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Summary
Pathogenic variants in multiple genes on the X chromosome have been implicated in syndromic and non-syndromic intellectual

disability disorders. ZFX on Xp22.11 encodes a transcription factor that has been linked to diverse processes including oncogenesis

and development, but germline variants have not been characterized in association with disease. Here, we present clinical andmolecular

characterization of 18 individuals with germline ZFX variants. Exome or genome sequencing revealed 11 variants in 18 subjects (14

males and 4 females) from 16 unrelated families. Four missense variants were identified in 11 subjects, with seven truncation variants

in the remaining individuals. Clinical findings included developmental delay/intellectual disability, behavioral abnormalities, hypoto-

nia, and congenital anomalies. Overlapping and recurrent facial features were identified in all subjects, including thickening andmedial

broadening of eyebrows, variations in the shape of the face, external eye abnormalities, smooth and/or long philtrum, and ear abnor-

malities. Hyperparathyroidismwas found in four families withmissense variants, and enrichment of different tumor types was observed.

Inmolecular studies, DNA-binding domain variants elicited differential expression of a small set of target genes relative to wild-type ZFX

in cultured cells, suggesting a gain or loss of transcriptional activity. Additionally, a zebrafish model of ZFX loss displayed an altered

behavioral phenotype, providing additional evidence for the functional significance of ZFX. Our clinical and experimental data support

that variants in ZFX are associated with an X-linked intellectual disability syndrome characterized by a recurrent facial gestalt, neuro-

cognitive and behavioral abnormalities, and an increased risk for congenital anomalies and hyperparathyroidism.
Introduction

Syndromic and non-syndromic X-linked intellectual

disability has been associated with more than 160 genes

on the X chromosome.1–4 X-linked intellectual disability

partially accounts for an excess of intellectual disability

in males compared to females, and both dominant and

recessive X-linked intellectual disability have the potential

to cause disease in females as a result of skewed X-inactiva-

tion.4,5 The higher frequency of intellectual disability-asso-

ciated genes on the X chromosome as compared to the au-

tosomes is supported by an enrichment of brain-expressed

transcripts on the X chromosome.4 Several of these genes
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are involved in transcriptional regulation, including the

transcription factors (TFs) ZNF711 (MIM: 314990) and

ARX (MIM: 300382) and the chromatin modifier MECP2

(MIM: 300005), demonstrating the potential for defects

in transcriptional control to cause intellectual disability

with concomitant pleomorphic phenotypes.6

ZFX (MIM: 314980), located in Xp22.11, encodes a

conserved C2H2 zinc-finger TF that has not previously

been reported in association with X-linked intellectual

disability. ZFX is thought to primarily function by binding

to CpG island promoter regions and activating the expres-

sion of many target genes.7 Structurally, ZFX is composed

of an amino-terminal transactivation domain followed by
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13 zinc-finger domains, of which the final three are neces-

sary and sufficient for recruitment to promoter regions.8,9

Initially thought to play a role in sex determination,10–12

ZFX has more recently been investigated for its role in stem

cell self-renewal and oncogenesis. ZFX is necessary for self-

renewal of murine embryonic stem cells and the mainte-

nance of murine adult hematopoietic stem cells.13 In

mouse models, loss of Zfx was shown to impair the devel-

opment of basal cell carcinoma, medulloblastoma, acute

myeloid leukemia, and acute T-lymphoblastic leukemia,

and it has been hypothesized that ZFXmay promote meta-

plastic transformation.9,14,15 Male and female Zfx�/� mice

displayed impaired embryonic growth and reduced

adult body size and germ cell number.16 Partial neonatal

lethality was observed, primarily in males, with only

10% of hemizygous knockout (KO) males surviving to

weaning.16

ZFX is part of a gene family that includes ZFY (MIM:

490000), located in Yp11.2 and demonstrating 96% overall

sequence similarity to ZFX, and ZNF711 (MIM: 314990),

located in Xq21.1 and demonstrating 87% sequence

similarity in the crucial DNA-contacting zinc-finger do-

mains.9 Of note, variants in ZNF711 have previously

been reported in individuals with X-linked intellectual

disability (intellectual developmental disorder, X-linked 97;

MIM: 300803).17,18 Genome-wide binding patterns of

ZFX, measured by chromatin immunoprecipitation and

sequencing(ChIP-seq), showconsiderableoverlapwithbind-

ing of ZFYand ZNF711.9 Cultured HEK293 cells lackingZFX,

ZFY, and ZNF711 demonstrated impaired proliferation and

transcriptome alterations relative to wild-type (WT) cells.9
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Recurrent somatic mutations in the final zinc finger of

ZFX, resulting in substitution of arginine 786 with gluta-

mine (p.Arg786Gln [c.2357G>A]) or leucine (p.Arg786Leu

[c.2357G>T]), were identified in 6 of 130 samples in a spo-

radic parathyroid adenoma sequencing study.19 In the Cat-

alog of Somatic Mutations in Cancer (COSMIC, https://

cancer.sanger.ac.uk/cosmic), an additional 8 tumors with

p.Arg786Gln missense variants are reported (COSMIC:

COSV58447078): four endometrioid carcinomas, one mel-

anoma, one acute lymphoblastic leukemia, one sarcoma,

and one squamous cell carcinoma.

Germline variants in ZFX, however, remain largely un-

characterized. The NIH-sponsored ClinVar database of hu-

man genetic variation contains no nonsense or frameshift

variants in the coding sequence of ZFX, and nine reported

missense variants each with a single submitter (accessed

October 6, 2023).20 The p.Arg786Gln variant, in particular,

has not been reported in the human germline (dbSNP:

rs748417793).

Variants in TFs like ZFX have the potential to cause

broad and pleomorphic functional effects through diverse

mechanisms. Truncated protein variants that lack a DNA-

binding domain or trigger protein surveillance mecha-

nisms such as nonsense-mediated mRNA decay (NMD)

can be predicted to cause disease through protein insuffi-

ciency/loss-of-function mechanisms.21 Single-amino-acid

variants in TF DNA binding domains have been shown

to both abrogate and alter DNA binding specificity with

the potential for both loss- and gain-of-function mecha-

nisms, as well as cause dominant-negative interactions

by interfering with DNA binding by other TFs.22,23
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Here, we present detailed clinical and molecular data on

18 individuals with germline variants in ZFX, in two sub-

groups: 7 with truncating (frameshift or nonsense) variants

predicted to result in loss of function via NMD of the re-

sulting transcript or truncation of the DNA-binding zinc

fingers, and 11 with missense variants in and around the

two most carboxy-terminal zinc fingers responsible for

DNA binding specificity, including two individuals with

a germline p.Arg786Gln variant. The great majority of

individuals exhibited developmental delay/intellectual

disability, hypotonia, and overlapping facial features.

We also observed increased incidence of congenital anom-

alies and hyperparathyroidism. We used in silico, in vitro,

and in vivo approaches to functionally characterize the

observed variants. For a subset of missense variants map-

ping within the DNA-contacting zinc fingers, we character-

ized the effects on genome-wide DNA binding by ChIP-seq

and observed transcriptional perturbation in variants by

RNA-seq. We also modeled the group of variants with trun-

cations causing predicted loss of function in a zebrafish

ZFX deletion model and characterized behavioral alter-

ations consistent with an intellectual disability phenotype.
Material and methods

Probands
Through a collaborative effort involving clinicians and researchers

frommultiple institutions, we identified 18 individuals, including

3 individuals from one family, with missense and truncating pre-

dicted deleterious variants in ZFX. The connection between

all collaborators was facilitated using GeneMatcher and virtual

meetings.24 Several individuals were recruited through consortia

and evaluated by their local medical geneticists, including the

100,000 Genomes Project, DECIPHER, and the Deciphering

Developmental Disorders Study (details in Table S1).25 Exome

sequencing (ES) or genome sequencing (GS) for other subjects

was ordered as part of their clinical diagnostic workup for develop-

mental delay/intellectual disability, congenital anomalies, and/or

dysmorphic facial features by local specialists, typically clinical ge-

neticists or neurologists. The probands or their guardians signed

informed consent for publication, which was approved by the

Institutional Review Board of their respective institutions.

Sequencing

All individuals had either ES or GS performed under a mixture of

both clinical and research protocols. For specific sequencing de-

tails, see Table S1 (‘‘Genetic Testing’’) and the supplemental notes.

Trio whole-genome sequencing was performed by Complete Ge-

nomics on a single individual from family 6 (proband 6B). Segre-

gation of the coding c.2321A>G (p.Tyr774Cys) variant in ZFX

was determined through gDNA extracted from blood of consented

family members by Sanger sequencing (see supplemental notes;

Figure 3). For proband 12, no causative variants were identified us-

ing panels, but subsequent panel-agnostic re-analysis using a pre-

viously described pipeline identified a ZFX variant (for details, see

supplemental notes).26–28 The sequencing methodology and

variant interpretation criteria were based on the local protocols

of each laboratory. All variants were classified by the performing

laboratories as variants of uncertain significance (VUSs) as is

required for a candidate gene. In light of the evidence presented
The Ameri
in this study (although ACMG criteria are not applicable for a

novel disease classification), we putatively reclassified the variants

according to the applicable ACMG standards and guidelines.29–31

Variant annotation was based on ZFX transcript GenBank:

NM_003410.4. Sanger sequencing was used to confirm positive

sequencing findings, except for probands 3 and 9. All ES and GS

studies were performed as trios.

