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Abstract 

ZMIZ1 is a coactivator of several transcription factors, including p53, the androgen receptor 

and NOTCH1. Here, we report 19 subjects with intellectual disability and developmental 

delay carrying variants in ZMIZ1. The associated features include growth failure, feeding 

difficulties, microcephaly, facial dysmorphism, and various other congenital malformations. 

Fourteen unrelated subjects carried de novo heterozygous single nucleotide variants (SNVs) 

or single-base insertions/deletions, three siblings harbored a heterozygous single-base 

insertion, and two subjects had a balanced translocation disrupting ZMIZ1 or involving a 

regulatory region of ZMIZ1. In total, we identified 13 point mutations that affect key protein 

regions, including a SUMO acceptor site, a central disordered alanine-rich motif, a proline-

rich domain and a transactivation domain. All identified variants were absent from all 

available exome/genome databases. In vitro, ZMIZ1 showed impaired coactivation of the 

androgen receptor. In vivo, overexpression of ZMIZ1 mutant alleles in developing mouse 

brains using in utero electroporation resulted in abnormal pyramidal neuron morphology, 

polarization and positioning, underscoring the importance of ZMIZ1 in neural development 

and supporting mutations in ZMIZ1 as the cause of a rare neurodevelopmental syndrome. 
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Main text 

Intellectual disability (ID) defines a diverse group of neurodevelopmental disorders 

that have a global prevalence of approximately 1% 1. ID is highly heterogeneous and can be 

categorized into syndromic and nonsyndromic forms. More than 1,000 underlying genetic 

causes of ID have been identified to date 2-4. Some of the genes previously associated with 

ID encode transcriptional regulators and are structured within a group of conditions called 

“transcriptomopathies” 5-7. Subjects with these syndromes may share a number of clinical 

features in addition to ID and developmental delay (DD), including growth restriction and 

facial dysmorphisms. 

ZMIZ1 (also known as ZIMP10 or RAI17, [MIM 607159]) is a transcriptional 

coregulator of the Protein Inhibitor of Activated STAT (PIAS)-like family. PIAS-like proteins 

do not bind DNA directly but regulate other DNA-binding transcription factors, generally 

through sumoylation 8. In addition, ZMIZ1 enhances the transcriptional activity of the tumor 

suppressor protein p53 9 and the androgen receptor (AR) 10. ZMIZ1 is also involved in the 

transcriptional activation of a subset of NOTCH1 target genes, including MYC ([MIM 

190080]). Through its direct interaction with NOTCH1, ZMIZ1 plays a role in T lymphocyte 

development 11; 12. As NOTCH1 is directly involved in the regulation of cell fate during both 

neuronal and glial cell developments 13-15, a role for ZMIZ1 in neural development is equally 

plausible. Like other PIAS, ZMIZ1 is predicted to function as an E3 SUMO ligase. Sharma et 

al. 10 indeed demonstrated that ZMIZ1 co‐localizes with AR and SUMO‐1 in the nucleus and 

forms a protein complex at replication foci. They also showed that ZMIZ1 enhances 

sumoylation of AR and that the increase of AR activity by ZMIZ1 is dependent on the 

sumoylation of the receptor using AR mutated at sumoylation sites 10. In 2015, Cordova-

Fletes et al. reported a girl with ID and neuropsychiatric symptoms with a de novo balanced 

translocation, t(10;19)(q22.3;q13.33) that resulted in gene fusion between ZMIZ1 (chr10) and 

PRR12 (chr19, [MIM 616633]) thereby disrupting the zinc-finger motif of ZMIZ1 (however this 

study was by nature unable to attribute the observed phenotype to either ZMIZ1 or PRR12) 

16. More recently, Liu et al. showed that an enhancer of ZMIZ1 harbors recurrent single 
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nucleotide variations (SNVs) in autism spectrum disorder 17. Finally, animal models also 

suggest a role for ZMIZ1 in embryonic development, as mice homozygous for a null mutation 

in ZMIZ1 display embryonic lethality during organogenesis, with yolk sac vascular 

remodeling failure and abnormal embryonic vascular development 18. 

