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Summary
Requirements for vesicle fusion within the heart remain poorly understood, despite the multitude of processes that necessitate proper

intracellular trafficking within cardiomyocytes. Here, we show that Syntaxin 4 (STX4), a target-SolubleN-ethylmaleimide sensitive factor

attachment receptor (t-SNARE) protein, is required for normal vertebrate cardiac conduction and vesicular transport. Two patients were

identified with damaging variants in STX4. A patient with a homozygous R240W missense variant displayed biventricular dilated car-

diomyopathy, ectopy, and runs of non-sustained ventricular tachycardia, sensorineural hearing loss, global developmental delay, and

hypotonia, while a second patient displayed severe pleiotropic abnormalities and perinatal lethality. CRISPR/Cas9-generated stx4

mutant zebrafish exhibited defects reminiscent of these patients’ clinical presentations, including linearized hearts, bradycardia, otic

vesicle dysgenesis, neuronal atrophy, and touch insensitivity by 3 days post fertilization. Imaging of Vamp2þ vesicles within stx4

mutant zebrafish hearts showed reduced docking to the cardiomyocyte sarcolemma. Optical mapping of the embryonic hearts coupled

with pharmacological modulation of Ca2þ handling together support that zebrafish stx4mutants have a reduction in L-type Ca2þ chan-

nel modulation. Transgenic overexpression of zebrafish Stx4R241W, analogous to the first patient’s STX4R240W variant, indicated that the

variant is hypomorphic. Thus, these data show an in vivo requirement for SNAREs in regulating normal embryonic cardiac function and

that variants in STX4 are associated with pleiotropic human disease, including cardiomyopathy.
Introduction

Soluble N-ethylmaleimide sensitive factor attachment re-

ceptor (SNARE) proteins bridge the vesicle and plasma

membrane and are crucial for processes involving intracel-

lular membrane fusion, including neurotransmitter

release.1 In humans, variants in the loci of the SNARE pro-

teins SNAP25 (MIM: 600322), VAMP1 (MIM: 185880),

VAMP2 (MIM: 185881), and several of their cognates

have been reported to result in synaptopathies, a spectrum

of diseases that typically manifest in an encephalopathy

phenotype composed of severe neural defects, including

hypokinesia and epilepsy.2-13 While these syndromes

have recently been collectively termed ‘‘SNAREopathies,’’3

SNAREs ubiquitously regulate vesicle fusion in virtually all

cell types by mediating the fusion and subcellar localiza-
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tion of various transmembrane and exocytic components

to their membrane targets.14 Therefore, many other ex-

tra-neuronal disease pathologies may manifest as ‘‘SNAR-

Eopathies.’’ Cardiomyocytes (CMs) are among the most

specialized cell types owing to a high degree of organiza-

tion and the dynamic requirements for their diverse func-

tion. Remarkably, while it has long been known that CMs

heavily rely on intracellular membrane trafficking, few

bona fide trafficking proteins have been identified as hav-

ing specific functions in the heart.15,16 SNAREs are a prom-

ising candidate for the elucidation of how cardiac intracel-

lular trafficking is regulated. Notably, previous in vitro

experiments suggest that SNAREs may regulate cardiac

ion channel vesicle fusion, sensitivity, or gating

behavior.17-23 Furthermore, all voltage gated Ca2þ chan-

nels (VGCCs) are reported to physically interact with the
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vesicle fusion machinery via common, conserved SNARE-

interacting ‘‘synprint’’ domains,17,19 although to date an

interaction with cardiac VGCCs has not been examined.19

Here, we report an association between SNARE function

within the heart and cardiovascular disease. We identified

two patients with unique biallelic pathogenic variants in

Syntaxin 4 (STX4 [MIM: 186591]) that showed pleiotropic

defects, including one patientwith early-onset biventricular

dilated cardiomyopathy (DCM) that ultimately necessitated

heart transplant. Engineered zebrafish stx4mutant embryos

also have pleiotropic defects, including profound myocar-

dial dysfunction and bradycardia. Within CMs, we found

that zebrafish stx4 mutants exhibit a significant reduction

in their number of docked vesicles. Mechanistically, optical

mapping demonstrated that zebrafish stx4 mutants have

aberrant Ca2þ handling. Concordantly, stx4 mutant hearts

are highly sensitized to pharmacological inhibition of

L-type Ca2þ channels (LTCCs), while agonism of LTCCs

can rescue the bradycardia. Transgenic lines expressing the

zebrafishStx4R421Wvariant (analogous topatient 1’s variant)

were unable to fully rescue stx4mutants, suggesting that the

patient’s Stx4R240Wallele ishypomorphic.Collectively, these

data provide evidence for a conserved requirement for Stx4

in vertebrate cardiac conduction, whichmay providemech-

anistic insights into the etiology of the cardiomyopathies

found in humans with damaging STX4 variants.

Material and methods

Ethics statement
Approval of research on human subjects was obtained from the

institutional review boards at Cincinnati Children’s Hospital Med-

ical Center and the Ethics Committee of the University Children’s

andWomen’s Center/University Hospital Carl Gustav Carus at the

Technische Universität Dresden performed in compliance with

the Declaration of Helsinki, and conformed to the laws and regu-

lations of the respective countries and institutions. Written con-

sent was obtained for all patient images. All zebrafish husbandry

and experimental procedures were performed in accordance with

approved Institutional Animal Care and Use Committee protocols

at the Cincinnati Children’s Hospital Medical Center and the Har-

vard Medical Area Standing Committee on Animals.

Genetic investigations
For the index patient (patient 1), a clinical SNP microarray (Infin-

ium CytoSNP-850K v1.1 BeadChip [Illumina]) was performed

following local protocols by the Cincinnati Children’s Hospital

Medical Center cytogenetics lab. Mitochondrial DNA sequencing

and clinical whole-exome sequencing (WES) was subsequently

performed using a trio-based strategy by MNG Laboratories

(Atlanta, GA). WES data processing, sequence alignment to

GRCh37, variant filtering, prioritization by allele frequency, pre-

diction of functional impact, and inheritance models were per-

formed using previously reported analysis pipelines.24

Targeted variant testing was performed on patient 1’s unaffected

sibling. Testing was approved by the Cincinnati Children’s Hospi-

tal Medical Center internal Institutional Review Board (protocol

#2020-0390). DNA was extracted from the sibling’s saliva using a

DNeasy Blood & Tissue Kit (Qiagen, 69,504). Extracted DNA
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from patient 1 and DNA from an unaffected individual served as

positive and negative controls, respectively. Forward and reverse

primers were designed to flank patient 1’s variant (Table S3).

PCR products were concentrated using a DNA Clean & Concen-

trator 5 (Zymo Research). Amplicons were confirmed by Sanger

sequencing. Chromatograms were manually reviewed.

For patient 2, prenatal trio-WES was performed clinically on the

fetus and on the parents. Trio analysis: Variants found in the pa-

tient and in the patient’s parents were compared and filtered for

three cases: de novo in the patient, patient is compound heterozy-

gous, patient is homozygous, and the parents are heterozygous.