Evolutionary Action (EA)

We evaluated the impact of missense variants on protein function

using the EA method.32 The EA scores come from solving a formal

equation that states that the impact of each variant equals the

importance of the variant residue times the magnitude of the

change. The importance of each residue is calculated according

to the Evolutionary Trace scores33,34 and the magnitude of change

is calculated according to substitution odds. Objective assessments

of the Critical Assessment of Genome Interpretation (CAGI) com-

munity have showed that EA performed consistently well among

the state-of-the-art.35,36

For the evolutionary analysis of ZFX, we used 184 homologous

sequences, obtained with BLASTp search37 using the NM_003410

sequence and the databases ‘‘non-redundant NCBI,’’ ‘‘UniRef100,’’

and ‘‘UniRef90.’’38 The sequences included orthologs from distant

species, such as zebra finch (Taeniopygia) and pufferfish, and we

aligned them using MUSCLE.39 The ET scores were color-mapped

on the 3D structure using PyMOL v.2.5.2 and the PyETV plugin.40

The 3D structure of ZFX was generated using AlphaFold41 and the

sequence with Uniprot: P17010.

X-inactivation studies

For family 6, X-inactivation studies were performed following

previously established protocols.42 Variable number tandem

repeat loci adjacent to FMR1, AR, and RP2, which are subject to

DNA methylation on the inactive X, were amplified by PCR

from genomic DNA extracted from blood. The relative quantities

of amplicons from gDNA digested with HpaII or untreated

were compared by fragment analysis. Females with skewed

X-inactivation will show greater than 90% loss of one allele where

sizes are informative in the HpaII digested sample. Primers used in

the assay were as follows: FMR1, forward 50-GCTCAGCTCCGT

TTCGGTTTCACTTCCGGT-30 and reverse 50-[HEX]AGCCCCGCA

CTTCCACCACCAGCTCCTCCA-30; AR, forward 50-TCCAGAATCT

GTTCCAGAGCGTGC-30 and reverse 50-[FAM]GCTGTGAAGGTTG

CTGTTCCTCAT-30; RP2, forward 50-[NED]TGACATAGCGAGACC

CTGTG-30 and reverse 50-TGGTGGGTTCTCTAGCTGG-30.
For proband 9, an X-inactivation study was performed by the

Greenwood Diagnostic Laboratory (Greenwood, SC) using an

androgen receptor X-inactivation assay.43
In vitro molecular characterization
Plasmid constructs

The plasmids described in this study were generated from the

expression vector ZFX (GenBank: NM_003410) Human Tagged

Open Reading Frame (ORF) Clone from Origene (Cat

#RC214045). The parent vector for this construct is pCMV6-Entry

(Origene #PS100001), in which expression is driven from the cyto-

megalovirus (CMV) promoter (this plasmid is also used as a nega-

tive control in relevant experiments). The same strategy, using two

primers, was used to introduce each of the four single-nucleotide

variants found in the cohort into the ZFX coding region. One

primer contains the variant near themiddle of the sequence, while

the other primer amplifies in the other direction and abuts, but

does not contain, the variant. For p.Arg786Gln and p.Arg764Trp,
can Journal of Human Genetics 111, 487–508, March 7, 2024 489



two primer pairs were used (denoted X01-30 and X01-50 or X02_30

and X02_50, respectively); see Table S2 for a list of primers used for

cloning. For p.Tyr774Cys and p.Thr771Met, different primers

were used to incorporate the variants (X04-50 and X05_50, respec-
tively), but the same primer was used to amplify in the other

direction (X05_04_30). Complementary nucleotides were added

to the ends of the primers so that plasmid assembly could occur

via Gibson assembly and not rely on blunt-end ligation. Following

amplification using the reverse-oriented primers to generate

the entire vector sequence and verification by gel electrophoresis,

fragments were purified by Ampure magnetic beads (Beckman

Coulter #A63881). Assembly was carried out using Gibson Assem-

bly mix (NEB #2611L), then a portion of each reaction was trans-

formed into chemically competent CopyCutter E. coli (Lucigen

#C400CH10). Plasmids were isolated from transformants, and

the presence of the introduced variants was verified by Sanger

sequencing (Azenta Life Sciences service facility). Large-scale

plasmid preparations were subsequently isolated by different col-

umn-based protocols, but all utilized the induction of plasmid

copy number in the Lucigen cells (Lucigen #C400CH10) that is

required for these toxic plasmids.

Cell culture

The cell line used in this study, designated DKO, was derived from

(female) HEK293T cells (which lack a Y chromosome and thus

ZFY) in which the endogenous ZFX and ZNF711 genes were inac-

tivated through CRISPR-mediated deletions.9 Cells were cultured

in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented

with 10% fetal bovine serum (Thermo Fisher #10437036) plus

1% penicillin and 1% streptomycin at 37�C with 5% CO2. Cell

lines were authenticated via the short tandem repeat (STR)

method and validated to be mycoplasma free using a universal

mycoplasma detection kit (ATCC #30-1012K).

Transactivation assays

To test the activity of theWTand variant ZFX proteins, a transient

transfection assay using the ZFX expression vectors was performed

using the DKO cell line. Transfections for RNA preparation

were carried out using Lipofectamine 3000 (Thermo Fisher

#L3000015), according to the manufacturer’s instructions. Much

larger cell numbers were required for ChIP assays; the same trans-

fection protocol was used but scaled appropriately. All transfec-

tions were performed in triplicate wells.

RNA preparation and RNA-seq

To recover RNA for expression analyses, cells were lysed 24 h after

transfection in triplicate wells using TRI Reagent (Zymo #R2050-1-

200), and RNA was recovered by isopropanol precipitation. RNA

integrity was confirmed using a Bioanalyzer (Agilent) using an

RNA integrity number (RIN) of 9.0 as a quality cutoff for library

preparation. Samples were submitted to Novogene for their stan-

dard RNA-seq service (150 bp paired-end reads with a total mini-

mum output of 6 Gb). Efficacy of transactivation prior to library

preparation and sequencing was monitored by quantitative

reverse-transcription PCR (RT-qPCR) of known responsive target

genes, as described.9 All RNA-seq assays were performed in tripli-

cate (see Table S3A).

Chromatin preparation, immunoprecipitation, and ChIP-seq

To obtain chromatin for ChIP-seq assays, cells were split 1:2 24 h

after transfection and allowed an extra day of growth. After this

additional 24 h, chromatin crosslinking and chromatin immuno-

precipitation was carried out using established lab protocols.7,9

Briefly, cells were crosslinked in 1% formaldehyde for 10 min

before quenching with 125 mM (final) glycine. Following

washing in phosphate-buffered saline (PBS), crosslinked cells
490 The American Journal of Human Genetics 111, 487–508, March
were swollen in cell lysis buffer (5 mM PIPES [pH 8.0], 85 mM

KCl, 1% NP-40), then lysed by sonication in nuclei lysis buffer

(0.1% sodium dodecyl sulfate [SDS], 50 mM Tris-HCl [pH 8],

10 mM ethylenediaminetetraacetic acid [EDTA]). All buffers

included cOmplete Protease Inhibitor EDTA-free tablets (Roche

#11836153001). Lysis volumes were based on cell pellet volumes.

Sonication was carried out with a Diagenode Bioruptor Pico using

conditions to generate fragments 400–800 bp in length. Chro-

matin and antibody amounts vary depending on the experiment;

for the anti-FLAG ChIP-seq experiments, 100 mg soluble chro-

matin was diluted 1:5 in radioimmunoprecipitation assay buffer

(RIPA, 150 mM NaCl, 50 mM Tris-HCl [pH 8.0], 1% NP-40,

0.5% sodium deoxycholate, 0.1% SDS) and incubated overnight

with 12.5 mL of anti-FLAG antibody (Cell Signaling Technology

#5419S). Magnetic Protein A/G beads (Pierce #88803) were added

for an additional 2 h of incubation. Bead-immunocomplexes

were then washed twice with RIPA (150 mM NaCl, 50 mM Tris-

HCl [pH 8.0], 1% NP-40, 0.5% sodium deoxycholate, 0.1%

SDS), followed by washing three times with IP Wash Buffer II

(100 mM Tris-Cl [pH 9.0], 500 mM LiCl, 1% NP-40, 1% sodium

deoxycholate). Elution was performed in 150 mL of elution buffer

(50 mM NaHCO3, 1% SDS), then ChIP samples and inputs (10 mL

of precleared chromatin lysis plus 140 mL elution buffer) were

reverse crosslinked overnight at 65�C. DNA was purified using

Qiagen MinElute PCR clean up columns (cat #28006) and quanti-

fied spectrophotometrically. ChIP-seq libraries were prepared us-

ing the KAPA HyperPrep kit (Roche #KK8503) following the man-

ufacturer’s protocol. Final cycle amplification numbers varied

depending on input DNA and ChIP parameters. Libraries were

quality checked by qPCR for target enrichment and visually by

Bioanalyzer, then submitted to Novogene and sequenced on a

Novaseq 6000, providing a minimum of 10 Gb of data in

paired-end 150-bp format. All ChIP-seq assays were performed

in duplicate (see Table S3B). Datasets from the two independent

experiments were merged for downstream analyses.

Data analysis and visualization

RNA-seq. All RNA-seq analyses were carried out using Partek

Flow modules (v.10.0.21.1103 at project initiation), as provided

through the Norris Medical Library Bioinformatics Service.

Following quality trimming, fastq files provided by Novogene

were aligned using STAR v.2.7.8a with the default alignment pa-

rameters provided. Transcript and gene counts were generated us-

ing hg38 GENCODE Genes release 36. Gene counts were then

analyzed for differential expression by DESeq2(R) 3.5. Default pa-

rameters were used except that fit type was set to ‘‘local’’ and not

‘‘parametric.’’

