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H U M A N  G E N E T I C S

Pathogenic variants in SMARCA5, a chromatin 
remodeler, cause a range of syndromic 
neurodevelopmental features
Dong Li1*†, Qin Wang2†, Naihua N. Gong3, Alina Kurolap4, Hagit Baris Feldman4,5, Nikolas Boy6, 
Melanie Brugger7,8, Katheryn Grand9, Kirsty McWalter10, Maria J. Guillen Sacoto10, 
Emma Wakeling11, Jane Hurst11, Michael E. March1, Elizabeth J. Bhoj1, Małgorzata J. M. Nowaczyk12, 
Claudia Gonzaga-Jauregui13, Mariam Mathew14, Ashita Dava-Wala14, Amy Siemon15, 
Dennis Bartholomew15, Yue Huang16, Hane Lee17, Julian A. Martinez-Agosto16, Eva M. C. Schwaibold17, 
Theresa Brunet7, Daniela Choukair19, Lynn S. Pais20, Susan M. White21,22, John Christodoulou21,22, 
Dana Brown23, Kristin Lindstrom23, Theresa Grebe23,24, Dov Tiosano25,26, Matthew S. Kayser3, 
Tiong Yang Tan21,22, Matthew A. Deardorff27, Yuanquan Song2,28*, Hakon Hakonarson1,29

Intellectual disability encompasses a wide spectrum of neurodevelopmental disorders, with many linked genetic loci. 
However, the underlying molecular mechanism for more than 50% of the patients remains elusive. We describe 
pathogenic variants in SMARCA5, encoding the ATPase motor of the ISWI chromatin remodeler, as a cause of a previ-
ously unidentified neurodevelopmental disorder, identifying 12 individuals with de novo or dominantly segregating 
rare heterozygous variants. Accompanying phenotypes include mild developmental delay, frequent postnatal 
short stature and microcephaly, and recurrent dysmorphic features. Loss of function of the SMARCA5 Drosophila 
ortholog Iswi led to smaller body size, reduced sensory dendrite complexity, and tiling defects in larvae. In adult 
flies, Iswi neural knockdown caused decreased brain size, aberrant mushroom body morphology, and abnormal 
locomotor function. Iswi loss of function was rescued by wild-type but not mutant SMARCA5. Our results demon-
strate that SMARCA5 pathogenic variants cause a neurodevelopmental syndrome with mild facial dysmorphia.

INTRODUCTION
Regulation of gene expression by transcription requires a highly coor-
dinated and precise process that involves chromatin regulators and 
modifiers, transcription factors, cohesins, and mediators. The basic 
and dynamic unit of chromatin is the nucleosome, onto which DNA 
is wrapped around an octameric histone complex. Subsequent high- 
order DNA structure requires chromatin remodelers to make DNA 
accessible to alter nucleosome position and, in turn, regulate gene 
transcription using the energy released by adenosine triphosphate 
(ATP) hydrolysis. ATP-dependent nucleosome remodeling not only 
provides an open and accessible chromatin state but also is involved 
in chromatin assembly, nucleosome sliding and spacing, and gene 

repression, which are crucial for a wide range of biological processes 
in normal development including early embryonic development stages 
(1). ATP-dependent nucleosome remodelers, which share similar adeno-
sine triphosphatase (ATPase) domains and have an affinity to the 
nucleosome, are categorized into four subfamilies based on their 
unique domains and associated subunits: SWI/SNF, ISWI (imitation 
switch), CHD (chromatin helicase DNA binding), and INO80/SWR1.

A number of neurodevelopmental disorders have been linked to 
pathogenic variants in genes encoding chromatin remodelers and as-
sociated subunits, including the SWI/SNF subunits ARID1A [Mendelian 
Inheritance in Man (MIM): 603024], ARID1B (MIM: 614556), 
ARID2 (MIM: 609539), SMARCA4 (MIM: 603254), SMARCB1 
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(MIM: 601607), SMARCE1 (MIM: 603111), SMARCD1 (MIM: 601735), 
SMARCC2 (MIM: 601734), and DPF2 (MIM: 601671) in Coffin-Siris 
syndrome (2–8); SMARCA2 (MIM: 600014) in Nicolaides-Baraitser 
syndrome (MIM: 601358) (9, 10); BCL11A (MIM: 606557) in Dias- 
Logan syndrome (MIM: 617101) (11); ACTL6B in intellectual 
developmental disorder with severe speech and ambulation defects 
(MIM: 618487) (12); ACTB (MIM: 102630) and ACTG1 (MIM: 102560) 
in Baraitser-Winter syndrome (13); CHD subunits CHD4 (MIM: 
603277) in Sifrim-Hitz-Weiss syndrome (MIM: 617159) (14, 15); 
CHD7 (MIM: 608892) in CHARGE syndrome (MIM: 214800) (16); 
CHD3 (MIM: 602120) in Snijders Blok-Campeau syndrome (MIM: 
618205) (17); ISWI subunits BPTF (MIM: 601819) in neurodevelop-
mental disorder with dysmorphic facies and distal limb anomalies 
(18); and, last, SMARCA1 in Coffin-Siris syndrome–like and Rett 
syndrome–like phenotypes (19, 20).