Here, we report 19 subjects (16 unrelated) with a syndromic form of ID/DD due to 

variants in ZMIZ1, which were identified by whole-exome or genome sequencing. The 

compilation of this series of subjects resulted from a transatlantic collaborative effort between 

University of Strasbourg (Strasbourg, France), Nantes University Hospital (Nantes, France), 

Dijon University Hospital (Dijon, France), Rouen University Hospital (Rouen, France), Necker 

Hospital/Imagine Institute (Paris, France), Lyon University Hospitals (Lyon, France), Baylor 

Genetics Laboratories (Houston, TX, USA), ARUP Laboratories (Salt Lake City, UT, USA), 

HudsonAlpha Institute for Biotechnology (Huntsville, AL, USA), Princess Anne Hospital 

(Southampton, UK), Medical University of Warsaw (Warsaw, Poland), Boston Children’s 

Hospital (Boston, MA, USA), University of Washington (Seattle, WA, USA) and GeneDx 

(Gaithersburg, MD, USA). The study was also partly facilitated by the web-based tools 

GeneMatcher 19, MyGene2 20, DECIPHER 21 and Matchmaker Exchange 22. All subjects were 

clinically assessed by at least one experienced clinical geneticist from the participating 

centers. All sequencing (whole exome, genome and Sanger) was performed after written 

informed consent for either clinical sequencing and/or center-specific institutional review 

board approved research sequencing. Consent for published images (Figure 1) were 

obtained from all parents/legal guardians. All procedures were performed in accordance with 

the Helsinki Declaration. The main clinical features of the cohort are summarized in Table 1. 

More detailed clinical information for all subjects is provided in Table S1 and Supplemental 

Note: Case Reports. 

All subjects from the series exhibited ID/DD (n=19). Growth failure and feeding 

difficulties were each reported in 10 and 9 subjects, respectively. Five subjects had 

microcephaly (subjects #3, #5, #9, #16 and #19 with SD -2.2, -3.0, -2.2, -2.0 and -2.0, 

respectively). All subjects had additional neurological features, including motor delay (n=12), 
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speech delay (n=15), abnormal behavior (n=13), seizures (n=3), hypotonia (n=10) and 

hearing loss (n=4). Thirteen subjects had other congenital malformations, including 

ventricular septal defects (n=2), abnormal mitral valve (n=1), patent ductus arteriosus (n=1), 

renal pelviectasis (n=1), cryptorchidism (n=2), vesicoureteral reflux (n=3) and atrophic kidney 

(n=1). Eleven subjects had additional ophthalmologic anomalies, i.e., decreased vision (n=1), 

ptosis (n=3), glaucoma (n=1), hypermetropia (n=2), astigmatism (n=1), myopia (n=1), Duane 

syndrome (n=1), nasolacrimal duct stenosis (n=1), coloboma of the retina (n=1) and 

amblyopia (n=1). Nine subjects had skeletal defects including joint hypermobility (n=8), 

pectus excavatum (n=1), scoliosis (n=3), spondylolisthesis (n=1), and finally, abnormalities of 

the feet (bilateral 2/3 toe syndactyly n=6; cone-shaped epiphyses n=2; bilateral clubfeet n=2; 

short toes n=1), hands (short fingers n=6; long fingers n=1, tapered fingers n=1; 

brachydactyly n=1), and palate (n=3). Craniofacial dysmorphisms were observed in 16 

subjects (see Figure 1, as well as Table S1 and Supplemental Note: Case Reports for 

details). 

All ZMIZ1 variants and genomic alterations reported in this work are detailed in Table 

2. Protocols for single- or trio-based whole-exome/genome sequencing and Sanger 

sequencing were previously described 4; 23-28 (see also Supplemental Methods). None of the 

variants identified here were present in gnomAD 29, the Exome Variant Server 30, and an 

internal database of 550 exomes. Aside from one family (subjects #13, #14 and #15) for 

whom parental samples were unavailable, all variants were shown to be de novo (Figure S1). 