The coding and flanking intronic regions were enriched using in

solution hybridization technology and were sequenced using the

HiSeq/NovaSeq system (Illumina). Copy number variations

(CNV) were computed on uniquely mapping, non-duplicate,

high-quality reads using an internally developed method based

on sequencing coverage depth. Briefly, reference samples were

used to create a model of the expected coverage that represents

wet-lab biases as well as inter-sample variation. CNV calling was

performed by computing the sample’s normalized coverage profile

and its deviation from the expected coverage. Genomic regions are

called as variant if they deviate significantly from the expected

coverage. Illumina bcl2fastq2 was used to demultiplex sequencing

reads. Adapter removal was performed with Skewer.25 The

trimmed reads were mapped to the human reference genome

(hg19) using the Burrows Wheeler Aligner.26 Reads mapping to

more than one location with identical mapping scores were dis-

carded. Read duplicates that likely resulted from PCR amplifica-

tion were removed. The remaining high-quality sequences were

used to determine sequence variants (single nucleotide changes

and small insertions/deletions). Only variants (single nucleotide

variants [SNVs]/small indels) in the coding region and the flanking

intronic regions (58 base pairs [bp]) with a minor allele frequency

(MAF) < 1% were evaluated. Known disease-causing variants (ac-

cording to the Human Gene Mutation Database) were evaluated

in up to530 bp of flanking regions and up to 5%MAF. All variants

with an MAF <1% (in genes with autosomal recessive heredity) or

<0.1% (in genes with dominant heredity) were evaluated, not

including variants classified as benign or likely benign according

to current literature. In silico prediction of variants was calculated

on the basis of the output of the program’s Mutation Taster,27

fathmm/fathmm-MKL coding,28 Mutation Assessor,29 SIFT,30

LRT,31 and PROVEAN32 according to the following criteria:

100% consensus ¼ pathogenic/benign, R75% consensus ¼
mostly pathogenic/benign, consensus <75% or no prediction

possible ¼ inconsistent. SpliceAI was used to evaluate the conse-

quence of variants on splicing (default [high precision] thresholds:

0.8-1 "splice effect," 0.6–0.8 "possible splice effect,"<0.6 "no splice

effect).33 For variants within a 0.5 delta score range cutoff with

functional analysis unavailable to confirm a predicted splice effect,

additional in silico predictions were employed, including

MaxEntScan,34 Combined Annotation Dependent Depletion

(CADD),35 and MutationTaster.27 All variants were classified and

reported based on American College of Medical Genetics and Ge-

nomics (ACMG)/Association for Clinical Genomic Sciences-

2020v4.01 guidelines.36

Zebrafish husbandry/mutant and transgenic lines used
Adult zebrafish (Danio rerio) were maintained under standard

laboratory conditions.37 The zebrafish stx4ci1016 mutant allele

was used. The following zebrafish transgenic lines were

used: Tg(-5.1myl7:dsRed2-NLS)f2,38 TgBAC(neurod:EGFP)nl1,39



Tg(gata1:dsRed)sd2,40 Tg(kdrl:EGFP)s843,41 Tg(actb2:stx4-IRES-

EGFP)ci1018, Tg(actb2:stx4R241W-IRES-EGFP)ci1019. Wild-type (WT)

lines used were mixed AB/TU strain.

Generation of transgenic lines
The Tg(actb2:stx4-IRES-EGFP) transgenic line was created using

standard Gateway cloning methods and Tol2 mediated transgen-

esis.42,43 A pME-stx4 middle-entry clone was generated with the

coding region of stx4 (ZDB-GENE-030131-2455). Gateway clon-

ing was used to place the p5E-actb2 50-entry clone,42 pME-stx4

middle-entry clone, and p3E-IRES-EGFPpA 30-entry clone42

into the pDEST-Tol2 P2a;a-cry:dsRed plasmid.44 To generate

the Tg(actb2:stx4R241W-IRES-EGFP) line, a QuikChange II Site-

Directed Mutagenesis Kit (Agilent, 200524) was used to intro-

duce the stx4R241W variant into the actb2:stx4-IRES-EGFP

plasmid, as the template. Sanger sequencing was used to confirm

the sequences of generated plasmids. To generate transgenic em-

bryos, 50 pg of the actb2:stx4-IRES-EGFP or actb2:stx4R241W-IRES-

EGFP plasmids and 25 pg of Tol2 mRNA were co-injected into

one cell stage stx4þ/� heterozygous embryos.45 F1 lines bearing

dsRed in the lens and robust ubiquitous EGFP expression in

�50% of their progeny were selected, indicative of a single inser-

tion, and maintained in hemizygosity in the stx4þ/� back-

ground. Primers used are listed in Table S3.

Generation of stx4 mutant line
The stx4mutant allele was created with CRISPR-Cas9, using stan-

dard methods.46–48 Guide RNAs (gRNAs) were designed using

ChopChop, templated via PCR as previously described,46 and

synthesized using a MEGAshortscript T7 Transcription Kit (Life

Technologies, AM1354); 150 pg of each stx4 gRNA and 6 mM En-

Gen Spy Cas9 NLS (New England Biolabs, M0646M) was co-in-

jected into one cell stage WT embryos. Efficacy of the gRNAs in

generating deletions was determined in pooled F0 embryos by

PCR. Sequencing the deletion found in F1 progeny identified a

38-bp deletion. Genotyping of the stx4 mutant allele was per-

formed by PCR using stx4-t2-F1 and stx4-t2-R1 primers

(Table S3), which produce 250-bp WT and 212-bp mutant

products.

In situ hybridization
Whole-mount in situ hybridization (ISH) was performed using

NBT/BCIP (Roche, 11383213001 and 11383221001) according to

previously established protocols.49 Probes for myl7 (ZDB-GENE-

991019) and tbx2b (ZDB-GENE-990726-27) were previously re-

ported. Larvae were imaged using a Zeiss M2BioV12 stereomicro-

scope equipped with an AxioCam MRc digital camera.

Immunohistochemistry and CM quantification
Immunohistochemistry (IHC) and CM quantification were

performed as previously described.50 Antibodies used included

anti-acetylated tubulin, anti-Alcama, anti-cleaved Caspase3, anti-

DsRed2, anti-Isl1, anti-sarcomeric myosin heavy chain (Mhc),

anti-myosin heavy chain 6 (Myh6, previously called Atrial myosin

heavy chain [Amhc]), an anti-zebrafish myosin heavy chain 7

(Myh7, previously called Ventricular myosin heavy chain

[Vmhc]),51 anti-Syntaxin 4, and anti-Vamp2. Specifications for

all primary and secondary antibodies used are listed in Table S4.

DAPI (Life Technologies, 1306) was used at a dilution factor of

1:10,000 to label nuclei, where indicated. Alexa Fluor-555-conju-

gated a-Bungarotoxin (a-Btx; Invitrogen, B35451) at a concentra-
Hu
tion of 10 mg/mL was also used. For all IHC, larvae were fixed for

1 h at room temperature in 1% formaldehyde in PBS (v/v %),

washed with 0.2% saponin ([w/v %] in PBS), blocked with saponin

block (0.2% saponin supplemented with 2 mg/mL bovine serum

albumin and 10% [v/v %] heat-inactivated goat serum), post-fixed

with 2% paraformaldehyde (v/v %), and stored in PBS, except for

larvae labeled with a-Btx or cleaved Caspase-3. For a-Btx labeling,

larvae were fixed overnight at 4�C in 4% paraformaldehyde (v/v

%) supplemented with 1% DMSO (v/v %) in PBS, washed with

PBS, and blocked with incubation buffer (2 mg/mL BSA and

0.5% Triton X-[v/v %] in 0.1M pH 7.4 phosphate buffer), as previ-

ously described.52 For cleaved Caspase-3 labeling, larvae were fixed

overnight at 4�C in 4% paraformaldehyde, dehydrated in a meth-

anol series at �20�C, washed with PBS supplemented with 0.1%

Tween 20 (PBST; v/v %), permeabilized with PBST supplemented

with 1% DMSO (v/v %) and 0.3% Triton X-(v/v %), and blocked

in PBST supplemented with 10% sheep serum (v/v %), as previ-

ously described.53

For CM quantification, embryos were mounted between two

coverslips in the same manner as previously described.50 Other-

wise, they were immobilized in 15-well angiogenesis m-Slides

(ibidi, 81501) using 1% AquaPor low melt (LM) GTAC agarose

(National Diagnostics, EC-204; w/v %) in PBS, once solidified.