ChIP-seq. All ChIP-seq data were aligned to hg38 using Bow-

tie2 software (http://bowtie-bio.sourceforge.net/bowtie2/index.

shtml). Only reads that aligned to a unique position in the

genome with no more than two sequence mismatches were re-

tained for further analysis. Duplicate reads that mapped to the

same exact location in the genome were counted only once to

reduce clonal amplification effects. Normalizationwas done across

samples using an equal number of uniquelymapped reads. Biolog-

ical replicates of ChIP-seq datasets for WT and each mutant were

performed. ChIP-seq peaks were called using the narrowPeak

setting in MACS2 (https://github.com/taoliu/MACS), using the

ENCODE pipeline and Irreproducible Discovery Rate (IDR)

method to determine reproducible peaks. Peaks were annotated

using HOMER v.4.11 (http://homer.ucsd.edu/homer/), and

average tag density plots were generated using CEAS software

(https://liulab-dfci.github.io/software/).
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Proportional Venn diagrams were generated using the web tool

DeepVenn.44

In vivo characterization in zebrafish
Zebrafish husbandry

Animal experiments were conducted in accordance with protocols

approved by the Animal Ethics Committee of Chungnam

National University (202012A-CNU-170). Adult fish were reared

under standard conditions with a 14 h/10 h light/dark cycle. We

obtained embryos by natural mating of heterozygous adult zebra-

fish, and embryos were reared in egg water at 28.5�C. WT and KO

zebrafish were obtained from the Zebrafish Center for Disease

Modeling. All fish used in behavioral tests were fully grown, sexu-

ally mature, 3- to 12-month-old fish, ranging in size between 3.0

and 3.5 cm standard length.

Zebrafish generation

In zebrafish, zfx on chromosome 24 is the ortholog of human

ZFX (Figure S2); we aligned the human ZFX (from transcript

GenBank: NM_003410.4) and zebrafish zfx (Ensembl: ENS-

DART00000110652.4) protein sequences via the EMBOSS

Needle tool and found 65.5% similarity and 53.6% identity.

To understand the in vivo role of ZFX, we established a KO zebra-

fish model utilizing the CRISPR-Cas9 system.45 CRISPR

single guide (sg) RNAs targeting zfx were identified using

CRISPRScan (https://www.crisprscan.org/), and oligonucleotides

were selected (Table S7). In vitro transcription was carried out us-

ing 150–200 ng of template and the MaxiScript T7 Kit (Ambion

#AM1312). RNA was precipitated with isopropanol. Cas9

expression vector (Addgene #46757) was linearized with XbaI

(NEB #R0145) and purified with an agarose gel DNA extraction

kit (ELPIS #EBD-1009). Cas9 mRNA was transcribed with the

mMESSAGE mMACHINE T3 Kit (Ambion #AM1348) and then

purified by lithium chloride precipitation following the manu-

facturer’s protocol. One-cell-stage zebrafish embryos were in-

jected with 300 ng/mL Cas9 mRNA and 150 ng/mL sgRNA. For

genotyping F0, PCR products (20 mL) were re-annealed in a ther-

mal cycler under the following conditions: 95�C for 2 min,

95�C–85�C at 2�C/s, 85�C–25�C at 0.1�C/s, then kept at 4�C.
Part (16 mL) of the re-annealed mixture was incubated with

0.2 mL of T7 endonuclease I, 2 mL of NEB Buffer 2, and 1.8 mL

of nuclease-free water at 37�C for 40 min. See Table S7 for gen-

otyping primers.

Human ZFX variant over-expression in zebrafish

Human WT ZFX cDNA (GenBank: NM_003410.4) was subcl-

oned into the pCS2þ expression vector. Missense variants

were introduced by site-directed mutagenesis using WT ZFX

pCS2þ vector as template. ZFX mRNA was transcribed with

the mMESSAGE mMACHINE SP6 Transcription Kit (Ambion

#AM1340) and then purified by lithium chloride following the

manufacturer’s protocol. For over-expression, three different

concentrations (100, 200, and 400 pg) of mRNAs were microin-

jected into 1- to 2-cell-stage zebrafish embryos.

Quantitative real-time PCR

Total RNA was isolated from brains of adult zfx KO and WT zebra-

fish via easy-Blue Total RNA isolation kit (iNtRON Biotechnology

#17061). One microgram of RNA was converted to cDNA by

SuperScript III First-Strand Synthesis System (Invitrogen #18080-

51). RT-qPCR was conducted in triplicate using TB Green Premix

Ex Taq II master mix (Takara #RR82LR) and a Thermal Cycler

Dice Real Time System III (Takara, Japan). b-actin was used as a

reference gene, and relative gene expression levels were calculated

by the 2�DCt method.
The Ameri
Behavioral tests

Novel tank assay. A novel tank test was performed as previously

described in Kim et al.46 to evaluate swimming activity and anxi-

ety-like behavior. Each male WT (n ¼ 8) or KO (n ¼ 17) zebrafish

was introduced to a tank (243 153 15 cm) filled with system wa-

ter (up to 10 cm) and recorded with a video camera (Sony HDR-

CX190) for 10 min. The videos were analyzed using EthoVision

XTsoftware. To examine exploratory activity, the tank was divided

into three equally sized zones (top, middle, and bottom) as shown

in Figure 6A. The percentage of average time spent in each zone

and distance moved in first 5 min were analyzed.

Scototaxis test. To assess anti-anxiety behavior, we evaluated

scototaxis (dark/light preference) as previously described in Maxi-

mino et al.47 For this, we modified the experimental setup as

shown in Figure 6C by dividing the light zone into gray and bright

zones using an external light source underneath the tank. Each ze-

brafish was placed in the tank followed by a 5-min habituation

period. Swimming activity was recorded from above for 10 min,

and the percentage of average time spent in each region was

analyzed for WT (n ¼ 8) and KO (n ¼ 10) zebrafish.

Adult startle tap test. To elicit an unconditioned startle

response to a stimulus, a tap startle test was performed as

described in Eddins et al.48 with adult zebrafish. We used only

three tap stimuli, as the WT fish showed greater adaptation.

Each fish was placed in a round container (95 mm in diameter

and 40 mm in height) filled with system water to the height of

25 mm. The round arena was then placed in the observation

chamber under bright light conditions (mimicking daylight).

Fish were left for a 10-min acclimatization time, allowing for sta-

ble swimming bouts. After the acclimatization period, a sequence

of three taps (stimulus intensity level at 5) were evoked at 1-min

intervals (Figure 6F). The average velocity for 5 s before and after

each tap was analyzed using DanioVision. The post-tap velocity

data of each WT (n ¼ 11) and KO (n ¼ 17) zebrafish were normal-

ized for the analysis.

Statistical analysis

All results were expressed as mean 5 SEM. Statistical analysis was

performed using GraphPad Prism software (v.8.01 for Windows,

GraphPad Software Inc., USA). In all experiments, comparisons be-

tween WT and KO fish were done using a one-tailed Student’s t

test. The effect size estimations were calculated using a web appli-

cation (https://www.estimationstats.com/).49 The estimates were

performed using 5,000 bootstraps, and the confidence interval

was bias-corrected and accelerated. Group differences are normal-

ized to Hedges’ g. Statistical significance is shown as follows:

*p < 0.05, **p < 0.01, and ***p < 0.001.
Results

We identified and recruited 18 individuals from 16 unre-

lated families for this study. Probands 6A, 6B, and 6C are

relatives from the same family. Fourteen individuals were

assigned male at birth (78%), while four were assigned fe-

male, with one self-identifying as male (referred to by their

assigned sex throughout thismanuscript). Themean age of

subjects in our cohort was 16 years (range: 8–34 years). A

full description of demographic, phenotypic, and genetic

data is presented in Table S1, and a summary of the key

findings in our cohort is found in Table 1 with additional

details provided in the clinical findings section below.
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Table 1. Summary of demographic and clinical features in individuals with ZFX variants

Demographic and clinical features Frequencya (%)

Missense Frameshift Total

Sex males: 8/11 (73) males: 6/7 (86) males: 14/18 (78)

Mean Age (5SD) 16.04 (57.95) 12.24 (55.7) 14.52 (57.2)

De novo inheritance 6/11 (55) 4/7 (57) 10/18 (56)

Development and neurobehavioral

Developmental delay/intellectual disability 10/11 (91) 7/7 (100) 17/18 (94)

Gross motor delay 9/11 (82) 7/7 (100) 16/18 (89)

Fine motor delay 9/11 (82) 7/7 (100) 16/18 (89)

Speech delay 10/11 (91) 6/7 (86) 16/18 (89)

ADHD 5/11 (45) 1/7 (14) 6/18 (33)

Autism 5/11 (45) 1/7 (14) 6/18 (33)

Autistic traitsb 1/11 (9) 2/7 (29) 3/18 (17)

Other behavioral abnormalities 9/11 (82) 1/7 (14) 10/18 (56)

Therapeutic services or special education 10/11 (91) 7/7 (100) 17/18 (94)

Neurological

Hypotonia 9/11 (82) 4/7 (57) 13/18 (72)

Abnormal brain MRI 4/7 (57) 6/6 (100) 10/13 (77)

Sleep problems 6/11 (55) 2/7 (29) 8/18 (44)

Epilepsy 1/11 (9) 1/7 (14) 2/18 (11)

Growth parameters

Height % 10%ile 4/11 (36) 4/7 (57) 7/18 (39)

OFCc > 90%ile 4/10 (40) 2/6 (33) 6/16 (38)

Vision and hearing

Vision/eye abnormalities 7/11 (64) 6/7 (86) 13/18 (72)

Hearing loss 7/11 (64) 2/7 (29) 9/18 (50)

Dysmorphic features

Broad/thick eyebrows 5 synophrys 9/11 (82) 6/7 (86) 15/18 (83)

External eye findings 9/11 (82) 6/7 (86) 15/18 (83)

Other face abnormalities 10/11 (91) 5/7 (71) 15/18 (83)

Smooth 5 long philtrum 8/11 (72) 6/7 (83) 14/18 (78)