ISWI is one of the well-studied chromatin remodeling complexes 
in animal models. Iswi was first identified in Drosophila melanogaster, 
which has a single Iswi ATPase motor protein compared to two in 
humans (21–23). In vertebrates, the ISWI complex is typically com-
posed of two to four subunits, including an ATPase, a catalytic sub-
unit, and a scaffolding component involved in target recognition or 
stabilization. Eight different ISWI-containing chromatin remodeling 
complexes have been identified in humans, including ACF, CHRAC, 
NoRC, RSF, WICH, SNF2H/NURD/Cohesin, CERF, and NURF 
(24–31). All of these complexes contain either the SNF2L or SNF2H 
ATPase subunit encoded by SMARCA1 or SMARCA5, respectively. 
The two proteins share 83% amino acid similarity, and they are inter-
changeable in these complexes (32). Morpholino knockdown of the 
zebrafish SMARCA5 ortholog results in decreased body size and 
reduced cardiac ventricle size (33). A critical role for SMARCA5 in 
mammalian development has also been demonstrated in mice, where 
knockout embryos die during preimplantation stages and conditional 
knockouts lead to substantial reductions in body weight, body size, and 
brain size with cerebellar hypoplasia (34). However, a specific syn-
drome associated with SMARCA5 rare germline variants has not yet 
been described. In addition, whereas SMARCA5 has been implicated 
in neural stem cell proliferation and differentiation (26, 34, 35), the 
spectrum of its functions in the nervous system remains undeter-
mined, with the underlying mechanisms largely underexplored.

Here, we report 12 individuals (6 females and 6 males) from 10 
unrelated families assembled through international collaborations 
with germline variants in SMARCA5. These individuals share the core 
presentations of mild developmental delay, postnatal microcephaly, 
short stature, and mild facial dysmorphia. Using a Drosophila model, 
we found that Iswi loss-of-function (LoF) results in a spectrum of 
neurodevelopmental abnormalities including reduced body/brain size, 
dendrite and axon mispatterning, and behavioral deficits. These 
findings mirror the key growth and cognitive phenotypes present in 
affected individuals. More importantly, human wild-type (WT) 
SMARCA5 but not affected individuals’ variants rescue these pheno-
types, confirming their pathogenic role in these models. Together, 
these data describe a novel syndromic neurodevelopmental disorder 
caused by pathogenic variants in the SMARCA5 gene.

RESULTS
Clinical presentations of individuals with SMARCA5 variants
After identifying de novo or dominantly inherited variants in 
SMARCA5 in each family, we assembled the cohort of 12 individuals 

through the assistance of GeneMatcher (36). Individual 3 was re-
cruited from the Deciphering Developmental Disorders (DDD) study. 
Clinical phenotypes overlapped and are summarized in Table 1, and 
detailed data are compiled in table S1. The majority of the probands 
(8 of 10; 80%) had neurodevelopmental disorders with develop-
mental delays in some area, but most delays were mild. Because de-
tailed developmental history information was inadequate for the 
two adult individuals (mother and maternal grandmother of indi-
vidual 4), their degree of neurodevelopmental delay is unclear. While 
all probands have normal hearing, mild (N = 4) or severe (N = 2) 
speech delay was present in six probands (60%; 6 of 10), with the age 
of first words ranging from 12 to 27 months. Motor delay was re-
ported in six probands (60%), with the age of walking ranging from 

Table 1. Summary of clinical characteristics associated with 
heterozygous SMARCA5 variant.  