The variants were all predicted to be disease-causing by various bioinformatics tools and to 

affect specific functional domains of the protein (Table 2; Figure 2A). Two additional subjects 

(#18 and #19) with balanced de novo translocations between chromosomes X and 10 

(46,XX,t(X;10)(q27;q23)), and 10 and 12 (46,XX,t(10;12)(q22.2;q24.3)) respectively, were 

identified by blood karyotyping. The breakpoints on the X chromosome (Xq27.3, 

chrX:143274164_143274161, GRCh37) and on chromosome 10 (10q22.3, 

chr10:80552343_80552344, GRCh37) for the t(X;10)(q27;q23) translocation, and on 

chromosome 12 (12q24.32, chr12:128533508_128533517, GRCh37) and chromosome 10 
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(10q22.3, chr10:81010865_81010871, GRCh37) for t(10;12)(q22.2;q24.3) translocation were 

defined by whole-genome sequencing (Table 2). While the t(10;12)(q22.2;q24.3) 

translocation of subject #19 disrupts the ZMIZ1 gene, no gene is disrupted by 

t(X;10)(q27;q23) translocation in subject #18. However, the breakpoint on chromosome 10 in 

this subject is located 276 kb upstream of the ZMIZ1 gene, where it disrupts a distal 

enhancer (position chr10:80559750-80568675) known to harbor recurrent SNVs in autism 

spectrum disorder subjects and predicted to interact with the ZMIZ1 promoter 17. Moreover, 

as detailed below, the deleterious effect of the translocations on ZMIZ1 expression was 

further confirmed by quantitative RT-PCR analysis of ZMIZ1 transcripts. 

The ZMIZ1 protein sequence contains both folded domains and low-complexity 

regions predicted to be intrinsically disordered (Figure 2A). The folded domains include a 

tetratricopeptide repeat at the N-terminus extremity (1-120), which is involved in the 

interaction with NOTCH1, and an MIZ/SP-RING finger (727-804) acting as an adapter for 

sumoylation 31. Disordered regions include two large proline-rich domains and an alanine-rich 

motif (280-305). Of note, most variants were found in these low-complexity regions, with the 

exception of p.Lys91Arg, which colocalizes with a SUMO acceptor site (Figure 2A). ZMIZ1 is, 

indeed, known to enhance AR sumoylation by its E3 SUMO ligase activity, which is essential 

for its coregulatory function 10; 32. The alanine-rich domain 280-305 contains five variants 

(p.Ala287Thr, p.Thr296Lys, p.Thr296Ile, p.Thr298Ile and p.Thr300Met present in six 

unrelated subjects). The sequence of this domain (AAAAAAAAVAAAAATATATATATVAA) is 

evolutionarily conserved and specific to the ZMIZ1 protein (Figure S2). The p.Thr296Lys, 

p.Thr296Ile, p.Thr298Ile and p.Thr300Met variants suggest that a strict alternation of alanine-

threonine repeats is required for the physiological function of ZMIZ1. This motif is flanked by 

regular motifs of glycine and proline residues, suggesting a possible role in phase transition 

(Figure 2B). Phase transitions due to sequences of low complexity are an emerging 

mechanism of transcriptional regulation, and disease-related variants in such regions have 

been shown to disrupt transcription 33-36. Disruption of the alanine-threonine repeat by 

variants may therefore have a direct impact on the coregulation of transcription mediated by 
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ZMIZ1. Another series of seven variants is predicted to shorten or remove the C-terminal 

transactivation domain of the protein: (1) the four frameshift variants p.Gln920Profs*34, 

p.Met946Cysfs*61, p.Phe1008Leufs*7 and p.Thr1038Asnfs*4 each lead to a premature stop 

codon, (2) p.Ser870Ser is silent at the protein level but is part of an exonic splicing enhancer 

site for SF2/ASF (C[C/T]CCCTA) and SRp40 (CGTC[C/T]CC), (3) the c.3097-2A>G splice-

site variant leads to the loss of an acceptor site (AG>GG) in the last intron of the gene, 

resulting in two alternative transcripts (Figure S3), and finally, (4) the p.Thr463Hisfs*1 variant 

affects the proline-rich domain 334-555 and is predicted to be translated into a protein that is 

shortened by more than half of its length (464 amino acids instead of 1067 amino acids). It is 

highly probable that these variants result in truncated proteins with an absent or shortened 

transactivation domain and, thus, reduced cotranscriptional activity. 