For CM quantification and Mhy6/Myh7-labeling to assess cham-

ber morphology, micrographs were acquired using a Zeiss

M2BioV12 stereomicroscope; otherwise, micrographs were ac-

quired using an inverted, motorized Nikon Eclipse Ti on an

A1R confocal microscope equipped with a GaAsP PMT, an HD

dual resonant/galvanometric scanner, and an excitation range

from 405 to 640 nm, using a Plan Apo 10x/0.45 DIC L; Apo

LWD 20x/0.95 WI lS; or Plan Apo VC 60xA/1.2 WI DIC N2

objective. Micrographs were pseudocolored using ImageJ (for im-

ages acquired with the Zeiss stereomicroscope) or NIS Elements

(for images acquired with the Nikon confocal microscope), if con-

taining red and green channels simultaneously. For Z-stacks ac-

quired with the Nikon confocal microscope, shot noise was

removed post-imaging using the Denoise.ai function in NIS

Elements.

Quantification of Vampþ vesicles
To quantify Vamp2þ positive vesicles, embryos were labeled

with anti-Vamp2, anti-Alcama, and DAPI and mounted between

two coverslips, before being imaged using an inverted, motor-

ized Nikon Eclipse Ti on an A1R confocal microscope equipped

with a Plan Apo100x/1.45 l oil immersion objective. All Z-stacks

were subsequently analyzed using Bitplane Imaris 9.3.1 (Oxford

Instruments), as detailed below: Total vesicles were modeled us-

ing the spot creation tool, while nuclei number and membrane

volumes were obtained from surface renderings of DAPI and Al-

cama labeling, respectively, to ensure a similar proportion of

CMs and comparable field of view was quantified between

each heart. Total vesicles were normalized to nuclei or mem-

brane volume. To calculate the percent of vesicles close to the

CM membrane, the ‘‘Spots Close to Surface’’ XTension was per-

formed with a threshold set to 1.0 mm. The result of this XTen-

sion permits for the identification of clusters of objects based on

the distance to the selected surface (Alcama-labeled membrane).

The resulting spots located inside the threshold-defined region

were calculated as a percentage of total vesicle spots, as a surro-

gate for vesicle clustering. Total vesicles were modeled as surface

renderings and a ‘‘Surface-Surface coloc’’ Xtension was per-

formed to permit the masking of two surfaces to find the voxels
man Genetics and Genomics Advances 3, 100115, July 14, 2022 3



inside each surface that overlap (Vamp2-labeled vesicles and Al-

cama-labeled membrane). The resulting new surface generated

from these overlapping regions was generated from this Xten-

sion and tabulated, as a surrogate for vesicle docking.

O-dianisidine heme staining
Larval zebrafish were developed in heme staining solution (2.5 mM

o-dianisidine, 10 mM sodium acetate pH 5, 0.65% hydrogen

peroxide [v/v %], 40% ethanol [v/v %] in water) for 15 min, washed

with PBST, subsequently fixed overnight at 4�C in 4%paraformalde-

hyde, and washed and stored in PBST, as previously described,54

before being imaged by brightfield using a Zeiss M2BioV12

stereomicroscope.

Heart rate measurements
For heart rate measurements, 72 h postfertilization (hpf) larvae

were anesthetized with 0.16 mg/mL tricaine (MS-222) and immo-

bilized in 15-well angiogenesis m-Slides using 1% low melt agarose

in embryo water (Milli-Q [Millipore] water supplemented with

0.0001% methylene blue [w/v %] and 0.03% Instant-ocean [w/v

%]). Larvae were assayed in embryo water or with drugs at concen-

trations described below. Hearts were imaged by phase contrast us-

ing a Plan Flour 20x/0.5 Ph1 DLL objective on an inverted, motor-

ized Nikon Ti-2 SpectraX Widefield microscope equipped with an

Andor Xyla 4.2megapixel, 16-bit sCMOSmonochromatic camera.

Larvae were equilibrated for 5 min at thermoneutral conditions

(28.5⁰C) in a temperature-controlled chamber prior to high-speed

time-lapse imaging. For each acquisition, 500 frames were

captured at 232 binning with a 17- to 20-ms exposure, using a

12-bit rolling shutter and a 540 Mhz readout. Heart rates were

quantified as beats per minute from kymographs obtained from

ventricular regions of interest of time measurements that were re-

corded using NIS Elements.

Drug treatments
At 72 hpf, larvae were treated with the following: 500 mM

(5)-isoproterenol hydrochloride (Sigma Aldrich, I5627);

100 nM, 1 mM, 5 mM, or 10 mM of the L-type Ca2þ channel

(LTCC) blocker nifedipine (Sigma Aldrich, N7634); 20 mM of

LTCC agonist (5)-Bay K-8644 (AG Scientific, B-1019); 10 mM

thapsigargin (Sigma Aldrich, T9033) and 10 mM caffeine (Sigma

Aldrich, C0750), indicated as TgC; or 10 mM or 20 mM T-type

Ca2þ channel antagonist NNC 55-0396 dihydrochloride (Tocris,

2268). All stocks were made with DMSO prior to diluting at the

indicated concentrations in embryo water. Control larvae were

treated with 1% DMSO in embryo water. Except for isoproterenol

treatments, all larvae were treated prior to assaying heart rates for

45 min at 28.5⁰C, similar to what has been reported.55 For isopro-

terenol treatments, heart rates were assayed both at baseline and

following 30 min of treatment at 28.5�C, as previously

reported.56

Calcium imaging
Embryonic hearts were explanted with calcium imaging using ra-

tiometric dyes and analysis performed as previously described.55

Briefly, hearts were stained for 20 min with 50 mM Fura-2,AM (In-

vitrogen) and washed with Normal Tyrode’s solution (NTS;