Clinical findings Number of 
individuals/assessed Percentage

Gender 6 female and 6 male

Neurodevelopment

 Prenatal 
microcephaly 3/7 43%

 Postnatal 
microcephaly 9/12 75%

 Postnatal short 
stature 10/12 83%

 Failure to thrive 8/10 80%

 Hypotonia 5/10 50%

 Developmental 
delays 8/10 80%

 Motor delay 6/10 60%

 Speech/language 
delay 6/10 60%

 Behavioral problems 3/10 30%

Facial feature

 Blepharophimosis/
short palpebral 
fissures

9/11 82%

 Epicanthal folds 4/11 36%

 Periorbital fullness 8/9 89%

 Wide/prominent 
nasal bridge 8/9 89%

 Short/smooth 
philtrum 8/10 80%

 Thin or tented upper lip 8/10 80%

 Broad, arched, 
sparse, or horizontal 
eyebrows

11/11 100%

 Prominent ears or 
attached ear lobes 9/10 90%

Other abnormalities

 Limb abnormalities 10/11 91%

 Eye/vision 5/12 42%

 Seizures 2/12 17%
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15 to 48 months. Hypotonia was found in five probands (50%), and 
peripheral hypertonia was noted in individual 4 during infancy. Re-
garding cognition, four probands had mild intellectual disability and 
one had severe intellectual disability (50%). A formal diagnosis of 
autism spectrum disorder was made in only individual 3, and attention 
deficit disorder/attention-deficit/hyperactivity disorder was detected 
in three probands (30%). A brain magnetic resonance imaging scan 
was performed for seven probands and brain computed tomography 
scan or head ultrasound for two additional probands, showing gen-
erally normal morphology, although individual 11 showed mildly 
delayed myelination and periventricular occipital gliosis and indi-
vidual 12 showed Chiari malformation type 1. Seizures occurred in 
two probands (20%). Postnatal microcephaly [head circumference 
(HC) ≤ −2 SD], short stature (height ≤ −2 SD), and failure to thrive, 
which were concomitant with feeding difficulties, were present in 
eight probands (80%), among whom two individuals had birth weight 
below −2 SD, one had birth length below −2 SD, and three had birth 
HC less than −2.5 SD. The mother (individual 5) of proband 4 also had 
short stature and microcephaly when evaluated at age of 39 years old, 
and her mother (individual 6) also had short stature. Two individuals 
in the cohort, individuals 10 and 11, had normal postnatal height and 
weight, with individual 11 having a normal head circumference and 
individual 10 having macrocephaly. Eight of nine probands in this 
cohort (89%) had some type of abnormalities of extremities, includ-
ing brachydactyly (two of five), clinodactyly (three of seven), 2-3 toe 
syndactyly (two of seven), and hallux valgus/sandal gap (six of seven), 
whereas cardiac, gastrointestinal, and genitourinary defects were 

uncommon (table S1). Individual 2 had multiple cardiac septal defects 
and a noncompaction dilated cardiomyopathy, with no causative 
variants in known cardiac genes identified by her clinical exome 
sequencing. A dermatologic finding, café au lait macule, was identi-
fied in two individuals (individuals 3 and 9), who had the recurrent 
variant, c.1301_1306del, p.(Ile434_Leu435del). Photographs from all 
participants show a number of shared craniofacial features, including 
blepharophimosis and/or short palpebral fissures with or without 
almond-shaped eyes (9 of 11), periorbital fullness (8 of 9), epicanthal 
folds (4 of 11), a wide/prominent nasal bridge (8 of 9), a short/smooth 
philtrum (8 of 10), a thin or tented upper lip (8 of 10), broad, arched, 
sparse, or horizontal eyebrows (11 of 11), and prominent ears or 
attached ear lobes (9 of 10) (Fig. 1 and table S1). Vision abnormalities 
are reported in 5 of 12 cases, including myopia, hyperopia, strabismus, 
and astigmatism. A search of the ClinVar database noted one addi-
tional individual (ID 599594) with short stature and a de novo 
SMARCA5 variant, c.940A>C, p.(Lys314Gln), although no detailed 
clinical information was available for this subject. Together, these data 
indicated that variants in SMARCA5 are associated with a variable neu-
rodevelopmental phenotype with predominantly mild developmental 
delay and intellectual disability, short stature, and microcephaly.

Identification of SMARCA5 variants
Exome sequencing of the 10 families revealed nine different hetero-
zygous novel variants in SMARCA5 (NM_003601.3), including eight 
variants confirmed to be de novo in nine individuals. Notably, two 
unrelated individuals were found to carry the same de novo variant, 

Fig. 1. Facial photographs of affected individuals with SMARCA5 variants showing dysmorphisms. Individual identifiers correlate with those in table S1. Note the 
similarities in facial appearance with blepharophimosis, short palpebral fissures, periorbital fullness, epicanthal folds, wide and/or high nasal bridge, short and/or flat 
philtrum, thin upper lip, and arched eyebrows. Individual 1: 3.7-year-old male; individual 4: 18-year-old male; individual 5: 39-year-old female; individual 7: 9.5-year-old 
female; individual 10: 3-year-old male; individual 11: 3.6-year-old male. Photo credits: M. A. Deardorff, Children’s Hospital Los Angeles; A. Kurolap and D. Tiosano, Ruth 
Rappaport Children’s Hospital; M. J. M. Nowaczyk, McMaster University; Y. Huang, University of California, Los Angeles; N. Boy, University Hospital Heidelberg.
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c.1301_1306del, p.(Ile434_Leu435del). One missense variant, 
c.1711G>C, p.(Ala571Pro), was identified in a three-generation pedi-
gree with an affected proband, mother, and maternal grandmother. 
These nine variants include one splice-altering variant, c.802-2A>G; 
one in-frame deletion, c.1301_1306del, p.(Ile434_Leu435del); and 
seven missense variants, c.1130A>T, p.(Asp377Val); c.1682C>A, 
p.(Ala561Asp); c.1711G>C, p.(Ala571Pro); c.1775G>A, p.(Arg592Gln); 
c.1855G>C, p.(Glu619Gln); c.2207G>A, p.(Arg736Gln); and c.2677G>A, 
p.(Glu893Lys) (Fig. 2A). All variants were absent in population 
genomics resources (i.e., 1000 Genomes Project, ESP6500SI, and 
gnomAD) and our in-house dataset of >10,000 exomes. All seven 
missense variants were predicted to be deleterious by multiple 
bioinformatic prediction algorithms (SIFT, LRT, MutationTaster, 
CADD, etc.) (table S2). Reverse transcription polymerase chain re-
action (RT-PCR) followed by Sanger sequencing of complementary 
DNA (cDNA) from fibroblasts and a lymphoblastoid cell line (LCL) 
obtained from individual 1 with the splice-altering variant demon-
strated that it causes exon 7 skipping, leading to an in-frame deletion 
of 52 amino acids (p.Ala268_Lys319del) in the highly conserved 
ATPase domain (Fig. 2B). These missense variants (including the 

ClinVar variant) and the small deletions were mapped to a protein 
schematic, and eight variants appear to cluster within or around the 
helicase domains, whereas p.(Arg736Gln) and p.(Glu893Lys) are 
located in the HAND-SANT-SLIDE (HSS) domains (Fig. 2A). Of 
note, all the variants reside in protein locations intolerant to change 
as calculated by the MetaDome server (Fig. 2A and table S2).