We further assessed the expression of ZMIZ1 at the mRNA level in peripheral blood 

from five subjects with point mutations (#1, #5, #8, #9 and #11), in an EBV-transformed 

lymphoblastoid cell line of subjects #18 with the t(X;10)(q27;q23) translocation and in 

peripheral blood of subject #19 with the t(10;12)(q22.2;q24.3) translocation. The expression 

level of ZMIZ1 in subjects with point mutations was found to be similar to that in healthy 

controls (Figure S4A). This observation was true for subjects with missense variants (subject 

#1, c.899C>T; subject #5, c.893C>T and subject #9, c.887C>A) as well as for those with 

suspected or confirmed splice-site variants (subject #8, c.2610C>T and subject #11, c.3097-

2A>G). In subject #18, the mRNA level was decreased compared to that in controls, 

supporting the presence of a position effect (Figure S4B). At the protein level, transfection of 

HeLa cells with wild-type or mutant (p.Lys91Arg, p.Thr300Met or Thr1038fs) ZMIZ1 plasmids 

indicated nuclear localization (Figure S5). 

As ZMIZ1 is a well-known AR coactivator 10, we sought to analyze the effect of three 

representative ZMIZ1 mutations on this process. We cotransfected the HEK293T cell line 

with expression vectors containing the following cDNA constructs: ZMIZ1 (wild-type, 

c.272A>G, c.899C>T or c.3112dupA), AR, renilla luciferase and a consensus androgen 

response element (ARE)-driven luciferase reporter. Luciferase activity was determined with 
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and without induction by the AR ligand dihydrotestosterone (DHT) (Figure 3A). Compared to 

wild-type ZMIZ1 protein, all three mutant proteins showed decreased induction of luciferase 

activity after the addition of DHT (although not statistically significant for the p.Lys91Arg 

mutant). These results indicate that ZMIZ1 variants impair the coactivation activity of the 

protein. 

Next, we sought to investigate the effect of the three ZMIZ1 variants on neuronal 

positioning in vivo 37. We first validated that the wild type and mutant proteins were stable 

(not degraded) when overexpressed in neuronal cells using the neuro2A cell line (Figure S6). 

We then used in utero electroporation to induce the overexpression of human ZMIZ1 variants 

under the control of a CAG promoter together with a pCAGGS-IRES-Tomato (RFP) reporter 

in progenitor cells in the ventricular zone. Mice cortices were electroporated at embryonic 

day 14 (E14.5), and the distribution of electroporated cells was analyzed at E18.5. The 

relative percentage of electroporated RFP-positive cells was calculated for four different 

regions of the cortical wall: the ventricular and subventricular zones (VZ/SVZ); the 

intermediate zone (IZ) and the upper and lower cortical plate (CP) (Figure 3B). In brain 

sections expressing the empty vector control, the majority of the electroporated neurons 

were positioned within the upper layers of the CP. Likewise, overexpression of human WT-

ZMIZ1 showed a normal pattern of distribution, similar to that in the control. In contrast, in 

utero electroporation of ZMIZ1 pathogenic variants resulted in impaired neuronal positioning 

at this stage with an accumulation of electroporated cells in the VZ/SVZ and IZ and a 

corresponding depletion of these cells in the upper CP. The phenotype of two variants, 

p.Lys91Arg and p.Thr300Met, appeared more severe than that of Thr1038fs, with 

approximately 60% of the electroporated cells remaining in the IZ and VZ/SVZ. In the third 

variant Thr1038fs, approximately 40% of electroporated cells remained in these regions, and 

interestingly, 25% was found in the lower CP, suggesting possible differences in the severity 

of consequences from the variants. Rescue experiments consisting of co-electroporation of 

the WT ZMIZ1 plasmid along with different mutants showed a partial rescue of the WT 

phenotype only in the case of the p.Thr300Met variant (Figure S7). Moreover, a closer look 
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at the arrested cells in the IZ revealed striking morphological features. The majority of cells in 

the IZ were round; however, the cells emitting processes appeared aberrantly long and 

abnormally oriented (Figure 3C). This phenotype is in contrast with the expected dynamics 

and morphological changes of migrating neurons. Indeed, in the IZ, migrating newborn 

neurons adopt a bipolar morphology and extend a leading process towards the CP 38. The 

presence of rounded cells and of cells with long, randomly oriented processes suggests the 

disruption of proper polarization. Abnormal morphology and polarization could underlie the 

inability of the cells to migrate properly. Together, these data suggest an important role for 

ZMIZ1 in early stages of the postmitotic positioning of pyramidal neurons in the developing 

cerebral cortex. 