136 mM Naþ, 5.4 mM Kþ, 1.0 mM Mg2þ, 0.3 mM PO4
3�,

1.8 mM Ca2þ, 5.0 mM glucose, and 10.0 mM HEPES, pH 7.4) at

room temperature for 45 min. Individual hearts were transferred

into perfusion chambers (Warner Instruments, RC-49MFS), con-
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taining NTS supplemented with 1 mM Cytochalasin D to inhibit

contraction. Perfusion chambers were mounted on a Nikon TE-

2000 inverted microscope equipped with a 120 W metal halide

lamp (X-Cite 120, Exfo). A high-speed monochromator (Opto-

scan, Cairn Research Ltd, UK) was used to rapidly switch the

excitation wavelength between 340 nm and 380 nm, with a band-

width of 20 nm and at a frequency of 500 Hz. The excitation light

was reflected by a 400-nm cutoff dichroic mirror with the fluores-

cence emission collected through a 510/580-nm emission filter

using a high-speed 80380 pixel charge-coupled device (CCD)

camera (CardioCCD-SMQ, RedShirtImaging) at 14-bit resolution

to obtain four frames per acquisition, resulting in a final ratio

rate of 125 Hz. For quantification, images were analyzed with

MATLAB 2018b (MathWorks) using customized software, as previ-

ously described.55

Conventional histopathology and transmission electron

microscopy
All biopsy tissue was processed and imaged in a CAP/CLIA-certi-

fied laboratory in the Division of Pathology at Cincinnati Chil-

dren’s, or in the Institute of Pathology at the University Hospital

Carl Gustav Carus. For the succinic dehydrogenase staining

(SDH), fresh striated muscle biopsy tissue was snap-frozen in

2-methylbutane, sectioned at a thickness of 10 mM, and stained

according to standard methodologies.57 For H&E staining, tis-

sues were formalin-fixed, imbedded in paraffin, sectioned to a

thickness of 4 to 5 mM, and stained according to standard meth-

odologies.57 Brightfield images were acquired using an

ScanScope XT Slide Scanner (Aperio, Leica Biosystems). For ul-

trastructural examination, muscle tissues were fixed in 3%

glutaraldehyde in cacodylate buffer, post-fixed in 1% osmium te-

troxide, dehydrated in graded ethanol, epon LX112 resin (Ladd

Research Industries Inc) embedded, semithin and ultrathin cut,

stained with uranyl acetate and lead citrate, and examined on

a Hitachi transmission electron microscope (H-7650; Hitachi

High Technologies) equipped with a TEM CCD camera

(Advanced Microscopy Techniques), in accordance with stan-

dard protocols.58

RT-qPCR
RNA was extracted from whole WT (non-transgenic) and

actb2:stx4R241W-IRES-EGFP embryos at 72 hpf using TRIzol (Invi-

trogen, 15596026), as previously described.59 cDNA was prepared

using a SuperScript IV kit (Invitrogen, 18091200) and amplified

with oligo d(T)20 primers. RT-qPCR using SYBR green PCR master

mix (Applied Biosystems, 4368706) was performed under standard

PCR conditions using a Bio-Rad CFX PCR system. Relative expres-

sion levels of endogenous stx4 and transgenic stx4R241W-IRES-EGFP

were run in technical triplicates, standardized to actb2 (b-actin),

and quantified using the 2�DDCT Livak Method.60 Primers used

for stx4 (to endogenous stx4) and GFP (to stx4R241W-IRES-EGFP)

are listed in Table S3.

Statistical analysis
All statistical analyses were performed using GraphPad Prism

(version 9.2.0). Data are represented as mean 5 SEM, unless

otherwise reported in the figure legend. A minimum of four bio-

logical replicates were performed for each experiment. For com-

parisons between two groups, a 2-tailed Student’s t test was per-

formed with the exception of the survival curve, which

employed a Log rank (Mantel-Cox) test. For comparisons



Figure 1. STX4 germline variants in patients
(A) Left to right: Photographs of patient 1 taken before and after onset of DCM, and pre- and post-OHT.
(B) Echocardiograms at onset of patient’s admission due to heart failure. Left: Apical 4-chamber view at end-diastole showed severely
dilated, thin-walled left ventricle and severely dilated left and right atria. Right: parasternal short-axis view at the level of themitral valve
at end-diastole showed severely dilated, thin-walled left ventricle. The patient had severe biventricular systolic dysfunction, and evi-
dence for diastolic dysfunction (biatrial dilation). ALPM, anterolateral papillary muscle; LA, left atrium; LV, left ventricle; PMPM, poster-
omedial papillary muscle; RA, right atrium; RV, right ventricle.

(legend continued on next page)
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involving more than two groups, a one-way ANOVA was per-

formed with Tukey’s multiple comparison test for post hoc anal-

ysis to estimate significance of differences from multiple com-

parisons. For heart rate assays, each arm represents 72 hpf

larvae pooled from two to four technical replicates. For all

data, p % 0.05 was considered significant. Within graphs p

values are indicated as follows: *p < 0.05, **p < 0.01,

***p < 0.001, and ****p < 0.0001.
Results

Clinical phenotypes of individuals with STX4 variants

Patient 1 with a prior medical history significant for

congenital sensorineural hearing loss, hypotonia, and

global developmental delays initially presented with pro-

gressive fatigue, dyspnea, hypotension, and severe

acidosis at 3 years of age (Figure 1A). Echocardiography

showed DCM and severely depressed biventricular sys-

tolic function (Figure 1B); patient 1 developed frequent

ectopy and ventricular tachycardia. Ultimately, his heart

failure and arrhythmia were refractory to medical ther-

apy, and he received an orthotopic heart transplant

(OHT) within 2 months from the onset at his initial

admission. Consistent with a diagnosis of DCM, post-

OHT the explanted heart showed interstitial fibrosis,

diminished myocardial cross-striations, loss of myofi-

brillar volume hypertrophic fibers, and marked variation

in fiber size (Figures S1A and S1B). Patient 1’s muscular

weakness was progressive after OHT, although no other

significant post-operative complications were observed.

Skeletal muscle biopsy demonstrated myopathy with

fibrosis (Figures S1C and S1D). A cochlear implant

installed at age 6 has helped with communication and re-

sulted in marked improvement over patient 1’s previous

hearing aids. Additional details of patient 1’s clinical

description are provided in ‘‘Supplemental note: Case

Report for Patient 1.’’

Due to patient 1’s clinical course, to rule out a known ge-

netic etiology, normal chromosomal microarray, karyotype,

Duchenne Muscular Dystrophy (DMD [MIM: 310200]) ge-

netic sequencing, mitochondrial genome sequencing, and

metabolic investigations, including amino acids, urine

organic acids, and plasma acylcarnitine profiles were per-

formed. As all these assays were negative, an SNP microar-

ray was performed; this identified a 24.8-Mb region of ho-

mozygosity, DGV(GRCh 37:Feb.2009) (hg19): arr[hg19]

16p12.1q12.1(24,848,663-49,683,420)x2 Hmz. To refine

whether a novel genetic lesion in this region was associated
(C) Pedigree segregating the homozygous STX4 c.718C > T; p.R240
c.232þ4A > C alleles in family 2. m, variant allele; ?, unknown carri
(D) Alignment of portion of the STX4 sequences containing the hum
homologues. For instance, mouse Stx4 and zebrafish stx4 respective
STX4. Dashed-magenta line indicates position of p.G30Dfs*28 allele
and expanded residue sequence indicates the conservation of this res
domain boundaries of the 297 amino acid human STX4 protein.61 Bl
lights residues that are chemically similar (conservative), and whit
three-helix bundle stabilization domain, H3abc, coiled-coil SNARE ho
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with patient 1’s phenotype, WES was performed. Exome

trio analysis detected several variants, including a homozy-

gous missense variant (c.718C > T; p.R240W) in exon 9 of

the target-SNARE (t-SNARE) STX4 locus (Table S1), which

was confirmed with Sanger sequencing (Figure S2); the

trio was of American-European (non-Finnish) descent.