Ear abnormalities 10/11 (91) 4/7 (57) 14/18 (78)

Thin upper lip 10/11 (91) 3/7 (43) 13/18 (72)

Nose abnormalities 6/11(55) 6/7 (86) 12/18 (67)

Forehead abnormalities 6/11 (55) 4/7 (57) 10/18 (56)

Macroglossia 7/11 (64) 1/7 (14) 8/18 (44)

Miscellaneous

Musculoskeletal findings 10/11 (91) 7/7 (100) 17/18 (94)

Inguinal hernia 9/11 (82) 4/7 (57) 13/18 (72)

Umbilical hernia 8/11 (72) 1/7 (14) 9/18 (50)

Genitourinary congenital anomalies (males) 7/8 (88) 3/6 (50) 10/14 (71)

Abnormal echocardiography 4/9 (44) 4/5 (80) 8/14 (57)

(Continued on next page)
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Table 1. Continued

Demographic and clinical features Frequencya (%)

Gastrointestinal abnormalities 10/11 (91) 2/7 (29) 12/18 (67)

Abnormal renal ultrasound 5/10 (50) 4/7 (57) 9/17 (53)

Hyperparathyroidism 3/7 (43) 0/5 (0) 3/12 (25)

aDenominator can vary based on data availability
bAutistic traits but no formal diagnosis with autism
cOFC, occipital frontal circumference
Variant characterization

Four hemizygous or heterozygous ZFX variants were

identified in 8 male and 3 female subjects: c.2290C>T

(p.Arg764Trp), c.2312C>T (p.Thr771Met), c.2321A>G

(p.Tyr774Cys), and c.2357G>A (p.Arg786Gln) (see Ta-

bles 2 and S1). In addition, 7 unrelated subjects (6 males

and 1 female) were found to have truncating variants

delineated in Table 2. None of these ZFX variants have

been observed in the Genome Aggregation Database (gno-

mAD, last accessed on October 6, 2023).50

Based on in silico analysis, the truncation variants lead

to the creation of nonsense codons at or shortly down-

stream of the genetic change and are predicted to cause

loss of function either through NMD or truncation of

the essential DNA-binding zinc fingers (ZF11–ZF13).

The results of in silico variant effect prediction tools for

the missense variants are shown in Table 2. Three

missense variants were maternally inherited in 5 sub-

jects (including the 3 related subjects), and 6 subjects

had de novo missense variants, while the truncating var-

iants were de novo in 4 subjects and maternally inherited

in 3 subjects. All missense variants were located within

or between zinc fingers 12 and 13 in the ZFX protein

(Figure 1).

We analyzed the ZFX variants using the EA method

(Figure 1B).32 Briefly, EA uses sequence homology and

phylogenetic distances to prioritize the variants in

each protein and score them on a scale from 100

(pathogenic) to 0 (benign). The missense sequence

variants p.Arg764Trp, p.Thr771Met, p.Tyr774Cys, and

p.Arg786Gln had EA scores of 56.77, 72.08, 72.47, and

54.03, respectively. These EA scores indicate intermedi-

ate to high impact on ZFX function, and they are larger

than the average EA score that corresponds to missense

variants due to random nucleotide changes (EA score

of 42.27).

X-Inactivation

X-inactivation studies on gDNA extracted from blood

were available for all informative females in family 6 (dis-

cussed below and in Figure 3C) and proband 9. Extreme

skewing was detected in both carrier females in family 6

(p.Tyr774Cys) and in proband 9 (p.Arg786Gln), while

random inactivation was observed in a non-carrier female

in family 6. Early studies of ZFX reported it to escape

X-inactivation, and recent single-cell RNA sequencing ex-

periments have supported this claim.11,55
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Clinical findings

Prenatal findings and growth

In this cohort, nine individuals (50%) were born via Cesar-

ean section and two via induced vaginal delivery. The

indications for these types of deliveries included fetal

distress, pre-eclampsia, pregnancy-induced hypertension,

fetal growth restriction, and oligohydramnios. Six of the

participants (33%) were born prematurely (33–36 weeks

of gestation). Furthermore, 4 subjects (22%) were born

small for gestational age (defined as birth weight <10th

percentile for gestational age) and 5 subjects (28%) had

birth weight or length equal or above the 90th percentile,

which along with additional clinical and physical findings

prompted molecular testing for Beckwith-Wiedemann

syndrome in 4 of these subjects.

Postnatal growth parameters showed a trend for shorter

stature in 44% of subjects; 4/7 (57%) subjects with trun-

cating variants as compared to 4 individuals (36%) with

missense variants had height equal to or below the 10th

percentile for age. Proband 14 receives growth hormone

treatment, and his height on last assessment was within

normal range, and proband 15 had borderline short stature

with height at the 11th percentile. In addition, large head

size (occipitofrontal circumference >90th percentile) was

found in 38% of probands with available head-circumfer-

ence measurements.

General findings

Nine subjects (50%) were found to have conductive or

sensorineural hearing loss. Six subjects from the missense

variant group required placement of ear tubes for recurrent

ear infections and/or chronic serous otitis media, one sub-

ject from the truncation group was reported to have hyper-

acusis and chronic middle ear effusion, and another

required ear tube placement.

Seven of the 11 subjects (64%) with missense variants

and 6 probands with truncation variants (86%) had eye

or vision abnormalities. These abnormalities included

refractive errors, strabismus, astigmatism, nystagmus, op-

tic nerve hypoplasia, and retinal detachment.

Neurodevelopmental and behavioral findings

All male probands in our cohort had developmental delay,

intellectual disability, or learning disability; their intellec-

tual disability was with variable severity ranging between

borderline (low normal) to moderate. Two of the four fe-

males in this cohort were described as very intelligent,

one had normal cognition (with relative weaknesses in
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Table 2. Table of ZFX variants

Proband(s)
DNA (GenBank:
NC_000023.11)

cDNA (GenBank:
NM_003410.4)

Protein (GenBank:
NP_003401.2)

CADD
score

REVEL
score

NMD
predicted?

Putative
applicable
ACMG criteriaa Consequence Domain

1, 2 g.24211248C>T c.(2290C>T) p.Arg764Trp 25 0.3 – PM2, PS2(2), PP3 missense ZF12

3, 4, 5 g.24211270C>T c.(2312C>T) p.Thr771Met 24.6 0.46 – PM2, PS2, PP3 missense ZF12-ZF13 linker

6A–6C, 7 g.24211279A>G c.(2321A>G) p.Tyr774Cys 27.3 0.57 – PM2, PS2(7), PP3 missense ZF12-ZF13 linker

8, 9 g.24211315G>A c.(2357G>A) p.Arg786Gln 24.6 0.34 – PM2, PS2(9), PP3 missense ZF13

10 g.24207442A>AT c.(768dup) p.Lys257* 29.3 – yes PVS1, PM2 truncation acidic domain

11 g.24210271G>GT c.(1319dup) p.Leu440Phefs*21 32 – no PVS1_Strong,
PS2, PM2

truncation ZF1

12 g.24209008G>GGA c.(1205_1206dup) p.Arg403Glufs*12 28.2 – no PVS1_Strong,
PS2, PM2

truncation acidic domain

13 g.24210953CAT>C c.(1996_1997del) p.Met666Valfs*2 32 – no PVS1_Strong,
PS2, PM2

truncation ZF9

14 g.24179650G>GT c.(529dup) p.Ser177Phefs*12 27 – yes PVS1, PS2, PM2 truncation acidic domain

15 g.24179543ATG>A c.(423_424del) p.Ser142* 25 – yes PVS1, PM2 truncation acidic domain

16 g.24179237CTG>C c.(115_116del) p.Val39Phefs*14 26.2 – yes PVS1, PM2 truncation N-terminal
region

CADD51 and REVEL52 scores were calculated for the missense variants, and putative applicable American College of Medical Genetics (ACMG) criteria are
listed.29–31
aFor criteria that only apply to a subset of probands in each row, the applicable individuals(s) are indicated by superscript. PP3 was applied on the basis of CADD
score. According to current ACMG criteria, PVS1 is applied for a gene where loss-of-function is a known mechanism of disease. However, PVS1 was used to up-
grade the classification of the truncating variants based on evidence provided in this study.
visuo-motor coordination and executive functioning skills

related to planning and decision-making), and one had

borderline cognitive abilities. All subjects with truncating

variants (including one female proband) and all male sub-

jects as well as one female subject with missense variants

had gross and fine motor delay. Of note, the other two fe-

male subjects with missense variants had normal develop-

mental motor skills. In addition, with the exception

of one female subject (proband 4), all probands with

missense variants and six subjects with truncation vari-

ants had speech delay. All subjects, except one female

proband (proband 4) with a missense variant, required

therapeutic services, including physical, occupation, and

speech therapies, with or without special education at

school.

Neurobehavioral problems were also prevalent. A total of

50% of the probands were either diagnosed with autism

spectrum disorder (ASD) (6/18) or reported to have autistic

traits (3/18), and approximately 33% (6/18) of individuals

had a diagnosis of attention-deficit/hyperactivity disorder

(ADHD). Three individuals (17%) had ADHD as well as

ASD. Other behavioral problems, such as anger and

tantrums, were more common among individuals with

missense variants than in those with truncating variants

(82% vs. 14%; p ¼ 0.006). Six participants (55%) with

missense variants and two subjects (29%) with truncating

variants had sleep problems or difficulty.

Hypotonia was found in 13/18 (72%) of the subjects,

which may have played a role in the motor delay that

was observed in these individuals. However, the hypotonia

in two of the individuals was mild and resolved in late in-
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fancy/early childhood. Epilepsy was reported in two sub-

jects only.