 Taken together, our data indicate that ZMIZ1 plays an important role during 

embryonic development. High expression levels of ZMIZ1 in craniofacial tissue and brain 18; 39 

are consistent with the clinical phenotype of ID/DD and the craniofacial dysmorphism 

observed in 16 of the subjects included in this study. Moreover, in the brain, ZMIZ1 has been 

shown to interact with chromatin remodeling complex (nBAF) and activator protein 1 (AP-1), 

which regulate the activity of genes essential for normal synapse and dendrite development 

40; 41. During mouse embryogenesis, the expression of ZMIZ1 was shown to be very dynamic, 

with a remarkable expression pattern in the limb buds; ZMIZ1 expression was restricted to 

the interdigital region at limb stage S8(embryonic day 12) 18, an observation that is in line 

with syndactyly, which was observed in 6 of our subjects (Figure 1, Table 1, S1 and 

Supplemental Note: Case Reports). Furthermore, we showed here that overexpression of 

ZMIZ1 mutants in mouse progenitor cells impaired neuronal migration. This result might be 

explained by an effect on the well-known partner of ZMIZ1, NOTCH1, which has been shown 

to regulate neurite outgrowth in neuroblastoma cells 13 and to promote the acquisition of the 

first specialized cell type (i.e., radial glia) in the mouse forebrain during embryogenesis 14. 

In conclusion, we describe a neurodevelopmental disorder caused by de novo 

heterozygous point mutations or rearrangement of the ZMIZ1 gene. Further studies are 

needed to definitively conclude as to a mechanism of action of these variants. 
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Accession Numbers 

The ZMIZ1 variants reported in this paper have been submitted to [ClinVar]:[SUB4881332]. 
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Table 1. Summary of the Major Phenotypic Features of Subjects with ZMIZ1 Variants 

Subjects #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14b #15b #16 #17 #18 #19 

Enrollment Center Nantes/ 
France 

Houston/ 
USA 

Houston/ 
USA 

Houston/ 
USA 

Dijon/ 
France 

Huntsville/ 
USA 

Huntsville/ 
USA 

Salt Lake 
City/USA 

Salt Lake 
City/USA 

Southampto
n/UK 

Boston/ 
USA 

Warsaw/ 
Poland 

Houston/ 
USA 

Houston/ 
USA 

Houston/ 
USA 

Paris/ 
France 

Seattle/ 
USA 

Rouen/ 
France 

Paris/ 
France 

ZMIZ1 varianta 
c.899C>T 

(p.Thr300Me
t) 

c.859G>A 
(p.Ala287T

hr) 

c.3112dup
A 

(p.Thr1038
Asnfs*4) 

c.899C>T 
(p.Thr300

Met) 

c.893C>T 
(p.Thr298Il

e) 

c.2752dupC 
(p.Gln920Prof

s *34) 

c.272A>G 
(p.Lys91Ar

g) 

c.2610C>T 
(p.Ser870

Ser) 

c.887C>A 
(p.Thr296L

ys) 

c.1386dupC 
(p.Thr463His

fs *14) 

c.3097-
2A>G 
(p.?) 

c.3021del
C 

(p.Phe100
8Leufs*7) 

c.1386dup
C 

(p.Thr463
Hisfs *14) 

c.1386dupC 
(p.Thr463His

fs *14) 

c.1386dupC 
(p.Thr463His

fs *14) 

c.887C>T 
(p.Thr296Ile

) 

c.2835delT 
(p.Met946C

ysfs*61) 

t(X;10) 
(q27.3; 
q22.3) 

t(10;12)(q22.
2;q24.3) 