Among the detected variants, the STX4 variant was the

only candidate locus detected in the region of homozygos-

ity found on the SNP array (Figure 1C). In addition, all other

variants were either not concordant with patient 1’s pheno-

type or zygosity, were predicted to be benign, or failed sin-

gle-gene deletion/duplication testing by comparative

genomic hybridization (Table S1). Notably, this variant is

located within the coiled-coil SNARE homology domain

of STX4 that is highly conserved among vertebrates

(Figure 1D) andwas predicted to be damaging by in silico an-

alyses (ACMG Criteria: PM2 PP3).36

A second individual (patient 2) was also identified via

GeneMatcher.62 Upon fetal ultrasound at 25þ0 weeks of

gestation, multiple anomalies were detected, including

frontal edema, dilated ductus arteriosus, oligohydramnios,

hypoplastic kidneys, dilated echogenic small bowel loops,

duodenal atresia, and overlapping fingers. Prenatal trio-

WES analysis of the fetus showed compound heterozygous

STX4 variants, consisting of two variants (Table S2):

c.89_90delGC; p.G30Dfs*28 and c.232þ4A > C. While

the former variant is predicted to cause an early truncation,

the latter variant occurred at a highly conserved position

and is predicted to affect splicing using several in silico an-

alyses, including SpliceAI (donor gain with score of 0.5),33

MaxEntScan (likely disrupting: decreases splicing effi-

ciency as predicted by a MaxEntScan score decrease

of 47% [from 7.36 to 3.85]; likely effect: alternative

splicing/insertion leading to a frameshift/30 exon

extension),34 CADD (deleterious with a score of 23.7),35

and MutationTaster (disease causing)27 (Figure 1C). This

second trio was of European (non-Finnish) descent. No

other pathogenic or likely pathogenic variants fitting pa-

tient 2’s phenotype were detected (Table S2). Patient 2

was subsequently delivered at 30þ4 weeks of pregnancy

by secondary cesarean delivery due to complications of an-

hydramnios and subsequently died 5 days after birth due

tomulti-organ failure. Additional details of patient 2’s clin-

ical description are provided in Figure S3 and ‘‘Supple-

mental note: Case Report for Patient 2.’’ Collectively, these

clinical data suggest a requirement for STX4 during normal

human development and imply a role in cardiac physi-

ology and neuromuscular function.
W variant in family 1 and the c.89_90delGC; p.G30Dfs*28 and
er; SAB, spontaneous abortion without further data.
an variant. There is a high degree of conservation overall for STX4
ly share 95.3% and 75.3% amino acid conservation with human
. Dashed-green line indicates the position of the p.R240W variant
idue among the selected vertebrates. The residue positions indicate
ack highlights indicate amino acids that are conserved, gray high-
e highlights display non-conservative variants. Habc, antiparallel
mology domain; NP, N-terminal peptide, TM, transmembrane.



Zebrafish stx4 mutants have pleiotropic defects

analogous to the clinical presentation observed in

human patients

Global Stx4 knockout (KO) mice are early embryonic le-

thal, precluding analysis without conditional alleles.63 In

combination with the perinatal lethality of the biallelic

variants of patient 2, this suggests that homozygous loss

of STX4 function is incompatible with survival in mam-

mals; therefore, we examined the requirements for stx4

in zebrafish, which often can overcome loss-of-function

of genes essential for early development due to maternal

deposition of RNA and protein, and can survive without

a functional heart up to 5 days post fertilization (dpf).64

IHC for Stx4 showed restricted localization in the lateral

mesoderm at the 8 somite stage (ss) (Figures S4A and

S4A0), and the ventral vasculature, blood progenitors, and

endoderm by the 18 s (Figures S4B and S4B0). From 24 to

48 hpf, Stx4 progressively became enriched in the spinal

cord, the axonal tracts, and heart (Figures S4C and S4F0).
By 72 hpf, Stx4 was expressed in neurons throughout the

nervous system (Figures S4H and S4H0).
To determine the requirements for stx4 in zebrafish, we

generated a stx4 mutant zebrafish allele using CRISPR-

Cas9. The allele identified and analyzed has a 38-bp dele-

tion that eliminates the splice donor site of exon 3

(Figure 2A). Sequencing of RNA from the stx4

mutants showed that the resulting allele produces three

alternatively spliced transcripts due to the introduction

of cryptic splice variants, which are all predicted to

generate severely truncated proteins in the Habc stabiliza-

tion domain (Figure 2B) similar to the earlier truncation

observed due to allele 1 of patient 2 (Figure 1D).61

Although overt defects like bradycardia and pericardial

edema are already evident in a small proportion of stx4

mutants at 48 hpf, by 72 hpf all stx4 mutants exhibit a

complex of defects, including myocardial dysfunction

with linearized hearts, pericardial edema, bradycardia,

microcephaly, loss of the midbrain/hindbrain boundary,

otic vesicle dysgenesis, neuronal atrophy and cell death,

and touch insensitivity (Figures 2C and S5A–S5H, Videos

S1 and S2). Interestingly, a small proportion of the stx4mu-

tants (estimated at <10%) have hearts that cease to beat

entirely by 72 hpf. In addition, �20% of stx4 mutants

exhibit hemorrhaging of the intersegmental and cranial

vasculature (Figures S5I–S5M). IHC showed diminished

expression of Stx4 in the stx4 mutants (Figures 3A–3D0)
and stx4 mutants do not survive past 5 dpf (Figure S5N),

presumably due to defects in multiple organs, further sup-

porting that this allele results in loss of Stx4. Heterozygous

carriers of the zebrafish stx4 allele were equivalent to WT

siblings, indicating the allele is recessive. Collectively, the

pleiotropic defects found in stx4 mutant zebrafish larvae

appear to be reminiscent of the syndromic features

observed in patient 1, particularly the cardiac dysfunction,

sensorineural hearing loss, global developmental delay,

and hypotonia, but also are also consistent with the peri-

natal lethality observed in patient 2.
Hu
stx4 mutant CMs have abrogated vesicle fusion

Given the cardiac abnormalities shared by the index pa-

tients and zebrafish stx4 mutants, we next examined Stx4

in the hearts of 72 hpf WT and stx4 mutant larvae in

greater detail. As a target-SNARE (t-SNARE), Stx4 mediates

vesicular fusion at the cell membrane. As might be ex-

pected for a t-SNARE,65,66 we found that in CMs, Stx4 pre-

dominantly localized in a punctate pattern in WTs, while

its expression was significantly diminished in stx4mutants

(Figures 3C and 3D0). We next assayed vesicle localization

by IHC for Vamp2, the cognate vesicle-SNARE (v-SNARE)

partner of Stx4 (Figures 3E–3H). Whereas stx4 mutant

CMs have a similar number of vesicles as WT (Figures 3I

and 3J), fewer vesicles appear ‘‘docked’’ (colocalized) to

the CM sarcolemma, despite vesicle ‘‘clustering’’ similar

to WT levels as measured by Vamp2þ vesicle proximity

to the sarcolemma (Figures 3G, 3H, 3K, and 3L). Collec-

tively, these data support a requirement for Stx4 in pro-

moting vesicle fusion in CMs.