To explore the structural impact of the six missense variants within 
or around the helicase domains, the recently published cryogenic elec-
tron microscopy three-dimensional structure (37) of WT SMARCA5 
incorporated with the nucleosome complex was obtained [Protein 
Data Bank (PDB): 6ne3]. SMARCA5 binds to DNA in the nucleo-
some through its ATPase helicase domains, which form a positively 
charged cleft on the binding surface (fig. S1A). The p.(Lys314Gln) 
and p.(Asp377Val) changes result in loss of the positive charge, and 
the p.(Ala561Asp) change introduces a negatively charged side chain, 
which may diminish its anchor of DNA binding (table S2 and 
fig. S1, B and C). Similarly, the p.(Ala571Pro), p.(Arg592Gln), and 
p.(Glu619Gln) changes may disturb hydrogen bonds and structural 
stability, therefore possibly affecting interaction with DNA, histone, 
or adenosine diphosphate (ADP) ligand binding (table S2 and 

Fig. 2. Molecular genetic findings. (A) An intolerance landscape plot generated by MetaDome for SMARCA5 variant analysis (top panel) and a schematic outline of 
SMARCA5 protein showing conserved variants identified in individuals 1 to 12 and ClinVar at the bottom. (B) RT-PCR analysis of individual 1’s fibroblasts and lympho-
blastoid cell line showing the SMARCA5 exon 7 skipping in both cell types because of a splice-altering variant.
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fig. S1, B and C). Recent studies have demonstrated that the acidic 
patch, a negatively charged structure on the surface of the nucleo-
some, is critically important for recruiting chromatin remodelers, 
and an acidic patch binding (APB) motif in SMARCA5 has been 
discovered (38). Notably, the substitution of Arg736, one of the five 
residues in the APB motif, with alanine in SMARCA5 disrupted its 
nucleosome sliding activity (39). It seems reasonable to speculate that 
the replacement of Arg736 with glutamine, similar loss of positive 
charge, and the side chain changing from a large residue to a small one 
could similarly alter its remodeler activity. The three-dimensional 
structure of the HSS domains of WT human SMARCA5 was ob-
tained by using homology modeling with SWISS-MODEL. The x-ray 
structure of Drosophila Iswi at a 1.9-Å resolution was used as a tem-
plate, as it demonstrates 81.25% identity with human SMARCA5 
(PDB: 1ofc) (40). As shown in fig. S1D, residue Glu893 was mapped 
onto the SANT domain helix 3 (SANT3), a recognition helix that 
makes contacts with unmodified histone tails and has an overall 
negatively charged surface. A change from a negatively charged side 
chain to a positively charged one [p.(Glu893Lys)] in the SANT motif, 
which is predicted to disrupt a local salt bridge, may affect SANT 
motif substrate recognition ability to contact histone, and, in turn, 
to hinder ATPase binding.

SMARCA5’s ortholog Iswi plays a key role in Drosophila 
larval development
To gain independent support for pathogenicity of the variants iden-
tified in humans and investigate whether SMARCA5 is required for 
normal development, we studied the Drosophila gene Iswi (Imitation 
SWI), which is orthologous to human SMARCA1 or SMARCA5. 
We first assessed the functional effects of an Iswi LoF mutant, Iswi2, 
on larvae development (41) and found that Iswi2 homozygous 
larvae died before the end of larval stage. For those that survived 
to third instar, body size was substantially smaller than WT larvae 
(Fig. 3, A and B). It was previously reported that Iswi is important 
for chromosome condensation during mitosis, and Iswi LoF leads 
to mitotic recombination defects (41, 42). To investigate whether 
Iswi affects cell mitosis, we performed immunostaining with phos-
phorylated histone H3 (pH3), a proliferation marker for mitotic cells. 
We observed that in the brain lobes, the number of pH3+ positive 
cells was significantly decreased in Iswi2 larvae (Fig. 3, C and D). We 
next asked whether Iswi may play a role in neuronal development. 
To accomplish this, we used Drosophila dendritic arborization (da) 
sensory neurons, which provide a suitable system to study neuronal 
development and dendritic morphology. There are four classes of 
da neurons, with class IV da (C4da) neurons extending the most 
complex and highly branched dendrites (43). We found that in Iswi2, 
the dendrite complexity of C4da neurons was decreased. Both the 
total dendrite length and dendritic branch number exhibited a sig-
nificant reduction (fig. S2, B to D), indicating that Iswi is important 
for dendrite morphogenesis. Furthermore, Iswi LoF also caused a 
tiling defect between C4da neurons ddaC and v’ada. Tiling refers to 
a phenomenon in which the dendrites of adjacent neurons establish 
complete but nonredundant interaction to occupy the space between 
the cell bodies as observed in WT larvae (44). In Iswi2 larvae, however, 
the space is not fully covered because there is a significantly enlarged 
gap in the dendritic field between ddaC and v’ada (Fig. 3, E and F). 
These results suggest that Iswi plays a pleiotropic role during fly 
larval development, highlighting its involvement in neural prolifer-
ation and morphogenesis.