Abnormal but nonspecific brain magnetic resonance im-

aging findings, including cerebral atrophy, arachnoid

cysts, delayed myelination, corpus callosum abnormal-

ities, cerebellar atrophy, or pituitary abnormalities, were

found in 10 out of 13 subjects (77%) who underwent brain

imaging as part of their workup.

Facial features

Most cohort members exhibited recurrent facial features

with an overlapping facial gestalt in a subset of individ-

uals (Figures 2A, 2B, and 3A). Several individuals were

described as having coarse facial features. The most prom-

inent feature found in 15/18 individuals was broadening

and/or thickening of eyebrows especially on the medial

side with or without synophrys. Fifteen individuals

(83%) had differences in the shape of the face: 7 individ-

uals had pointed chins, 5 had long faces, and 2 individ-

uals had midface hypoplasia. External eye findings were

seen in 15/18 individuals, including 6 individuals with

epicanthal folds and downslanting palpebral fissures in

8 individuals. Smooth and, in a subset of individuals,

long philtrum was found in 14/18 individuals and thin

upper lip in 13/18 individuals; the latter was mostly

among individuals with a missense variant. Sixty-four

percent (7/11) of individuals with missense variants had

macroglossia, 3 of whom required tongue reduction sur-

gery. Only one individual with a truncation variant had

macroglossia (p ¼ 0.04), and another had tongue protru-

sion. Forehead abnormalities were reported in 10/18 and

included broad forehead, frontal bossing, and metopic
7, 2024
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Figure 1. Cohort variants and existing characterization of ZFX
(A) Distribution of cohort variants throughout the ZFX coding sequence, with missense variants in red and truncating variants in blue
(numbers indicate the corresponding probands). Evolutionary sequence conservation shown for ZFX across 19 vertebrate species.53

Missense tolerance ratios (MTRs) are calculated from gnomAD v2.0 exomes; dotted line indicates 50th percentile for MTR.54.
(B) Evolutionary Action scores superimposed on a predicted ZFX structure, with residues colored proportional to evolutionary
importance.
ridging. Sixty-seven percent of individuals (12/18) had

nasal anomalies: 5 had depressed nasal bridges, 8 had a

bulbous/wide nasal tip, and 5 had hanging/prominent

columella. Seventy-eight percent of individuals (14/18)

had ear anomalies including abnormalities in size, helices,

low set, posteriorly rotated, and prominent ears. A small

subset of individuals had blond hair, but this trait was

not well documented in other family members and we

do not consider it at this time as one of the physical char-

acteristics of this condition.

Skeletal abnormalities were reported in all individuals

except one. The most prominent skeletal findings were

found in the hands (15 individuals) and feet (10 individ-

uals) (Figure 2C). Hand findings included the shape of

distal phalanges, abnormal shape and length of fingers,
The Ameri
abnormal creases in hands, restriction or hypermobility

in interphalangeal joints, and deep-seated fingernails.

Feet findings included deep-seated toenails, abnormal

or deep creases in soles, hallux valgus deformity, prox-

imal insertion of a toe (1 individual) and polydactyly

(1 individual). Joint hypermobility was found in 6 indi-

viduals with missense variants, one of whom met the

diagnostic clinical criteria for Ehler Danlos syndrome-

hypermobility type (proband 9). Three individuals with

missense variants and 2 individuals with truncating var-

iants had restriction in elbow extension. Pectus excava-

tum or carinatum was reported in 4 individuals. Spine

anomalies were found in 6 individuals including 5 with

scoliosis (all with missense variants) and sacral dysgen-

esis (1).
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Figure 2. Facial features of the presented individuals with ZFX variants
(A) Subjects with missense variants in the ZFX DNA binding domain.
(B) Subjects with truncating ZFX variants.
(C) Extremities of the indicated subjects. See supplemental information and Table S1 for additional details; images not available for all
individuals.
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Figure 3. Characterization of a family with an inherited ZFX variant
(A) Facial features and extremities of probands 6A–6C (see text and supplemental information for additional details).
(B) Three-generation pedigree of probands 6A–6C and family members. Dark black circles and squares indicate affected individuals; gray
circles indicate carrier females diagnosed with hyperparathyroidism (except for III-1). A is the wild-type ZFX allele; G is the variant ZFX
allele at same position (GRCh38 chrX: 24229396A>G, c.(2438A>G), p.Tyr774Cys).
(C) Results of X-inactivation studies showing skewing in all carrier females and random inactivation in a noncarrier female (II-5).
Other less common findings included skull abnormal-

ities (5/18), high arched palate (4/18), micro/retrognathia

(3/17), wide mouth (3/18), and short neck (2/18).

Congenital anomalies

Fifty-seven percent of individuals (8/14) who underwent

echocardiography had abnormal findings. Four individ-

uals with missense variants had variable structural cardiac

abnormalities, while 4 individuals with truncation variants

had atrial/ventricular septal defects and/or patent ductus

arteriosus that spontaneously closed. Of note, probands 2

and 7 had a dilated aortic root, and proband 7 required a

beta blocker to stop the progression.

A renal ultrasound was performed for all but one individ-

ual, and an abnormality was documented in 9 individuals

(53%), but the majority of the findings were mild or tran-

sient, such as hydronephrosis or pelvicaliectasis. Interest-

ingly, one individual had renal calculi and two had

nephrocalcinosis.

Genitourinary anomalies were found in 69% of males,

7/8maleswithmissense variants (hypospadias in 6, cryptor-

chidism/retractable testes in 4) and in 3/6 males with trun-

cating variants (hypospadias in 2, cryptorchidism in 1).

Seventy-eight percent of individuals had inguinal and/or

umbilical hernia. Nine of 11 individuals withmissense var-

iants had inguinal hernias, seven of whom also had umbil-

ical hernia, and one individual had epigastric, hiatal, and

umbilical hernia. Four of 7 of the subjects with truncating

variants had inguinal hernia, one of whom also had umbil-

ical hernia.

Other rare congenital anomalies among individuals with

ZFX variants included palate, dental, and upper airway

anomalies. Cleft palate was found in two individuals

with missense variants. Six subjects (33% of individuals)
The Ameri
had dental anomalies: four had supernumerary teeth

(one with delayed eruption), one had retained baby teeth,

and one had crowded teeth. One individual was tracheos-

tomy dependent, and another had mild tracheal stenosis

and laryngomalacia requiring continuous positive airway

pressure in infancy and arytenoid release surgery at

3 months of age.

Miscellaneous findings

Gastrointestinal abnormalities were observed in 12 indi-

viduals (67%), more common among individuals with

missense variants (p ¼ 0.008), and included feeding diffi-

culties, gastroesophageal reflux, and constipation; two in-

dividuals required gastrostomy tube placement, and two

additional individuals needed naso/orogastric tubes for a

short period of time. Three individuals with missense var-

iants and one individual with a truncation variant had py-

loric stenosis.

Because of signs of overgrowth, umbilical hernia, macro-

glossia, and coarse facial features, four individuals under-

went molecular testing for Beckwith-Wiedemann syn-

drome. Six individuals had molecular testing for other

overgrowth syndromes (3/6 Simpson-Golabi-Behmel/

GPC3, 2/6 Sotos/NSD1, 2/6 Costello), and three individuals

had biochemical testing for mucopolysaccharidosis. All

tests did not identify a genetic variant or biochemical evi-

dence of the relevant disorder.

Hyperparathyroidism

Early in this study, an endocrine workup of proband 8 re-

vealed inappropriately normal to high-normal levels of

parathyroid hormone (PTH), which progressed to persis-

tent PTH elevation, causing symptomatic hypercalcemia

and eventually necessitating parathyroidectomy at 13

years of age. The mother of proband 8, who is a carrier
can Journal of Human Genetics 111, 487–508, March 7, 2024 497



for the same ZFX variant, also underwent parathyroidec-

tomy for hyperparathyroidism. The histopathology in pro-

band 8 and his mother was consistent with parathyroid

hyperplasia.

Intriguingly, the same ZFX variant (c.2357G>A

[p.Arg786Gln]) that was found in this family has been

previously reported as a somatic variant in sporadic para-

thyroid adenoma.19 Based on this information, all collab-

orators were asked to share results of calcium and PTH

levels if already drawn or order them in all probands.

This approach led to the discovery of additional individ-

uals with hyperparathyroidism. Proband 9, who carries

the same variant (p.Arg786Gln) as proband 8, was diag-

nosed at 12 years of age with ‘‘familial hypocalciuric hy-

percalcemia’’ and at 15 years of age with parathyroid ade-

noma requiring parathyroidectomy. Proband 4, who

carries the missense variant p.Thr771Met, exhibited

biochemical abnormalities consistent with hyperparathy-

roidism (hypercalcemia and inappropriately normal PTH)

and was evaluated for familial hypocalciuric hypercalce-

mia, but she is currently asymptomatic. Furthermore,

four females with the p.Tyr774Cys variant from a three-

generation family (including the mothers of probands

6A–6C; see Figure 3B and supplemental notes) were diag-

nosed with hyperparathyroidism and needed parathy-

roidectomy; the histology in one proband was consistent

with parathyroid hyperplasia. None of the female rela-

tives of probands 5A–5C and 7 with hyperparathyroidism

exhibit the other clinical features seen in probands

in this cohort. Notably, hypercalcemia secondary to

hyperparathyroidism was observed only among individ-

uals with missense variants. As previously discussed,

X-inactivation studies were available for a subset of the

individuals (for family 6, see Figure 3C); skewed

X-inactivation may be a possible explanation for the

observed phenotypes, but further sequencing studies are

required.