stx4 mutant hearts have marked bradycardia despite

normal adrenergic function

As the hearts of 72 hpf zebrafish stx4 mutant larvae are

morphologically more linear than WT (Figures S6A–S6D),

we assessed if this aberrant morphology reflects a differ-

ence in CM number. To quantify CMs, IHC for chamber-

specific myosin heavy chains Myh6 and Myh7, which

respectively label atrial and ventricular CMs, was used

with the Tg(-5.1myl7:dsRed2-NLS) transgene, which is ex-

pressed in all CM nuclei. However, no difference in overall

or chamber-specific CM number was detected in the hearts

of stx4 mutant or WT zebrafish at 72 hpf (Figures S6C–

S6G). Similarly, despite the marked bradycardia observed

in the mutants (Figures 4A–4C, Videos S1 and S2), the

amount of Isl1þ pacemaker CMs67 at the venous pole

of the stx4 mutant hearts appeared similar to WT

(Figures S6H and S6I). A previous report suggested that ze-

brafish hearts are not yet innervated by 72 hpf.56 Consis-

tent with this, we failed to detect innervation to the hearts

of 72 hpf WT (or stx4 mutant) zebrafish using a-Bungaro-

toxin (Figures S7A and S7B), acetylated a-Tubulin

(Figures S7C and S7D), or the vagus nerve reporter trans-

gene TgBAC(neurod:EGFP) (Figure S7E). However, chal-

lenging stx4 mutants with isoproterenol at 72 hpf indi-

cated that they were just as competent to respond to

adrenergic stimulation as WT clutch-mates (Figures S7F

and S7G). Collectively, these data imply that adrenergic

dysfunction does not account for the bradycardia observed

in stx4 mutants.

stx4 mutants exhibit Ca2þ handling defects and

increased sensitization to Ca2þ modulation

As adrenergic function appeared to be preserved by 72 hpf,

we explored Ca2þ handling as a potential mechanism for

the bradycardia using Fura-2,AM Ca2þ imaging.55 Imaging

of 48 hpf explanted hearts extrinsically paced for compar-

ison between stx4 mutant hearts and WT clutch-mates did
man Genetics and Genomics Advances 3, 100115, July 14, 2022 7



Figure 2. Generation of stx4 mutant zebrafish
(A) CRISPR-Cas9 was used to generate a zebrafish stx4 loss-of-function allele that creates a 38-bp deletion (red underlined cytosine marks
the endonuclease cut site), eliminating the splice donor site of exon 3 (protospacer denoted by purple arrow and codons; the last three
codons at the splice junction are eliminated in stx4 mutants).
(B) Schematic of transcripts showing the three alternative splice variants generated from this allele. All three transcripts are predicted to
be out-of-frame (OOF; left) and to produce truncation products (translated peptides; right). Habc, antiparallel three-helix bundle stabi-
lization domain; H3abc: coiled-coil SNARE homology domain; NP, N-terminal peptide, TM, transmembrane. Red polygon represents a
stop codon in the 298 amino acid sized zebrafish Stx4 protein, resulting in early truncation products.
(C) Bright field images of 72 hpfWT/stx4þ/� sibling and stx4mutant larvae. Images ofWTsibling embryos in all figures are stx4þ/� sibling
embryos. Black arrow indicates pericardial edema and linear heart. Yellow arrowheads indicate hemorrhages. stx4 heterozygotes are
overtly indistinguishable from WT. Scale bar, 200 mm.
not reveal any significant differences, consistent with the

limited penetrance of pericardial edema and bradycardia

at this stage. However, Ca2þ imaging at 72 hpf indicated

that the Ca2þ-transient amplitude in stx4 mutant atria

was significantly diminished compared with WTs

(Figures 4D–4G). In addition, the Ca2þ-transient duration
in paced 72 hpf stx4 mutant ventricles was significantly

shorter than in WTs (Figures 4H and 4I). Thus, the cardiac

dysfunction observed in stx4 mutants is at least partially

due to defects in Ca2þ handling in CMs.

To further characterize the Ca2þ handling abnormalities

in stx4 mutants, we exploited pharmacological manipula-
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tion of both sarcolemmal Ca2þ uptake and Ca2þ-induced-
Ca2þ release from the sarcoplasmic reticulum of CMs. We

challenged 72 hpf larvae with pharmacological modula-

tors of Ca2þ handling and assayed heart rates only of

stx4 mutants with observable heart rates for this analysis.

Consistent with the ability of Syntaxins to regulate LTCCs

in other tissues,68 stx4 mutants treated with nifedipine, a

selective LTCC blocker, were sensitized in a dose-depen-

dent manner and exhibited asystole at concentrations

below the threshold for bradycardia in WT clutch-mates

(Figure 5A).55 Conversely, Bay K-8644, an LTCC agonist,55

was able to partially rescue the bradycardia phenotype, as



Figure 3. stx4 mutants exhibit loss of Stx4 expression and function
(A and B) Confocal images of 72 hpf WT or stx4 mutant larvae labeled using IHC markers for Mhc (striated muscle - red), Myh6 (atrial
CMs - yellow) and Stx4 (purple). (A0and B0) Single channel confocal images of Stx4. Scale bars, 100 mM.
(C and D) Confocal images of 72 hpfWTand stx4mutant CMmembranes labeled with Alcama (red), and Stx4 (purple). Scale bars, 10 mM
(C0and D0) Single channel confocal images of Stx4. Membranes (red lines) from (C and D) are indicated.
(E and F) Confocal images of 72 hpf WT and stx4 mutant CM membranes labeled with DAPI (nuclei; blue), Alcama (red), and Vamp2
(purple). Scale bars, 10 mM.
(G and H) Imaris surface rendering of max intensity projections of Vamp2 from (E and F). Red surfaces indicate Alcama-labeled sarco-
lemma; yellow-highlighted white surfaces indicate overlapping vesicle surfaces; magenta spots indicate vesicles identified within the
threshold as close to the membrane surface; cyan spots indicate vesicles outside this threshold.
(I and J) Total Vamp2þ vesicles from spot rendered puncta normalized to nuclei or cell membrane volume. Vesicles were quantified via
spot rendering of puncta labeled with Vamp2. Membrane volumes were obtained from surface renderings of Alcama labeling. Data are
represented as the mean 5 SEM, n ¼ 15 WT/stx4þ/� and n ¼ 16 stx4�/� larvae, Student’s t test.
(K) Vamp2þ vesicles quantified near Alcama-labeledmembrane surface threshold of 72 hpfWTor stx4mutant CMs. Data are represented
as the mean 5 SEM, n ¼ 15 WT/stx4þ/� and n ¼ 16 stx4�/� larvae, Student’s t test.
(L) Quantification of the percent of colocalized Vamp2þ vesicles over total number of vesicles of 72 hpf WTor stx4mutant CMs. Vesicle
surfaces were colocalized to the CM membrane by masking overlapping surfaces. Data are represented as the mean 5 SEM, n ¼ 14 WT/
stx4þ/� and n ¼ 16 stx4�/� larvae, Student’s t test *p < 0.05.
the stx4 mutant treated group mean heart rate is restored

to �90% of untreated WTs, though still statistically

different from the untreated WT embryos (Figure 5B).