We next expressed Iswi RNAi under the control of elav-Gal4, a pan- 
neuronal driver (45), to determine whether Iswi is cell-autonomously 
required in neurons. Neural-specific knockdown of Iswi leads to 
significantly smaller brain size in adult flies (Fig. 4, A and B). More-
over, in the Iswi knockdown brains, we observed severe structural 
deficits of the mushroom body, the learning and memory center of the 
fly (46). Compared to control, the volume of both the vertical lobe 
and the horizontal lobe is markedly reduced after Iswi knockdown, 
with bilaterally missing vertical lobe and reduction of the horizontal 
lobe (Fig. 4, C to E). Consistent with these findings, Gong et al. 
(47) reported that Iswi knockdown in flies results in mushroom 
body morphologic abnormalities, as well as disrupted sleep, cir-
cadian rhythmicity, memory, and social behaviors, suggesting that 
Iswi is required during development for numerous adult behaviors.

As motor delay was reported in several patients, we next exam-
ined the locomotor function in Iswi knockdown flies by the negative 
geotaxis assay (a climbing test). We found that while ~80% of con-
trol flies climbed to or past the target distance, only a small portion 
of Iswi knockdown flies (less than 20%) showed normal climbing 
ability (Fig. 4F), indicating that neural knockdown of Iswi severely 
impaired the motor skills in flies. Together, these data indicate that 
Iswi is necessary for brain development and function in flies.

SMARCA5 WT but not mutants rescue the defects observed 
after Iswi LoF
To determine the functional consequences of the SMARCA5 vari-
ants identified in individuals 1 and 2, we generated transgenic 
flies with inducible expression of WT SMARCA5 (SMARCA5WT), 
SMARCA5R592Q and SMARCA5268-319del, respectively. We found that 
these variants did not change SMARCA5’s localization in the nucleus 
(fig. S2A). We investigated whether human SMARCA5WT and vari-
ants could rescue the defects observed in Iswi2 larvae and neural- 
specific Iswi knockdown flies. First, we expressed SMARCA5WT 
and the two human variants in Iswi2 larvae under the control of 
Act5C-Gal4, which drives the expression ubiquitously (48), and 
found that SMARCA5WT expression was sufficient to rescue the 
larval body size similar to WT. In contrast, SMARCA5R592Q and 
SMARCA5268-319del only partially rescued the body length in Iswi2 
larvae (Fig. 3, A and B). Second, we examined whether the expres-
sion of WT or mutant SMARCA5 rescued the decreased cellular 
proliferation observed in Iswi2 larval brain lobes. When using the 
elav-Gal4 driver to express SMARCA5WT in Iswi LoF larvae, we found 
that SMARCA5WT robustly rescued the proliferation deficits, while 
no rescue was observed when expressing the two patient variants.

Third, we expressed SMARCA5WT in C4da neurons of Iswi2 larvae 
using the C4da neuron–specific ppk-Gal4 driver (43) and found 
that SMARCA5WT substantially rescued the tiling deficit between 
ddaC and v’ada, resulting in significantly decreased gap area in the 
dendritic field. Perhaps because Drosophila Iswi is the ortholog of 
the human SMARCA1 and SMARCA5, expressing SMARCA5 only 
partially restored the neurodevelopmental defects in Iswi2 (Fig. 3, 
E and F). Notably, both human SMARCA5 variants completely failed 
to rescue the tiling phenotype in Iswi2 (Fig. 3, E and F). Overex-
pressing SMARCA5WT in WT larvae reduced dendritic complexity 
(fig. S2, B to D), similar to the phenotype observed in Iswi2, suggest-
ing that the precise control of Iswi expression is crucial for normal 
dendrite morphogenesis. While the expression of SMARCA5R592Q 
also caused impaired dendrite outgrowth and branching, the dendrite 
length and branch number in SMARCA5268-319del–overexpressing 
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Fig. 3. Iswi LoF leads to developmental defects in Drosophila larvae. (A and B) Compared with WT, larval body size is significantly smaller in Iswi2 third-instar larvae, 
which can be rescued by the expression of SMARCA5WT by Act5C-Gal4. (A) Images showing larvae of different genotypes. Scale bar, 200 m. (B) Quantification of larval 
body length. N = 30 to 41 larvae. (C and D) In the brain lobes of Iswi2 larvae, the number of pH3+ positive mitotic cells is significantly decreased. N = 12 to 17 brain lobes. 
Expressing SMARCA5WT by elav>Gal4 is sufficient to rescue the decreased proliferation in Iswi LoF larvae. (C) The brains were dissected from third-instar larvae and stained 
with pH3. Scale bar, 50 m. (D) Quantification of pH3+ positive mitotic cells; P = 0.0090. (E and F) In Iswi2, C4da ddaC and v’ada neurons exhibit dendritic tiling defects. 
SMARCA5WT, but not patient variants, partially rescues the tiling defects. Scale bar, 50 m. (E) The red dashed circles outline the gap area between C4da ddaC and v’ada 
neurons. (F) Quantification of the gap in C4da neuron dendritic field; N = 17 to 34 dendritic fields from 4 to 5 larvae. All data are means ± SEM. The data were analyzed by 
one-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparisons test; **P < 0.01, ***P < 0.001.
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Fig. 4. Iswi neural-specific knockdown causes abnormal brain structure and motor deficits in adult files. (A and B) Iswi neural-specific knockdown leads to smaller 
brain size compared with control flies. (A) Representative images of fly brains of control and Iswi knockdown flies. Scale bar, 100 m. (B) Quantification of adult fly brain 
volume. N = 6, P = 0.0002. (C to E) Iswi neural-specific knockdown affects mushroom body structure in adult flies. While expressing SMARCA5WT partially rescues the structure, 
the patient variants are not able to rescue mushroom body morphology. Cyan and magenta dashed lines outline the vertical lobe and horizontal lobe of the mushroom 
body in the right hemisphere, respectively. N = 11 to 35 brains. (C) Representative images of fly brains from different groups. Mushroom bodies are marked by FasII staining. 
Scale bar, 100 m. (D) Quantification of vertical lobe volume. (E) Quantification of horizontal lobe volume. SMARCA5WT rescue significantly increases the horizontal lobe 
volume in Iswi knockdown flies. (F) The negative geotaxis test shows that Iswi knockdown leads to locomotion deficit in flies. Expression of SMARCA5WT in Iswi knockdown 
flies is able to rescue the climbing deficit to control levels, while SMARCA5R592Q and SMARCA5268-319del mutants fail to rescue. N = 3 to 12 groups, with each group containing 
10 flies. All data are means ± SEM. The data were analyzed by unpaired t test or one-way ANOVA followed by Tukey’s multiple comparison test; ***P < 0.001.
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neurons were comparable to WT flies without transgenic expression 
of human SMARCA5 (fig. S2, B to D). We did not observe dendritic 
tiling defects in any of the three overexpression transgenic lines. 
These results suggest that although both variants jeopardized normal 
function of SMARCA5, they appear to differ in their mutagenic 
strength and may not be complete LoF.