Additional types of tumor and vascular anomalies were

enriched in our cohort. Two individuals (probands 1 and

9) had multiple hemangiomas; proband 9 also had

lymphatic malformations and was diagnosed at age 13

with thyroid papillary carcinoma. Proband 1 had hepatic

angiomatosis, and proband 9 had hepatic adenoma. The

mother of proband 8 was diagnosed with sarcoma. Pro-

band 13 underwent a resection of benign suprarenal gan-

glioneuroma at 11 years of age. One of the female carriers

in family 6 (III-1 in Figure 3C) had metastatic colorectal

adenocarcinoma. Four individuals with missense variants

had melanocytic nevi.

Missense ZFX variants demonstrate altered target gene

expression

To explore the biochemical activities of several of the

variant ZFX proteins present in the affected individuals,

we individually introduced the p.Arg764Trp (probands 1

and 2), p.Thr771Met (probands 3, 4, and 5), p.Tyr774Cys

(probands 6A–6C and 7), and p.Arg786Gln (probands 8
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and 9) single-nucleotide changes into an expression

vector containing aWTcopy of a FLAG-tagged ZFX protein

(Table S2). These four variants are located within the re-

gion of ZFX that we have previously shown to be required

for DNA binding9; Arg786 and Arg764 are located within

the finger loops of zinc finger 13 and zinc finger 12, respec-

tively, whereas Thr771 and Tyr774 are located within

the linker between zinc fingers 12 and 13 (Figure 1). The

p.Arg786Gln, p.Arg764Trp, and p.Thr771Met variants

have also been identified in The Cancer Genome Atlas

database (TCGA, https://www.cancer.gov/ccg/research/

genome-sequencing/tcga), indicating a possible role of

these variants in carcinogenesis as well as in development.

To evaluate the DNA binding and transactivation activities

of the ZFX proteins harboring the individual amino acid

changes, we used a cell line (DKO), derived from

HEK293T cells, in which all endogenous ZFX family mem-

ber protein expression has been eliminated through

CRISPR-mediated deletion.9 The use of these cells allows

a direct comparison of the binding pattern and activity

of the transfected ZFX variant proteins to the activity of

the transfected WT ZFX, without interference from endog-

enous proteins; see Table S3 for details concerning all

genomic datasets used in this study.

The DKO cell line was transfected with the different

ZFX expression constructs or the parental vector as a

control; 24 h after transfection, the cells were harvested,

and the genomic DNA binding patterns for the variant

ZFX proteins were analyzed and compared to the activity

of WT ZFX. Genome-wide DNA binding profiles of the

WT and variant ZFX proteins were determined by per-

forming ChIP-seq assays using a FLAG antibody. Exami-

nation of the binding patterns revealed that, in general,

the variant proteins had a very similar DNA binding

pattern as did WT ZFX (Figure 4A); see also Figure S1B

for heatmaps showing global comparisons of the binding

patterns of the different ZFX proteins. However, we note

that the variant ZFX proteins did appear to have slightly

lower peaks than WT ZFX; this was especially noticeable

for p.Thr771Met. These differences in peak height do not

correlate with the expression levels of the variant pro-

teins, as compared to the levels of WT ZFX; for example,

p.Thr771Met has the most-reduced binding activity but

is expressed at the same level as WT ZFX (Figure S1). As

ZFX has previously been shown to be primarily localized

to proximal promoter regions and the functional

binding is confined to the sites located at þ240 in the

promoter region,7,9 the reproducible promoter peaks

(ranked by peak score) located within 5 2 kb of known

promoters were selected for WT ZFX and the mutant

ZFX proteins for further analyses (peak files are provided

in Table S4). Pairwise comparisons between the peak sets

from the WT and variant ZFX proteins indicate a very

high degree of overlap (Figure 4B), with all pairwise com-

parisons showing greater than 80% identity. Although,

taken overall, the same promoter regions were bound

by the WT and variant proteins, it was possible that
7, 2024
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Figure 4. Characterization of wild-type and missense ZFX DNA binding by ChIP-seq
(A) Shown is a browser track displaying the genomic binding patterns of WTand variant ZFX proteins in a representative 2.4k-kb region
of chromosome 22.
(B) Proportional Venn diagram of overlaps among the top 12,000 called peaks within 2 kb of the transcription start site (TSS) for WTand
variant ZFX proteins. The number of peaks common to all ZFXs is indicated.
(C) Shown are the DNA binding profiles of WT and variant ZFX proteins from �2 kb to þ2 kb from the TSS.
the variants bound to different positions within the

same promoters as did WT ZFX. To investigate this possi-

bility, a tag density analysis of the promoter peaks for

WT and variant ZFXs was performed (Figure 4C). We

have previously shown that endogenous WT ZFX pre-

dominantly binds downstream of the transcription start

site at position þ240.9 Therefore, as expected, the trans-

fected WT ZFX also displays this same pattern; we also

found that each variant ZFX also has the same down-

stream binding pattern. Taken together, these data indi-

cate that although the four missense variants are within

the region of the ZFX protein required for DNA binding,

these variants do not cause any major changes in

genomic DNA binding patterns. However, we note that

heatmaps of the ChIP-seq data suggest that the mutants

have enhanced binding, as compared to WT ZFX, at a

small set of promoters (Figure S1B).
The Ameri
Although the missense variants had only subtle effects

on DNA binding, it remained possible that they could

affect the transcriptional activation properties of ZFX.

Therefore, we next transfected DKO cells with the WT or

variant ZFX expression plasmids or parental vector as a

control and prepared RNA for RNA-seq. Genes with expres-

sion changes caused by transfection of the WT or variant

ZFX proteins were identified using DEseq2 (R). Changes

in the transcriptome caused by each ZFX construct, as

compared to the parental vector, are visualized by volcano

plots (Figure 5A), and lists of all genes used in these plots

are provided in Table S5. These experiments clearly

demonstrate that the four variant ZFX proteins are active

in the transactivation assay and the majority of the differ-

entially regulated genes are upregulated. These results are

consistent with classification of ZFX as a transcriptional

activator.7,9 Importantly, they also clearly demonstrate
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Figure 5. Characterization of differential expression in the context of missense ZFX variants
(A) Gene expression changes following transfection of WT or variant ZFX proteins into DKO cells. Volcano plots show gene expression
changes in cells transfected with plasmids expressing the indicated ZFX compared to transfection with the vector alone. RNAs with
increased expression are shown by red dots, RNAs with decreased expression are shown by blue dots; cut-offs used were a 2-fold change
in expression and a q value < 0.05. The numbers of RNAwith increased (Up), decreased (Down), and no change (N/C) in expression are
displayed.
(B) Top: Overlap analysis of all genes activated byWTand variant ZFX proteins. The numbers of genes induced by all five proteins (667)
and only by WT ZFX (410) are indicated. Bottom: Overlap analysis of direct targets activated by WT and variant ZFX proteins. The
numbers of direct targets common to all five proteins (271) and direct targets unique to WT ZFX (548) are indicated.
(C–F) KEGG pathway analysis using the direct targets of WT and variant ZFX proteins. The top significant pathways are organized into
four groups: (C) pathways more highly enriched in the set of genes regulated by the variant ZFXs than in the set of genes regulated by
WT ZFX, (D) pathways only identified in sets of genes regulated by the variant ZFX proteins, (E) pathways enriched in both variant and
WT gene sets, and (F) pathways enriched more in the sets of genes regulated by WT ZFX. Significance is plotted on the y axis.
(G–I) Examples of differences in expression and binding patterns of direct targets for WT ZFX vs. variant ZFX proteins; left panels show
the expression level of the gene (values on the y axis represent normalized read counts mapping to all gene transcripts) in cells trans-
fected with the WT and mutant ZFX proteins, whereas right panels show the ChIP-seq signals (browser shots) of the different ZFX
WT and mutant constructs at the promoter of that gene. (G) Direct targets of both WT and variant ZFX, (H) direct targets of WT ZFX
only, and (I) direct targets only of variant ZFX proteins.
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that the amino acid changes do not create a complete

loss-of-function ZFX protein. However, there are fewer up-

regulated genes upon transfection of p.Tyr774Cys and

p.Thr771Met, suggesting that the ZFX linker variants

may have slightly lower transactivation ability than the

WT ZFX or the ZFX finger variants; this may be due to

the slightly lower occupancy of these TFs on the promoter

regions, as shown by the tag density plots in Figure 4C.

A proportional Venn diagram of the overlaps of the

sets of genes with increased expression (Figure 5B, top)

shows that the linker variants (p.Thr771Met and

p.Tyr774Cys) and the zinc finger variants (p.Arg786Gln

and p.Arg764Trp) cause changes in expression of many

of the same genes as regulated by WT ZFX. However,

some genes whose expression is increased by WT ZFX are

not regulated by the variant ZFX proteins, and the variant

proteins also have their own distinct sets of regulated

genes. We note that changes in the transcriptome medi-

ated by theWTand variant ZFX proteins are a combination

of altered expression of direct target genes (i.e., genes hav-

ing a promoter bound by ZFX and that show upregulation

of expression in the transactivation assay) and of genes in

downstream signaling pathways controlled by the direct

target genes. Although analysis of the entire set of altered

genes can provide insight into the biological consequences

of the variants, analysis of the set of altered direct target

genes can provide insight into the mechanisms by which

the pathogenic variants affect ZFX transcriptional activity.

Therefore, we next examined the effects of the missense

variants on the regulation of direct target genes. For these

analyses, we combined the DNA binding profiles of theWT

and variant ZFX proteins with the RNA expression profiles,

selecting genes that show a greater than 2-fold increase in

expression and that have a ZFX peak (taken from the top-

ranked 12,000 promoter peaks) at their promoter region, to

generate lists of direct target genes for each ZFX protein.