Inheritance de novo de novo de novo de novo de novo de novo de novo de novo de novo de novo de novo de novo unknown unknown unknown de novo de novo de novo de novo 

Gender male female female female male female female male female female male male female male male female female female female 

Age at last visit 11 y, 8 m 12 y, 3 m 12 y, 3 m 1 y, 6 m 5 y, 9 m 20 y 3 y 6 y, 7 m 8 y, 6 m 19 y 1 y, 4 m 3 y, 6 m 7 y 10 y 11 y 7 y 12 y, 17 m 17 y 2y,9 m 

Weight (g) birth (SD) 3,520(+0.4) ND ND ND 2,185 (-
2.8) 3,090 (-0.2) ND ND 2,135 (-

2.7) 2,380 (-2) 2,780 (-
1.4) 3,300 (0) ND ND 3,165 (-0.4) 2200 (-2.5) 2899 (-0.4) 2,510 (-1.8) 2,560 (-1.8) 

Length (cm) birth (SD) 51 (+0.5) ND ND ND 44 (-3) ND ND ND 47 (-1.1) ND 47 (-1.5) 55 (+2.6) ND ND ND 45 (-2.2) 45 (-2.2) 47 (-1.1) 47.5 (-1.1) 

OFC (cm) birth (SD) 35 (+0.4) ND ND ND 30 (-3.5) ND ND ND 30.5 (-2.9) ND 33.5 (-
1.3) 

34 (-0.4) ND ND ND 32.5 (-1.2) 33 (-1.2) 32.5 (-1.2) 32 (-1.2) 

Growth 

Growth failure yes/no no yes 
(weight) no ND yes yes (weight) NA no yes yes no no yes yes yes yes yes no no 

Weight (kg) last visit 
(SD) 

48.7 (+2.0) 32.7 (-1.5) 56.7 (+1.2) ND 15.3 (-2.4) 56.7 (-0.2) 12.25 (-
1.0) 

25.9 (+1.0) 20.0 (-2.1) 41.45 (-2.6) 11 (-0.9) 17 (+0.9) 22.5 (-0.1) 27.4 (-0.9) 45.9 (+1.1) 20 (-0.5) 63.1 (+1.4) 83.3 (>+4) 11.5 (-1) 

Height (cm) last visit 
(SD) 148.5 (-1.0) 150.7 (-

0.3) 
152.25 (-

0.1) ND 99 (-3.0) 139.7 (-3.6) 86.37 (-
2.1) 

116.7 (-
0.5) 

121.5 (-
1.6) 137.6 (-4.3) 81 (-1.0) 106 (+1.7) 115 (-1.3) 126.8 (-1.8) 121.6 (-3.4) 114 (-1.0) 158.1 (+0.3) 157 (-0.5) 89 (-0.6) 

OFC (cm) last visit (SD) 53 (-1.0) 55.7 (+1.4) 50.25 (-
2.2) ND 47.7 (-3.0) 54 (-0.3) NA 52 (0.0) 49.0 (-2.2) 53 (-1.8) 46 (-1.6) 51 (+0.1) 49.4 (-1.5) 50.3 (-1.8) 52.1 (-0.9) 48.5 (-2.0) 53.7 (0.0) 56 (+1) 46 (-2) 

Feeding difficulties - - ND + + + + ND + + + + - - - + - - - 

Neurological Abnormalities 

Intellectual disability + + + + + + + + + + + + + + + + + + + 

Motor delay + - - + + - + + + + + + ND ND ND + - + + 

Speech delay + - - ND + + + + + + + + + + ND + + + + 

Abnormal behavior - + + ND + + ND + + + + + - + ND + + + - 

Seizures - - ND + - - - + - - - - - - - - + - - 

Hypotonia + - - ND + - ND ND - - + + + - + + + + + 

Hearing loss - - + - + - - - - - - - + - - + - - - 

Brain Abnormalities MRI + - - - ND + - - ND + ND ND + ND + + + - - 

Congenital Malformations 

Cardiac - + - ND + - ND + - - - - - - - - + - - 
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Urogenital/kidney - + - + ND + ND ND + - + + - - + - - + - 