Last, human WT SMARCA5 partially reversed the mushroom 
body morphologic abnormalities and fully rescued locomotion de-
fects induced by neural-specific Iswi knockdown. We found that the 
expression of SMARCA5WT partially restored horizontal lobe 
volume of the mushroom body, although it had little effect on the 
vertical lobes (Fig. 4, C to E). Comparatively, expressing either 
SMARCA5R592Q or SMARCA5268-319del was unable to rescue the mor-
phological defects. In the negative geotaxis test, SMARCA5WT fully 
rescued the climbing deficit in Iswi knockdown flies, resulting in 
similar motor performance as control flies, while the patient vari-
ants failed to improve climbing capacity (Fig. 4F).

DISCUSSION
We describe a novel syndromic neurodevelopmental disorder caused 
by de novo or dominantly inherited variants in SMARCA5, a gene 
that encodes an ATPase motor protein in the ISWI chromatin 
remodeler complex and that is extremely intolerant to both LoF 
(pLI = 1) and missense (Z = 5.42) variants based on the gnomAD 
population database. We identified seven missense variants, one 
splice-altering variant that led to exon skipping and in-frame dele-
tion, and one recurrent in-frame deletion in 12 individuals from 
10 unrelated families from around the world. The individuals in our 
study demonstrated a broad range of clinical features, as is not un-
common in neurodevelopmental disorders associated with patho-
genic variants in aforementioned chromatin remodeling complexes 
(i.e., SWI/SNF, CHD, and ISWI) that vary from isolated autism to 
syndromic intellectual disability (5, 17, 49, 50). The most consistent 
clinical findings in our cohort are postnatal microcephaly and short 
stature observed in 10 of 12 individuals as well as developmental 
delay in 8 of 10 individuals, although, again, the severity of these 
delays varies widely from mild to severe (individual 7). Individual 
10 has macrocephaly with a variant outside the helicase C-terminal 
domain, and individual 11 is normocephalic with a variant in HSS 
domains; both of these individuals have delays in motor and speech 
development but have normal stature, illustrating phenotypic vari-
ability. Conversely, individuals 1 and 8 have postnatal microcephaly 
and short stature but normal development with variants in the heli-
case ATP-binding domain. Varying degrees of developmental delay 
have been consistently reported in neurodevelopmental disorders 
associated with pathogenic variants involved in chromatin remod-
eling complexes. Similarly, varying head size ranging from micro-
cephalic to macrocephalic is also frequently observed, for example, 
in SMARCB1 and CHD3 (50, 51). It is widely acknowledged that 
different variants within different functional domains of a gene can 
cause different phenotypes. Although the numbers are relatively 
small, when comparing phenotypes to identified variants, no clear 
genotype-phenotype correlation was established in this cohort. It is 
noteworthy that variants in SMARCA1, which is highly homologous 
to SMARCA5, have been associated with distinct phenotypes such 
as Rett syndrome, Coffin-Siris–like syndrome, and sporadic schizo-
phrenia (19, 20, 52). This can be explained by different temporal 
and spatial expression patterns of both genes, although SMARCA1 

and SMARCA5 could be interchangeably present in the different 
ISWI complexes that often have overlapping and complex-specific 
functions.