We also challenged larvae with a cocktail of thapsigargin
Hu
and caffeine (TgC), which blocks the sarco/ER Ca2⁺-

ATPase (SERCA) or stimulates Ryanodine receptors,

respectively, thereby depleting sarcoplasmic Ca2þ stores.55

TgC produced marked bradycardia in both WT larvae and
man Genetics and Genomics Advances 3, 100115, July 14, 2022 9



Figure 4. Stx4 regulates Ca2þ handling in CMs
(A and B) Screenshots fromhigh-speed images of 72 hpfWTand stx4mutant larvae showing a ventricular region of interest (ROI) and the
resulting kymograph used to quantify heart rates. Scale bars, 100 mM.
(C) Heart rates (HR) determined from ventricular ROIs of 72 hpf WT and stx4 mutant larvae captured by high-speed imaging and quan-
tified as beats per minute (bpm). Mutants exhibit an �40% reduction in HR versus WT (WT mean HR: 208.4 bpm, Mutant mean HR:
124.3 bpm). Data are represented as the mean 5 SEM, n ¼ 16 larvae/group, Student’s t test, ****p < 0.0001.
(D and E)Maps of Ca2þ transient amplitudes frompaced hearts of 72 hpfWTor stx4mutant larvae. A, atrium; V, ventricle. The color scale
depicts Ca2þ transient amplitudes in fluorescence ratio units (F340/F380).
(F and G) Ca2þ transient amplitudes from atrial or ventricular ROIs, respectively.
(H and I) Ca2þ transient durations from atrial and ventricular ROIs. Data are represented as the mean 5 SEM, n ¼ 14 WT/stx4þ/� and
n ¼ 8 stx4�/�, Student’s t test, **p < 0.01.
the majority of the stx4 mutant larvae (a 72.4% reduction

in heart rate in WTs versus a 76.8% reduction in stx4 mu-

tants versus controls; Figure 5C), suggesting that baseline

SERCA activity is a less likely contributor to the basal

bradycardia. We also challenged stx4 mutants with NNC

55-0396 (NNC), a selective T-type Ca2þ channel (TTCC)

antagonist.69 However, two different concentrations of

NNC, including one previously reported to abolish the

cardiac action potential in larval zebrafish,69 were not suf-

ficient to significantly affect the heart rate of WT or stx4

mutant larvae at 72 hpf (Figure 5D), consistent with pre-

vious reports regarding the contribution of LTCCs (and

to a lesser extent SERCA) to intrinsic cardiac pacing in ze-

brafish and other vertebrates.70 Together, these data imply

that stx4 mutants have reduced sarcolemmal LTCC func-

tion, and strongly support this mechanism as a substan-

tive contributor to the cardiac dysfunction observed in

the setting of Stx4 loss-of-function.

The analogous zebrafish Stx4R241W allele is functionally

hypomorphic

Given the discordance between the predominantly cardiac

manifestations emerging in the third year of life observed

with the homozygous STX4R240W variant of patient 1 and

the perinatal lethality of patient 2 (with the premature trun-

cation variant in trans with a splice variant resulting in a
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donor gain in intron 3), we next investigated whether fea-

tures of the pleotropic stx4 mutant syndrome might be

rescued and whether patient 1’s STX4R240W variant func-

tions as a hypomorphic allele. Thus, we generated stable

transgenic lines ubiquitously expressing WT zebrafish

Stx4, or Stx4 with a R241W variant, which is the analogous

point-mutation in zebrafish to that observed in patient 1

(Figure 6A). Importantly, hemizygous expression of either

transgene in WT or stx4 heterozygous larvae does not

cause gain-of-function or dominant negative phenotypes

(Figures 6B and 6D). Hemizygous expression of the

actb2:stx4-IRES-EGFP transgene was sufficient to rescue the

pleiotropic stx4 mutant defects (Figures 6B and 6C),

including the bradycardia (Figure 6F). However, hemizy-

gous expression of the actb2:stx4R241W-IRES-EGFP transgene

was not able to rescue the mutants (Figures 6D and 6E),

despite being expressed approximately at the levels of one

WT stx4 allele (Figure S8). In contrast to heterozygous stx4

larvae and stx4 mutant larvae hemizygous for the

actb2:stx4-IRES-EGFP transgene, stx4mutant larvae hemizy-

gous for the actb2:stx4R241W-IRES-EGFP transgene showed a

high degree of variability in their bradycardia (Figure 6G),

which suggested that the variant likely produces a hypo-

morphic protein, consistent with patient 1’s survival into

childhood and the progressive onset of their syndrome.

Finally, we treated stx4 mutants bearing hemizygous
2



Figure 5. Stx4 regulates L-type voltage gated Ca2þ channel activity
(A) Heart rates (HRs) determined from ventricular regions of interest of 72 hpf WT and stx4 mutant larvae following a dose-response
treatment with 1% DMSO/embryo water (control), 100 nM nifedipine, 1 mM nifedipine, 2 mM nifedipine, 5 mM nifedipine, or 10 mM
nifedipine for 45 min. Data are represented as the mean 5 SEM, n ¼ 10–21 larvae/group, one-way ANOVA, *p < 0.05, ***p < 0.001,
****p < 0.0001.
(B) HRs determined from 72 hpf WTand stx4mutant larvae treated with either 1% DMSO/embryo water (control) or 20 mMBay K-8644.
Control stx4 mutants exhibit an �40% reduction in mean HR versus WT (WT control mean HR: 174.2 bpm, stx4 mutant control mean
HR: 104.1 bpm). By contrast, stx4mutants treated with 20 mMBay K-8644 (mean HR: 153.1 bpm) are rescued to�90% of theWTcontrol
HR and �150% of the untreated stx4 mutant HR, while HR of WTs treated with 20 mM Bay K-8644 are similar to untreated WT controls
(mean HR: 179.3 bpm). Data are represented as the mean5 SEM, n ¼ 20–34 larvae/group, one-way ANOVA, **p < 0.01, ****p < 0.0001.
(C) HRs determined fromWTand stx4mutant larvae treated with either 1% DMSO/embryo water (control) or a mixture of 10 mM thap-
sigargin and 10 mM caffeine (TgC). Data are represented as the mean 5 SEM, n ¼ 9–10 larvae/group, one-way ANOVA, *p < 0.05,
****p < 0.0001.
(D) HRs determined from a dose-response of WT and stx4 mutant larvae treated with either 1% DMSO/embryo water (control), 10 mM
NNC 55-0396, or 20 mMNNC 55-0396. Data are represented as the mean5 SEM, n¼ 10 larvae/group, one-way ANOVA, ****p< 0.0001.
expression of actb2:stx4R241W-IRES-EGFPwith Bay K-8644 to

ascertain whether this allele might be responsive to modu-

lation of LTCC function. Remarkably, treatment with Bay

K-8644 was able to fully rescue the bradycardia of stx4

mutant larvae with hemizygous expression of the

actb2:stx4R241W-IRES-EGFP, as their heart rates were indistin-

guishable from WT (Figure 6H). Therefore, together these

data support that the variant is hypomorphic and present

the possibility that an LTCC agonist may therapeutically

rescue some aspects of the dysfunction due to the R240W

allele.
Discussion

In the present study, we report an index patient (patient 1)

with a complex syndrome consisting of global develop-

mental delays, sensorineural hearing loss, hypotonia,

frequent ectopy, and biventricular DCM that were refrac-

tory to treatment andnecessitatedheart transplant.WES re-

vealed a homozygous, non-conservative missense variant

in STX4 that was predicted by Polyphen-2 and SIFT to be

probably damaging and deleterious, respectively.30,71

Although three heterozygous alleles of the same residue de-

tected in patient 1 are readily identifiable in the gnomAD

database (single nucleotide variants: 16-31050877-C-T

[GRCh37] and 16-31039556-C-T[GRCh38], gnomAD
Hum
v.2.1.1 and v.3.1.2, respectively),72 no additional homozy-

gous variants are available, which is unsurprising, given

that this allele is rare with a global MAF of 0.00000795.

Recently, an association between Silver-Russell syndrome

(SRS [MIM: 180860]) and other SNVs in STX4 has also

been suggested73; however, we did not detect SRS features

in patient 1, such as characteristic facies, nor analogous fea-

tures in stx4mutant zebrafish, aside fromageneral failure to

thrive. Thus, to the best of our knowledge, we are reporting

the first direct association of STX4 in human disease and an

SNARE protein affecting cardiac function in vivo.