Eye - + + + + + ND ND + + + - + + - - + - - 

Craniofacial 
dysmorphism 

+ + + + + - ND + + + + + + + + + + + - 

Others - - - - - - - - - + + + - - - - + + - 

Skeletal Abnormalities 

Joint hypermobility - + - + - - ND + - + - - + - + + - + - 

Pectus deformity - + - ND - - ND - - - - - - - - - - - - 

Thorax + + - ND - - ND - + - - - - - - - + - - 

Hands + + - ND - - ND + + + - + - - + + - + - 

Feet + + + + + - ND + + + - - - - - + + + - 

Palate - - ND + ND - ND ND + - + - - - - + - - - 

  a Positions refer to GenBank transcript NM_020338.3. Nucleotide numbering uses +1 as the A of the ATG translation initiation codon in the reference sequence, with the initiation codon as codon 1. 
b Subjects #14 and #15 are siblings of subject #13. 
Abbreviations are as follows: y, years; m, months; ND, not determined; SD, standard deviation; OFC, occipitofrontal circumference; and MRI, magnetic resonance imaging. 
More comprehensive information regarding clinical features could be found in Table S1 and Supplemental Note: Case Reports.
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Table 2. Sequence Changes Identified 

Subject 
No. Nucleotide alteration a 

Coding 
sequence 

alteration b 

Amino acid 
alteration SIFT c LRT d GERP++ e PhyloP f Polyphen g CADD h MutationTaster 

1,4 chr10:81052055C>T c.899C>T p.Thr300Met 0 0.001 5.16 5.494 1 26.8 disease-causing 
2 chr10:81052015G>A c.859G>A p.Ala287Thr 0 0.001 5.16 5.406 0.998 27.3 disease-causing 
3 chr10:81072414_81072415insA c.3112dupA p.Thr1038Asnfs*4 NA NA 5.16 5.572 NA 35 disease-causing 
5 chr10:81052049C>T c.893C>T p.Thr298Ile 0.001 0.001 5.16 5.494 1 25.8 disease-causing 
6 chr10:81067244_81067245insC c.2752dupC p.Gln920Profs*34 NA NA 4.57 5.306 NA 35 disease-causing 
7 chr10:80976023A>G c.272A>G p.Lys91Arg 0.032 0.004 5.3 4.442 0.956 27.1 disease-causing 
8 chr10:81066043C>T c.2610C>T i p.Ser870Ser NA NA 0.619 -0.048 NA 6.092 disease-causing 
9 chr10:81052043C>A c.887C>A p.Thr296Lys 0.001 0.001 5.16 5.494 1 25.6 disease-causing 

10,13,14,15 chr10:81056383_81056384insC c.1386dupC p.Thr463Hisfs*14 NA NA 4.96 2.061 NA 33 disease-causing 
11 chr10:81072397A>G c.3097-2A>G j ? NA NA 5.16 4.614 NA 34 disease-causing 
12 chr10:81070866_81070866delC c.3021delC p.Phe1008Leufs*7 NA NA 4.72 4.438 NA 35 disease-causing 
16 chr10:81052043C>T c.887C>T p.Thr296Ile 0.11 0.001 5.16 5.497 1 25.4 disease-causing 

17 chr10:81067328_81067329delTG c.2835delT p.Met946Cysfs*61 NA NA NA NA NA 35 disease-causing 

18 t(X;10)(q27.3;q22.3) NA NA NA NA NA NA NA NA NA 
19 t(10;12)(q22.2;q24.3) NA NA NA NA NA NA NA NA NA 

Predictive analyses were performed with MutationTaster 42, Polyphen-2 v2.2.2r398 43, GATK analysis toolkit 44 and ESEfinder 45. All variants were absent from the Exome Variant Server and the gnomAD database. 
NA, not applicable 
a Positions refer to Hg19 (GRCh37). 
b Positions refer to GenBank transcript NM_020338.  
c Function prediction tool based on protein sequence conservation among homologs. Variants with scores between 0 and 0.05 are considered deleterious. 
d DNA sequence evolutionary model expressed as a p-value. 
e GERP++NR score: DNA conservation score. 
f Vertebrate PhyloP scores. Values vary between -20 and +9.873. Sites predicted to be conserved are assigned positive scores, while sites predicted to be fast-evolving are assigned negative scores. 
g Polyphen2_HDIV_score: variants with scores between 0.85 and 1.0 are predicted to be damaging with high confidence. 
h CADDv1.4 scores ranges from 1 to 99, with a higher score indicating greater deleteriousness. 
i Probable impact on splicing: part of CTCCCTA (ESE SF2/ASF) and CGTCTCC (ESE SRp40) 
j Acceptor splice site lost 
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Figure Legends 