SMARCA5 is located at 4q31.21, a region overlapping with the 
deletions observed in the 4q deletion syndrome, which is characterized 
by a broad clinical spectrum and phenotypic variability (53). Review 
of the literature revealed that two subjects have interstitial deletions 
encompassing the SMARCA5 gene. One patient with 14-Mb dele-
tion (4q28.3-31.23) has development delay, growth failure, ventric-
ular septum defect, and craniofacial dysmorphisms (54), whereas the 
other subject with a 6-Mb deletion has only mild speech delay (55). 
Searching the Decipher database returned 14 participants that have 
deletions containing SMARCA5 with a range of heterogeneity in 
clinical findings. Because all of these deletions are larger than 6-Mb 
and include many other genes, it is unclear how haploinsufficiency of 
SMARCA5 contributes to their specific phenotypes, but it suggests 
that heterozygous SMARCA5 deletion is compatible with life. On 
the basis of our findings, we propose that SMARCA5 should be con-
sidered in the context of 4q deletion syndrome.

In general, this novel SMARCA5-associated syndrome reported 
here appears to result in a less severe phenotype when compared to 
other neurodevelopmental disorders due to pathogenic variants in 
ARID, SMARC, and CHD gene families, where almost all of the 
variants occur de novo and parent-child transmission is rarely doc-
umented (50, 56). We present here a three-generation pedigree (for 
individuals 4 to 6) segregating a deleterious missense variant. It is 
interesting to note that individual 4’s maternal grandfather also has 
short stature (indicated in the pedigree; fig. S3); however, he has a 
pathogenic variant in TLK2 [NM_006852.3:c.364C>T, p.(Arg122*)] 
that is associated with “Mental retardation, autosomal dominant 57” 
(OMIM no. 618050), which also includes short stature. This variant 
is not inherited by individuals 5 and 6, as confirmed by exome 
sequencing. Although SMARCA5-associated neurological complica-
tions are generally mild, postnatal proportionate short stature and 
microcephaly are rather predominant, with SDs ranging from −2 
to −4.78 for height, and −2 to −6.21 for head circumference, in 8 
of 10 probands. It has been widely appreciated that many rare 
diseases of the epigenetic machinery demonstrate significant 
phenotype overlap. Individuals presented here have craniofacial 
dysmorphisms, and some facial features overlap with SMARCA2- 
associated blepharophimosis intellectual disability syndrome (57), 
including blepharophimosis, short palpebral fissures, epicanthal 
folds, high arched and sparse eyebrows, and short metacarpals. 
Recently, pathogenic variants of BPTF, encoding a noncatalytic sub-
unit of ISWI complex, have been implicated in a neurodevelopmental 
disorder (18). Phenotype comparison of BPTF- and SMARCA5- 
associated disorders reveals additional similarities, including devel-
opmental delay, intellectual disability, motor delay, speech delay, 
failure to thrive, dysmorphisms, and limb abnormalities. Overall, 
individuals with the SMARCA5-associated phenotypes appear to 
share similar dysmorphic features and clinical histories, including 
blepharophimosis, short palpebral fissures, periorbital fullness, 
wide/high nasal bridge, a thin or tented upper lip, short/smooth 
philtrum, high arched, sparse, or broad eyebrows, and hallux valgus, 
but each of the shared clinical findings is relatively nonspecific. 
Additional individuals and further assessment will be required to 
further clarify the clinical spectrum and constellation of features 
associated with this novel disorder to subsequently assist in the 
clinical diagnosis; however, SMARCA5 gene sequencing should be 
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considered in patients with failure to thrive, short stature, micro-
cephaly, and dysmorphic features.

Our phenotypic analyses in the fly Iswi LoF models and human 
patients emphasize the pleiotropic and critical role of SMARCA5 
and the SNF2H-containing chromatin remodeling complexes in 
nervous system development. We observed that LoF mutants of its 
Drosophila ortholog Iswi led to decreased larval body size and 
sensory dendrite complexity, together with a tiling defect. Such 
dendritic defects have also been described in cerebellar Purkinje 
neurons in conditional knockout of Snf2h in mice (34). In addition, 
analyses of pan-neuronal knockout and telencephalon-specific 
knockout of Snf2h in mice have both revealed a smaller brain 
phenotype (34, 58). Apart from its previously reported function in 
cell proliferation/stem cell self-renewal (59) and hence smaller head/
microcephaly, we identified its requirement in postmitotic neurons. 
Specifically, we found that Iswi LoF leads to defects in sensory neu-
ron dendrite tiling and mushroom body development, highlighting 
its underappreciated role in neural circuit assembly (47). This likely 
contributes to the behavioral deficits such as impaired locomotion 
in the Iswi knockdown flies and intellectual disability, hypotonia, 
and speech delay in patients. Nevertheless, the patient variants, 
SMARCA5R592Q and SMARCA5268-319del, largely failed to replace 
Iswi in flies, highlighting the functional effect of the variants that we 
identified. Given that both variants could partially rescue the reduced 
body size in Iswi2, and that the overexpression of SMARCA5R592Q in 
neurons affects their dendrite morphology, these two variants may 
not be complete LoF alleles and may retain partial function, allow-
ing it to interact with the dendrite morphogenesis machinery. Mod-
eling variants in the three-dimensional structure suggests that they 
may disrupt interactions of SMARCA5 with the nucleosome and, 
in turn, affect ATPase binding. An emerging question is how 
SMARCA5 and, more generally, the chromatin remodelers exert 
their diverse functions under various developmental scenarios. 
Therefore, an imminent task is to identify the DNA substrates pro-
cessed by the remodelers at a particular time point and in a specialized 
tissue niche, which could be potential therapeutic targets. Together, 
our functional studies of the SMARCA5 missense variants suggest 
that they are hypomorphic alleles, although a dominant effect mech-
anism through competitive inhibition of the WT functional allele in 
the ISWI complex is also possible.