From this analysis, we identified 1,300 direct targets

for WT ZFX and 994, 879, 665, and 619 direct target

genes for p.Arg786Gln, p.Arg764Trp, p.Tyr774Cys, and

p.Thr771Met, respectively; lists of the direct target genes

for WT ZFX and the variant ZFX proteins are provided in

Table S6. To compare the sets of direct targets for the WT

and ZFX variant proteins, a proportional Venn diagram

was created (Figure 5B, bottom). Again, we found that

the WT ZFX, the linker variant (p.Thr771Met and

p.Tyr774Cys), and the finger variants (p.Arg786Gln and

p.Arg764Trp) can regulate distinct sets of direct target

genes, in addition to the 271 direct target genes activated

by all ZFX proteins. Both sets of overlaps reveal that the

transcriptional profiles of cells transfected with finger var-

iants are more similar to each other than to the transcrip-

tional profiles of cells transfected with the linker variants

(and vice versa).

The fact that the finger variants p.Arg786Gln and

p.Arg764Trp and the linker variants p.Thr771Met and

p.Tyr774Cys increase the expression of some genes that

are not affected by WT ZFX and also fail to increase the
The Ameri
expression of some genes that are affected by WT ZFX sug-

gests that the pathogenic variants may change the cellular

phenotype. To assess the possible biological consequences

of the variant-specific and WT-specific targets, we per-

formed the Partek gene pathway-KEGG (Kyoto Encyclo-

pedia of Genes and Genomes) analysis. The pathways en-

riched in sets of genes regulated by WT and variant ZFX

proteins were organized into four groups: pathways more

highly enriched in the sets of genes regulated by the

variant ZFXs than in the set of genes regulated by WT

ZFX, pathways only identified in sets of genes regulated

by the variant ZFX proteins, pathways identified in both

variant and WT gene sets, and pathways enriched more

in the sets of genes regulated by WT ZFX (Figures 5C–5F).

These data, taken together with the gene expression and

DNA binding data, suggest that altered activities of the

variant ZFX proteins may not only cause a defect in certain

phenotypes through an inability to activate certain genes

but may also result in the acquisition of new cellular phe-

notypes in cells harboring the variants. The substantial

enrichment of the neuroactive ligand physiology pathway

in the sets of genes transfected with the variant ZFX pro-

teins is of particular interest given the neurodevelopmen-

tal phenotypes observed in this cohort. Examples of genes

that are regulated by both WT and variant ZFX, only WT

ZFX, and only variant ZFX are shown in Figures 5G–5I;

of interest is CALCR, which falls within the neuroactive

ligand physiology pathway and is only activated by the

variant ZFX proteins.

Loss-of-function ZFX zebrafish model supports

neurocognitive phenotype

To model truncating loss-of-function ZFX variants in vivo,

we generated a zfx KO zebrafish model and characterized

neurocognitive behavioral changes in adult zebrafish. To

generate zfx zebrafish, we injected Cas9 mRNA and

CRISPR guide RNAs targeting zfx exon 2, screened for

mosaic F0 founders, and established a mutant allele con-

taining a 25-bp deletion in zfx, which is predicted to cause

a frameshift with premature termination (Figure S2). Addi-

tionally, we sought to analyze the spatiotemporal mRNA

expression of zfx in WT zebrafish larvae using a previously

reported protocol.45 Whole-mount in situ hybridization

indicated zfx expression in the brain regions of 24-hpf

(hours postfertilization) and 48-hpf larvae (Figure S2C).

In order to quantitate the mRNA expression level in KO

organisms, real-time qPCR was conducted using RNA ob-

tained from adult zebrafish brains. zfx mRNA expression

was significantly reduced in zfx KO zebrafish compared

to WT siblings (p ¼ 0.008, Figure S2D).

KO zebrafish displayed no significant differences in

terms of gross morphology compared to WT zebrafish dur-

ing early developmental stages (Figure S3). Additionally, of

note, over-expression of two ZFX missense variants

(p.Arg764Trp and p.Arg786Gln) by microinjection of

mRNA in WT zebrafish did not yield any developmental

morphological phenotypes (Figure S4). However, the lack
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Figure 6. Behavioral characterization of zfx knockout zebrafish
(A) Representative heatmap image for novel tank assay during the first 3 min. The lines indicate the boundaries of three vertically
different zones (top, middle, and bottom).
(B) Quantification of average time spent in novel tank assay. Upper graph shows WT spent significantly increased time in bottom
zone (t ¼ 2.983, df ¼ 23, p ¼ 0.0033, n ¼ 8); lower graph shows KO fish spent higher time in the top zone (t ¼ 2.424, df ¼ 23,
p ¼ 0.0118, n ¼ 17).
(C) Test apparatus for the scototaxis assay modified with gray and bright zone. The external light source is placed underneath the tank to
evaluate the specific preference of adult zebrafish.
(D) Representative heatmap image for scototaxis assay.
(E) Quantification of percentage of average time spent in bright, gray, and dark zones. KO zebrafish spent significantly increased time in
the bright zone (t ¼ 3.516, df ¼ 16, p ¼ 0.0021, n ¼ 10) compared to WT siblings (n ¼ 8).
(F) Behavioral paradigm showing the 10-min acclimatization in the round container followed by three tap stimuli with 1-min intervals.
(G) Quantification of normalized velocity (cm/s) post-tap. WT (n ¼ 11) and KO (n ¼ 17) indicated similar response for both the first and
second tap stimuli. For the third tap, KO zebrafish displayed significantly increased response (t ¼ 2.378, df ¼ 26, p ¼ 0.0129).
(H) Quantification of velocity change (pre- and post-tap). WT fish showed a trend of decreasing response to the tap stimuli, whereas KO
fish showed significantly increased response to the third tap (t ¼ 2.907, df ¼ 16, p ¼ 0.0051).
of gross morphological changes does not preclude the po-

tential for more subtle alterations in adult zebrafish

behavior.

To evaluate behavioral changes in adult zfx KO zebrafish

relative to WT, we performed a battery of behavioral tests,

including a novel tank test, social interaction assay, mirror

biting test, scototaxis assay, and adult startle tap test. The

novel tank diving test is used to assay swimming activity

and evaluate anxiety (equivalent to the rodent open field

test).56 When placed in a novel environment, zebrafish

typically display a behavior called ‘‘novel tank diving’’

where they rapidly swim in the water column and explore

their surroundings by diving and swimming along the bot-

tom of the tank. This behavior is thought to be a response

to an unfamiliar environment and can be used as a mea-

sure of anxiety-like behavior.57 As expected, sibling WT

fish spent significantly more time in the bottom zone.

The time spent in the top zone was significantly increased

in zfx KO zebrafish compared to WT fish during the first

3 min (Figures 6A and 6B), suggesting reduced anxiety or

an altered anxiolytic response. There was no significant

difference in distance moved byWTand zfx KO, indicating
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normal motor functions of zfx KO zebrafish. Social interac-

tion and mirror biting tests showed no significant differ-

ence in behavior between WT and zfx KO fish.

We next performed a scototaxis test to assay dark/gray/

light preference. WT zebrafish prefer to spend more time

in darker conditions.47 However, zfx KO zebrafish spent

significantly increased time in the bright zone compared

to WT fish (Figures 6C–6E). In the gray zone, both WT

and zfx KO zebrafish spent equal time (t ¼ 0.5461, df ¼
16, p ¼ 0.1295). Although not statistically significant,

WT fish spent more time in the dark zone compared

to zfx KO zebrafish (t ¼ 1.604, df ¼ 16, p ¼ 0.063). These

results are consistent with the novel tank test and suggest

decreased baseline anxiety or an altered anxiolytic

response.

To examine the sensorimotor response and habituation

of adult zebrafish, we also performed a startle tap test. In

a startle tap test, the motor startle response is measured

to determine an initial startle response and evaluate habit-

uation with repeated testing.48 Typically, zebrafish can

adapt to the startle response over time when exposed to

repeated taps in the same environment.58,59 No significant
7, 2024



differences were observed in responses for both the first

and second tap stimuli between WT and zfx KO fish. How-

ever, for the third stimulus, zfx KO fish demonstrated a

significantly increased response compared to WT fish

(Figures 6F–6H). While WT fish showed a trend of signifi-

cantly decreasing response by the third tap stimulus, zfx

zebrafish showed the opposite response, indicating a lack

of habituation to the external tap stimuli. Taken together,

these experiments support that zfx KO zebrafish exhibit

altered behavioral activity compared to WT fish, suggest-

ing that loss of zfx function may result in neurocognitive

abnormalities.
Discussion

Here, we present a large cohort with an overlapping syn-

dromic intellectual disability phenotype linked by vari-

ants in the TF ZFX. These individuals share overlapping

and recurrent facial features, neurocognitive abnormal-

ities, behavioral problems, and congenital anomalies. A

subset of individuals with missense variants in the DNA-

binding domain demonstrate hyperparathyroidism. Mo-

lecular characterization of genome-wide binding profiles

of the missense ZFX variants by ChIP-seq and transcrip-

tional dysregulation by RNA-seq shows altered transcrip-

tional activation of a small set of gene targets compared

to WT ZFX. Furthermore, a zebrafish model of ZFX loss

demonstrated abnormal anxiolytic and habituation be-

haviors in several tests, including a novel tank, scototaxis,

and adult tap test—supporting altered neurocognitive

behavior in association with truncating ZFX variants.

Taken together, our data suggest that the individuals in

this cohort represent a complex X-linked intellectual

disability syndrome.