 

Figure 1. Topographical Images of Subjects with ZMIZ1 Variants 

 

Figure 2. Domain Organization of ZMIZ1 and Its Variants from Affected Subjects  

(A) Schematic representation of ZMIZ1 and 10 variants identified in 12 families. See Table 2 

for DNA sequence changes in the subjects. The splice variant c.3097-2A>G and the t(10;19) 

(q22.3;q13.33) translocation are not represented here. TPR: tetratricopeptide repeat; SUMO: 

SUMO acceptor site; NLS: nuclear localization signal; MIZ: SP-RING/MIZ domain, TAD: 

transactivation domain. (B) Hydrophobic cluster analysis (HCA) of the alanine-rich region 

with predictions of intrinsically disordered regions from IUPRED 46 performed with the Medor 

Metaserver 47. Symbols are used to represent amino acids with peculiar structural properties 

(star for proline, black diamond for glycine, square for threonine, and dotted square for 

serine, which may be either exposed or buried). Phase transition or phase separation has 

been put forward as a general mechanism for the transient formation of cellular bodies that 

behaves as liquid droplet. The occurrence of stochastic liquid-liquid phase transitions within a 

cell nucleus provides an interesting framework to explain recent experimental observations 

on the transcriptional regulation in higher eukaryotes 48. 

 

Figure 3. In Vitro and In Vivo Effects of ZMIZ1 Variants  

(A) Effect of ZMIZ1 variants on DHT-induced AR activity, as determined by the ARE-

luciferase assay. HEK 293T cells were cultivated with 1 nM DHT or without DHT (ethanol as 

vehicle) and transiently transfected with 30 ng of ZMIZ1 expression constructs in 

combination with 5 ng of pEGFP-ARwt (wild-type AR expression plasmid), 150 ng of pARE-

luc (androgen response element (ARE)-driven luciferase reporter plasmid) and 20 ng of 

pRenilla-luc (renilla luciferase expression vector for normalization). The total amount of 

plasmids per well was kept constant by adding empty vectors as needed. Control 



 
 

19 

transfections without the pEGFP-ARwt or the ZMIZ1 vectors were also performed. 

Transfection experiments were repeated three times in quadruplicate. Relative luciferase 

units (RLUs) are presented as the mean ± SEM. Two-tailed t-test, * p < 0.05, ** p < 0.01, *** 

p<0.001. (B) Effect of ZMIZ1 variants on neuronal migration and positioning. cDNA 

constructions were coelectroporated with an RFP-encoding reporter construction (dt-Tomato) 

in progenitor cells adjacent to the ventricle of E14.5 embryonic mouse cortices. Analyses 

were performed at E18.5. Images show coronal sections of E18.5 brains electroporated at 

E14.5 with either a control vector, WT ZMIZ1 or one of the three mutated forms of ZMIZ1. 

Sections were stained with 4′,6-diamidino-2-phenylindole (DAPI). CP, cortical plate; IZ, 

intermediate zone; and VZ/SVZ, ventricular zone/subventricular zone. Scale bar, 50 µm. 

Histograms present the quantification of the percentage of fluorescent neurons in 4 different 

regions: upper and lower CP, IZ, and VZ/SVZ. Data are presented as the mean ± SEM, Two-

way ANOVA with Tukey’s multiple comparisons test, * p < 0.05, ** p < 0.01, *** p < 0.001, 

and **** p < 0.0001 compared to an empty vector control. (C) Morphological features of cells 

accumulated in the IZ with the three ZMIZ1 variants. Arrow shows cells with long and 

abnormally oriented processes. Double arrow shows a bipolar cell with a leading process 

oriented towards the VZ. Scale bar, 50 µm. 
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