In summary, we identify and phenotypically characterize a novel 
neurodevelopmental syndrome that overlaps with conditions caused 
by variants in different subunits of chromatin remodeling complexes. 
Frequent features include postnatal short stature and microcephaly, 
in addition to shared dysmorphia. Our findings in a fly in vivo 
model highlight the important and previously underappreciated role 
of the ISWI family proteins in dendrite morphogenesis, neural 
circuit formation, and diverse behaviors. In conclusion, this study 
expands the spectrum of ISWI-related disorders and extends the tally 
of causative genes in neurodevelopmental disorders.

METHODS AND MATERIALS
Research participants
Informed consent was obtained from all the families according to 
protocols approved by local institutional review boards and human 
research ethics committees. Permission for clinical photographs was 
given separately. Individual 2 was recruited to the Murdoch Children’s 
Research Institute’s Undiagnosed Diseases Project Victoria for gene 

discovery after a nondiagnostic clinical exome. Trio exome sequenc-
ing was undertaken at the Broad Center for Mendelian Genomics.

Genetic analysis
Genomic DNA was extracted from whole blood from the affected 
children and their parents. Exome sequencing was performed with 
a variety of standard capture kits, and data analysis was performed 
independently. In patients 9 and 11, exome sequencing was per-
formed in the framework of the German project “TRANSLATE 
NAMSE,” an initiative from the National Action League for People 
with Rare Diseases [Nationales Aktionsbündnis für Menschen mit 
Seltenen Erkrankungen (NAMSE)] facilitating innovative genetic 
diagnostics for individuals with suggested rare diseases. RNA was 
extracted from fibroblasts, and an LCL was obtained from individual 1 
and control LCLs using the RNeasy Mini Kit with on-column DNaseI 
digestion (Qiagen, catalog nos. 74104 and 79254), according to the 
manufacturer’s instructions. Total RNA (2 g) was reverse-transcribed 
to cDNA with the High Capacity cDNA Reverse Transcription Kit 
(Thermo Fisher Scientific, catalog no. 4368814) using random primers. 
PCR was performed with the cDNA as template using primers 
5′-TTGCACTCGATTTGAAGACTCT-3′ and 5′-AGTTAAGAAGT-
GACCACAGCTC-3′. cDNA from a commercial pooled tissue cDNA 
library (qPCR Human Reference cDNA, random primed; Clontech, 
catalog no. 639654) was included as a control. Subsequent Sanger 
sequencing was performed using the same primers.

Fly stocks
Ppk-CD4tdGFP, ppk-Gal4, UAS-Iswi RNAi, elav-Gal4, UAS-mCD8::GFP, 
and P{CaryP}attP2 have been previously described (47, 60). To 
generate the UAS- SMARCA5WT, UAS-SMARCA5R592Q, and UAS-
SMARCA5268-319del stocks, the coding sequences were cloned into a 
pACU2 vector, and the constructs were then injected (Rainbow 
Transgenic Flies Inc). The experimental procedures have been ap-
proved by the Institutional Biosafety Committee at the Children’s 
Hospital of Philadelphia.

Live imaging in flies
Live imaging was performed as described (61). In brief, embryos were 
collected for 2 to 24 hours on yeasted grape juice agar plates and were 
aged at 25°C. At 96 hours after egg laying, larvae were mounted in 
90% glycerol under coverslips sealed with grease and imaged using 
a Zeiss LSM 880 microscope. Neurons were reconstructed with 
Neurostudio for dendrite morphology analyses.

Immunohistochemistry
Third-instar larvae were dissected, and tissues were subjected to 
immunostaining as described according to standard protocols. The 
following antibodies were used: mouse anti-FLAG antibody (F3156, 
1:1000, Sigma-Aldrich), rat anti–histone H3 (phospho-S28) antibody 
(ab10543, Abcam, 1:500), and fluorescence-conjugated secondary 
antibodies (1:1000, Jackson ImmunoResearch).

Negative geotaxis test
Negative geotaxis was performed as described previously (62). 
Three days after eclosion, 10 flies of the same genotype were placed 
in a 20-cm-high vial. After 2-min adaptation, the vial was gently 
tapped against the table so the flies would be knocked to the bottom 
of the vial. The pass rate is defined as the percentage of flies climbing 
beyond the 8-cm mark within 10 s. Each vial was assayed 10 times, 
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and the average pass rate is defined as the average across 10 trials. 
Male and female flies were picked randomly.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/20/eabf2066/DC1

View/request a protocol for this paper from Bio-protocol.
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