrates distribution of the measured
half-times from the individual experiments with 20 pM F-actin that is rapidly diluted to 0.2 pM to induce depolymerization. Represen-

tative traces are shown in Figure S14.

(D) Summary of the actin mutants characterized in the current and previous studies. Previously published mutants are marked with a
silcrow with the following references: $S368Lfs*13,** BR183W,** and yK118M."? n.a., not assessable.

specific regions of the actin molecule (Figure S15). Next,
we analyzed the location of the variants in correlation
with regions located on the filament surface (1), involved
in actin-actin interaction (2), interaction with specific
actin-binding proteins (profilin [3], cofilin [4], myosin
[5], and tropomyosin [6]), phosphate, and Mg**as well
as nucleotide coordination (7) (Figure S15). We found
that DD-associated R183W affects one of the key residues
of the nucleotide-binding site. Actin-cofilin, actin-profi-
lin, and actin-myosin interaction sites were enriched for
PVAs associated with unNMA and HL. However, this is a
preliminary observation that is worth further exploration,
but it is insufficient to be applied as an ACMG criterion
for variant pathogenicity.*® Multiple in silico tools gener-
ally classify most rare actin variants as pathogenic; howev-
er, they do not allow any allocation to a specific pheno-
type, emphasizing the importance of the experimental
characterization of the mutant proteins.

Discussion

The combination of large datasets, clinical studies, and com-
plementary biochemical studies led to a coherent functional
classification of the NMA spectrum. It finally delineated
eight distinct NMAs, demonstrating extraordinary pleiot-
ropy and a spectrum of disease severity associated with
ACTB and ACTG]1 variants. Based on our data, NMAs can
be categorized into five clinical entities and three major
functional groups (Figure S16). We hypothesize that this
remarkable number of conditions associated with the two
genes reflects the large number of cellular interactions of
CYAs, with downstream effects being context dependent
and clinical consequences being highly variant specific.
This delineation of disorders has direct implications for
the diagnosis and treatment of affected individuals,
showing the power of large, systematically collected cohorts
in rare diseases.
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Figure 6. Diagnostic workflow supporting clinical interpretation of ACTB/ACTG1 variants

*ACTG1 nonsense or frameshift variants are likely to be classified as benign by ACMG criteria. **Further studies are required to prove
the existence of this disorder; deletions usually involve additional flanking genes and likely have variable penetrance. ***Specific facial
dysmorphism (typically including hypertelorism, high-arched eyebrows, ptosis, long palpebral fissures with everted lower lid, broad
nasal tip, long smooth philtrum, large mouth with thin upper lip, grooved chin, and large vertically oriented ears) and/or frontal pre-
dominant pachygyria with or without other brain and inner organ malformations or minor anomalies. *Specific facial dysmorphism
typical for ACTB LoF (long face, straight eyebrows, deep-set eyes, epicanthus, narrow or flat nasal bridge with broad nasal tip, and large
mouth) without pachygyria; APotential revision of the clinical diagnosis during follow-up.

The clinical association of the novel variant in ACTB or
ACTG1 might be challenging and requires an accurate
assessment of the complete clinical data (expert opinion
in Notes S1-S5). Figure 6 shows a diagnostic workflow
that guides the clinical classification of individuals with

variants in ACTB and ACTG]I. The clinical decision about
the type of NMA is heavily based on the evaluation of
the facial gestalt and requires previous expertise. Figures
1 and 2 show representative images for ACTB LoF disorder,
BWCEFF, and the variability of unNMA phenotypes. We
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recommend complementing the clinical evaluation with
an assessment of the individual’s facial gestalt using Al-
based phenotyping tools.

While the application of the clinical diagnosis “unspec-
ified NMA” may not fully meet the needs of affected
individuals due to its lack of precision, we consider its
use valuable for distinguishing this group from other
phenotypes. It is essential, however, that individuals and
families are informed about the provisional nature of
this designation and are offered regular follow-up, as
more refined clinical definitions may become available
in the future.

Detailed biochemical characterization of disease-associ-
ated variants in pCYA and yCYA is currently limited to a
few reports.*****!=* A recent study investigated the sub-
stitutions at the position R196 in BCYA, confirming the
reduced polymerization rate and faster depolymerization
not only in the presence of R196H but also for R196C
and R196S variants.*® Moreover, this work demonstrates
a significant reduction of the actin-Arp2/3 interaction,
as well as isoform-specific defects in the actin-myosin
interaction. As BWCFF-associated variants are scattered
throughout the whole length of both actin isoforms, we
expect that nearly every variant might have its own
additional variant-specific, either more or less pro-
nounced impact on actin-ABP interaction in addition to
the perturbed actin dynamics that we suggest being a
common molecular mechanism in BWCFF. This might
be one of the factors contributing to the broad clinical
variability of BWCEFF.