Individuals in this study cohort displayed considerable

phenotypic variability, prompting clinicians to order

non-targeted molecular studies, including ES and chromo-

somal microarray analysis, to evaluate the probands. The

main indications for ordering such studies included devel-

opmental delay, intellectual disability, multiple congenital

anomalies, and dysmorphic features, all of which are asso-

ciated with remarkable locus heterogeneity (for example,

there are numerous genes associated with syndromic neu-

rodevelopmental disorders). Nevertheless, targeted testing

for Fragile X syndrome, which is considered a first-tier

testing candidate for individuals with developmental

delay/intellectual disability, was ordered for several pro-

bands. In addition, four subjects underwent molecular

testing for Beckwith-Wiedemann syndrome because of

overgrowth, umbilical hernia, and macroglossia, and six

additional individuals underwent molecular testing for

other overgrowth syndromes including Simpson-Golabi-

Behmel, Sotos, and Costello syndromes. Mucopolysac-

charidosis has been also considered on the differential

diagnosis of three probands based on coarse facial features,

some overgrowth, and hernias. Hyperparathyroidism is an
The Ameri
emerging phenotype associated with certain ZFX variants

and, if present in individuals with syndromic neurodeve-

lopmental disorder (NDD), should probably prompt

consideration of this diagnostic entity.

Eight individuals had additional genetic findings

of varying clinical significance (Table S1, supplemental

notes), and a subset of them may have contributed to or

modified the individuals’ phenotypes. Proband 9 was

found to have a paternally inherited variant in KCNH2

(MIM: 152427), monoallelic variants in which are associ-

ated with long QT syndrome-2 (MIM: 613688). This

finding is consistent with the proband’s personal and fam-

ily history of prolonged QT syndrome, and it is not related

to the phenotype associated with the ZFX variant. Proband

12 carries a pathogenic OCA2 (MIM: 611409) variant and a

heterozygous missense variant in MC1R (MIM: 155555).

The relevance of these variants to the proband’s phenotype

is unclear. His mother is clinically affected with oculocuta-

neous albinism and carries 2 pathogenic variants in OCA2,

but he does not display classical features of this condition,

and his nystagmus is thought to be secondary to optic

nerve hypoplasia. Proband 14 had a paternally inherited

nonsense variant in ROBO1 (MIM: 602430), which can

explain the proband’s pituitary hypoplasia and growth

hormone deficiency (MIM: 620303; combined or isolated

pituitary hormone deficiency-8). This is a typical example

of a blended phenotype in the same individual. ES of pro-

band 15 also revealed a VUS in TFAP2A (MIM: 107580),

heterozygous pathogenic variants in which are associated

with branchiooculofacial syndrome (MIM: 113620). The

proband does have hearing loss, which has been described

in this condition, but the absence of the other syndromic

cardinal features made it seem unlikely that the TFAP2A

variant is the cause of this proband’s phenotype. Four addi-

tional probands had small copy number variants of un-

clear clinical significance, but we cannot completely

exclude a potential modifying effect.

Multiple lines of evidence support the pathogenicity of

the observed ZFX variants, including shared and recurrent

phenotypes in affected individuals, structural and in silico

variant analysis, lack of these variants in the general popu-

lation based on publicly available databases, and func-

tional molecular data demonstrating altered transcrip-

tional activity in missense variants and altered behavior

in a zebrafish loss-of-function model. It is important

to note that ZFX is a highly intolerant gene for loss-of-

function variants, as demonstrated by high probability

of loss-of-function intolerance score (pLI ¼ 1.0), low loss-

of-function observed/expected upper bound fraction

(LOEUF ¼ 0.16),60 and low haploinsufficiency score (HI

index ¼ 7.61%).61

Although we cannot yet estimate the frequency of ZFX-

related disorder, ZFX variants appear to be very uncom-

mon. GeneDx confirmed de novo missense or frameshift

variants in ZFX for four affected individuals and mater-

nally inherited missense variants in 12 affected hemizy-

gotes out of 125,778 individuals undergoing clinical
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ES/GS for an indication of NDD. Of the de novo variants,

there was one hemizygous missense variant, one heterozy-

gous missense variant, and two heterozygous frameshift

variants. Because of the design and scope of this study,

we were unable to calculate the enrichment of ZFX vari-

ants in NDD. Nevertheless, none of the variants reported

in this study were found in gnomAD (last accessed:

October 6, 2023). ZFX is not only intolerant for loss-of-

function variants (based on pLI, LOEUF, and HI index)

but also highly constrained for missense variants. In fact,

the missense constraint Z score for ZFX, which calculates

the deviation of observed from predicted missense vari-

ants, is þ3.15, with higher scores indicating that the tran-

script is more constrained and less tolerant of missense

variation.62

Variants in TFs, by nature of their complex cellular func-

tions, can result in pleiotropic phenotypes. Most funda-

mentally, TFs can be reduced to two functional domains:

(1) a structured DNA-binding domain that interacts with

a specific DNA motif and (2) a structured or unstructured

transcriptional effector domain responsible for activation

(the recruitment of transcriptional machinery to a target

gene) and/or repression (the binding of corepressors and

chromatin remodelers). Variants in TFs have the potential

to impair or alter DNA binding specificity, inhibit tran-

scriptional effector function, result in loss of TF expression

entirely, or cause a gain of transcriptional function. In this

ZFX cohort, we observe both predicted loss-of-function

truncating variants and DNA-binding domain missense

variants that exhibit the potential for gain-of-function

behavior. This complexity is consistent with the observed

pleiotropy of the individuals in this cohort, which may

reflect variations in the particular gene targets of the

different ZFX variants.

It is of particular interest that the missense variants clus-

ter near the penultimate and ultimate zinc fingers of ZFX,

which we have shown to be critical for genomic DNA bind-

ing activity.9 Although several variants fall within the zinc

fingers, the variant proteins are not significantly impaired

in their recruitment to promoter regions. Importantly, we

show that the missense variants generally bind to the

same promoters and activate the same genes as does WT

ZFX, and thus they are not inactivating. However, it is

also clear that some genes are (1) direct targets of WT

ZFX but not the variant ZFX proteins and (2) direct targets

of one or more of the variant ZFX proteins but not of the

WT ZFX (Figures 5G–5I). Taken together, our studies sug-

gest that the missense variants may result in both gain

and loss of transcriptional function at a small set of genes.

In particular, the hyperparathyroidism observed across

multiple individuals with three different nearby ZFX

DNA-binding domain variants supports the possible role

of altered binding affinity or activation in the pathogenesis

of this phenotype. Hyperparathyroidismwas also observed

in carrier females of the p.Arg786Gln and p.Tyr774Cys var-

iants who were otherwise phenotypically unaffected, sug-

gesting that the parathyroid phenotype could result from
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an altered protein activity leading to mis-activation of

downstream non-target genes. Our molecular studies of

the missense variants demonstrating differential transcrip-

tional activation (e.g., binding to and activation of CALCR,

which encodes the calcitonin receptor, by missense ZFX

proteins but not WT ZFX) support this hypothesis, but

further molecular studies of these specific variants will be

needed to investigate this link.

The prevalence of affected male individuals supports an

X-linked recessive inheritance pattern, but themanifesting

heterozygote females, including probands 4, 9, and 14 and

members of the 6A–6C family, complicate this classifica-

tion. Skewed mosaic X-inactivation in females, resulting

from either random chance or selection during develop-

ment, can vary the presence and severity of X-linked intel-

lectual disability phenotypes.63,64 X-inactivation studies

were only available for a subset of the cohort members,

but for the 6A–6C family, several affected females dis-

played substantial X-inactivation skewing (see Figure 3C),

and additional X-inactivation studies for proband 9 also

demonstrated substantial skewing. It is important to note

that only proband 6C from family 6 had clinical findings

similar to the remainder of the cohort, whereas other fe-

males mainly had hyperparathyroidism. One possible

explanation is variation of X-inactivation in different tis-

sues, but the contribution of other genetic and nongenetic

modifiers cannot be excluded. The consequence of this in

their presented phenotype, and indeed the potential

for disease in carrier females, will necessitate additional

characterization.

The specific molecular pathomechanisms by which ZFX

variants cause disease will require further studies, but this

work reflects a comprehensive effort to collate a pheno-

typic profile of ZFX disease. The specific role of ZFX

DNA-binding domain variants in the pathogenesis of neu-

rocognitive phenotypes and hyperparathyroidism, in

particular, is ripe for further characterization. Additionally,

further investigation of the gene targets and transcrip-

tional regulatory network of ZFX may yield substantial in-

sights into molecular disease mechanisms.

A primary limitation of this study is the heterogeneity of

clinical assessment of the participating individuals, with

evaluations by different professionals resulting in the po-

tential for interobserver bias. For instance, not all partici-

pants had a comprehensive and systematic neurocognitive

evaluation, which restricts the potential for comparisons

across some neurocognitive traits. Furthermore, due to

lack of availability of biological specimens, molecular

studies were not performed on all truncating variants,

although their predicted loss-of-function phenotypes

were modeled in zebrafish and assessed based on in silico

models. Additionally, the small cohort size and the fact

that the majority of the ZFX variants were private to

each proband or family made the assessment of geno-

type-phenotype correlation difficult. Furthermore, because

of the original design and scope of this study, we could

not perform a formal statistical test of enrichment for
7, 2024



ZFX variants in affected individuals as compared to con-

trols. In the in vitro studies, co-deletion of partner TFs

ZFY and/or ZNF711 was performed, although in this

cohort these genes are unaffected. However, there is prece-

dent for variants in only a single copy of a redundant

X/Y gene pair to cause disease, such as the gene pair

NLGN4X (MIM: 300427) and NLGN4Y (MIM: 400028), of

which NLGN4X specifically is associated with X-linked in-

tellectual disability (intellectual developmental disorder,

X-linked, MIM: 300495). The need to delete homologous

genes in models may just be a consequence of assay

sensitivity.

In summary, both truncationandmissensevariants in the

TF ZFX are associated with a complex X-linked intellectual

disability syndrome with characteristic developmental

and behavioral abnormalities. Further characterization of

variants is needed to reveal the precise pathomechanism,

particularlywith regards to the recurrent hyperparathyroid-

ism observed in a subset of affected individuals.
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