In contrast to the striking biochemical abnormalities,
we observed no significant changes in either actin abun-
dance or transcriptional profiles of the cell lines derived
from affected individuals. Patient-derived skin fibroblasts
provide a readily accessible and genetically matched
cellular model widely used for functional studies in rare
genetic diseases.””*’ However, this is not a primarily
affected tissue in individuals with any type of NMAs and
represents a very robust cellular system that might require
specific stimuli to unmask the impact of ACTB and ACTG1
variants. Actin has multiple tissue-specific functions, and
it is possible that expression profiles in different cell types
of the same individuals might be significantly abnormal.
These results emphasize that in vitro modeling and func-
tional validation of actin variants require a careful choice
of the cellular system.

Although both BCYA and yCYA are among the most
abundant cytoplasmic proteins, they also function in
the nucleus.*®*’ Though not addressed in this work, the
dysfunction of the nuclear actin might be an additional
disease mechanism at least for a part of the NMA spec-
trum. What is even more intriguing is that some actin
functions might be regulated not at the protein level but
at the level of the nucleotide sequence.’”®' Biallelic
knockout of Actb in mice is lethal.>? In contrast, mice en-
gineered to express yCYA from the Actb gene were viable,
fertile, and largely unremarkable, except for degenerative

changes in the inner ear and retina during aging.>*>* Cod-
ing sequences of the ACTB and ACTG1 may have indepen-
dent functional significance, regulating the transcription
patterns and translation dynamics of both actin isoforms,
which results in different ribosomal densities specific
to each actin isoform.>> Our cohort comprises 259 indi-
viduals with variants that alter the coding sequences of
ACTB or ACTGI. Although we could demonstrate the
impact of selected PAVs at the protein level, we did not
address the potential impact of these and other variants
on the translational dynamics of actin mRNA. This aspect,
addressed in future studies, might shed light on the nucle-
otide-dependent functionalities of actin and explore an
additional facet in the molecular pathogenesis of NMAs.

Neurodevelopmental and neurological features are
the predominant characteristics of many NMAs. This is
in line with the known importance of CYAs for neurode-
velopment, neural function, and memory.>>>” Variants
in several other genes that control cytoskeletal dynamics,
such as DIAPH1 (MIM: 602121), RAC1 (MIM: 602048),
and CYFIP (MIM: 617978), have been shown to result
in neurodevelopmental phenotypes similar to those of
NMA:s. Our findings underscore the growing appreciation
of the significance of fine-tuned cytoskeletal control
and dynamics in normal development. Furthermore, un-
derstanding of actin dynamics in the neurodevelopmental
context is of greater importance, as several other
monogenic neurodevelopmental disorders are caused
by variants in genes encoding actin regulators and inter-
actors.’®? The actin-ABP network appears particularly
susceptible to variant-specific effects, as several of these
genes result in allelic disorders.®*®° Studies in patient-
derived fibroblasts are inherently limited by their inability
to capture the organ-specific actin dynamics critical to
the pathogenesis of NMA-related NDDs. Neuronal cells
derived from patient-specific pluripotent stem cells
provide a more physiologically relevant model for
studying these mechanisms.°® Moving forward, such sys-
tems should be systematically employed to investigate
neuronal function across distinct NMA phenotypes,
enabling a deeper understanding of genotype-phenotype
correlations and disease-specific pathomechanisms.

In conclusion, the present work improves the diag-
nosis and management of individuals affected by NMA
and raises caution regarding the clinical interpretation
of novel coding and non-coding variants in ACTB and
ACTGI1. These results also reflect the considerable
amount of variant-level collaborative clinical trials and
multi-modal mechanistic studies that may be required
to realize the promise of precision medicine for rare
allelic disorders. While multiplexed assays for variant ef-
fect (MAVEs) may provide valuable functional insights,
the complexity of NMA phenotypes is unlikely to be
resolved by a single experimental approach. Assays
measuring f-actin protein stability are particularly useful
for identifying likely ACTB LoF variants, and polymeriza-
tion/depolymerization assays have proven informative
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for variants causing BWCFF. Other phenotypes, howev-
er, remain mechanistically unresolved and will require
further molecular characterization to define suitable
functional assays. Beyond MAVEs, simple model organ-
isms such as Caenorhabditis elegans offer an attractive
and scalable system to dissect the molecular mechanisms
of actinopathies and to validate variant effects in a phys-
iological context. An initial proof of concept showed that
expression of human actin variants associated with se-
vere or lethal phenotypes in individuals results in com-
parable phenotypic severity in C. elegans, underscoring
the potential of this model to functionally stratify acti-
nopathies.®” Together, these complementary strategies
highlight the progress toward integrating molecular
and clinical data to refine variant interpretation in non-
muscle actinopathies.
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