To date, there has been limited understanding of the

mechanism by which STX4 proteins might affect cardiac

function. Although Stx4 has been proposed to affect

release of atrial natriuretic factor in cultured CMs,74,75

this role is unlikely to account for patient 1’s cardiac de-

fects, given their complex physiology.76 In addition to

the aforementioned early embryonic lethality of Stx4

global-KO mice, which is reminiscent of the compound

heterozygous truncating allele that we identified in patient

2 (perinatally lethal, with even more severe, pleotropic ab-

normalities), heterozygous Stx4 mice merely exhibit

impaired glucose tolerance due to reduced Glut4 transloca-

tion in skeletal muscle.63 While this is consistent with

STX4’s role in GLUT4 trafficking in adipocytes,77-79 similar

to heterozygous stx4 mutant zebrafish, these mice display

no other overt defects.63 Additionally, a recent study that
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Figure 6. The zebrafish Stx4R241W variant is hypomorphic
(A) Schematic of constructs used to generate transgenic zebrafish expressing WT Stx4 (actb2:stx4-IRES-GFP) and the zebrafish Stx4R241W

variant (actb2:stx4R241W-IRES-GFP), which is equivalent to the patient 1 STX4R240W variant.
(B–E) Images of 72 hpfWTand stx4mutants hemizygous for the actb2:stx4-IRES-GFP and actb2:stx4R241W-IRES-GFP transgenes. Scale bar,
200 mM.
(F and G) Heart rates determined from ventricular regions of interest of 72 hpf WT and stx4 mutant larvae lacking and hemizygous for
actb2:stx4-IRES-GFP or actb2:stx4R241W-IRES-GFP. Data are represented as the mean 5 SEM, n ¼ (F) 4–14 and (G) 10–18 larvae/group,
respectively, one-way ANOVA, ****p < 0.0001.
(H) Heart rates from ventricular ROIs determined from 72 hpf WT and stx4 mutant larvae lacking and hemizygous for actb2:stx4R241W-
IRES-GFP treated with either 1%DMSO/embryo water (control) or 20 mMBay K-8644. Data are represented as themean5 SEM, n¼ 8–10
larvae/group, one-way ANOVA, ***p < 0.001, ****p < 0.0001.
aimed to uncover the role of SNAREs in cardiac insulin

resistance and Glut4 trafficking failed to detect differential

expression of Stx4 between control, C57BL/KsJ-leprdb/

leprdb, or high-fat diet fed mice.80 Conditional Stx4 KO

mice have also been used to investigate Stx4’s requirement

in bone matrix deposition.81,82 Despite these proposed

roles for STX4, patient 1 did not exhibit metabolic or

bone mineralization defects, the former of which is

another common feature of SRS.
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Because cardiac dysfunction was the major feature of pa-

tient 1’s acute presentation and because reduced-LV func-

tion was also identified perinatally in patient 2, indicating

that progressive loss of STX4 function may present along a

spectrum manifesting in cardiac dysfunction, we aimed to

understand the requirement for Stx4 in the heart. While

decreased cardiac function has been associated as a poten-

tial morbidity in synaptopathies, including Otahara and

West Syndrome,83,84 the regulation of proper cardiac
2



function by SNARE proteins had not been previously es-

tablished in vivo. Importantly, in both of these reports,

one a clinical case report83 and the other a zebrafish model

study,84 the effects on cardiac function were secondary due

to neuronal input. In vitro, studies conducted in HEK 293

cells and Xenopus laevis oocytes have suggested that

SNARE proteins play a role in regulating ion channel

vesicle fusion as well as can exhibit independent allosteric

interactions with ion channels to modulate sensitivity or

gating behavior.18-23 For instance, Syntaxin 1A is reported

to modulate different steps of the exocytosis and gating of

several cardiac ion channels, including Cav (L-, N-, and

T-type), Kv (Kv2.1, Kv4.2, Kv4.3, Kv7.1, and Kv11.1), and

KATP (Kir6.2), by direct interaction.17-23 Notably, although

some of these proteins are implicated as causes of cardiac

channelopathies,19,85,86 many have extracardiac func-

tions. While these previous studies suggested that SNARE

proteins may play a role in normal cardiac function, we

investigated potential mechanistic links between the vari-

ants and the relevant cardiac outcomes. In contrast to pre-

vious Stx4 loss-of-function models, stx4 mutant zebrafish

develop overt pleiotropic abnormalities that are analogous

to both of the patients (a cardiac syndrome and early devel-

opmental lethality by 5 dpf, respectively), suggesting a

highly conserved requirement for STX4 during vertebrate

development. Notably, the syndromic phenotype becomes

fully penetrant by 72 hpf in zebrafish stx4 mutant larvae,

indicating that maternal stx4 mRNA likely accounts for a

delay in the onset of the syndrome.87 The expression of

Stx4 in neural tissues and the heart is consistent with the

conservation of the predominantly neuromuscular/neuro-

sensory and cardiac syndrome of the zebrafish stx4 mu-

tants and both index patients.

In addition to modeling features of both identified pa-

tients, loss of Stx4 leads to severe bradycardia in zebrafish

larvae, at least partially due to aberrations in Ca2þ

handling that are directly attributable to reduced LTCC ac-

tivity. These results indicate at least a functional interac-

tion between Stx4 and LTCCs within CMs. Evidence for

this is bolstered by our finding that vesicle docking is

significantly reduced in CMs of stx4mutants, concomitant

with Ca2þ handling defects. Notably, it has been reported

that approximately 80% of early CM Ca2þ in zebrafish is

mediated by Ca2þ influx via LTCCs,70 which are known

to play a crucial role in zebrafish heart development and

human disease.88 We also observed a significant decrease

in the ventricular Ca2þ transient duration of stx4 mutants.

The changes in Ca2þ transient amplitude and duration

that we observed imply substantial reduction in total

Ca2þ flux in each cardiac cycle, which would be predicted

to affect not only pacemaker CM rates but also atrial and

ventricular CM contractility, as observed in the clinic.

These data also support the possibility that STX4 function-

ally interacts and affects LTCCs in a conserved fashion

among vertebrates. Interestingly, a recent report has impli-

cated an association between CACNA1C and neurodeve-

lopmental abnormalities and epilepsy (including West
Hum
Syndrome), suggesting a possible common axis of interac-

tion between SNAREs and LTCCs, given the parity of the

syndromic features observed from both protein classes.89

Despite the effects on Ca2þ handling in the stx4 zebra-

fish mutants, we presently cannot rule out that aspects of

the cardiac phenotype and dysfunction are non-cell auton-

omous. For example, pericardial edema, a common defect

observed in zebrafish mutants with cardiovascular

dysfunction, may contribute to the morphologically line-

arized hearts in the stx4 mutants. In addition, a cardiac-

specific myl7:stx4-IRES-EGFP transgenic line that we

created failed to rescue the overt cardiac defects in the

stx4 mutants (data not shown). Although one interpreta-

tion of this result is that it supports there may be non-

autonomous effects contributing to the cardiac defects

observed in the stx4 mutants, there are caveats to using

this transgenic CM-specific rescue approach and line,

such as whether the timing and levels of transgenic stx4

expression reflect endogenous stx4 within CMs. Unfortu-

nately, we could not determine if there was rescue of

Ca2þ transients, despite the lack of morphological rescue,

as the spectral emission of EGFP and Fura-2,AM overlap.

Thus, the variables involved with this experiment prevent

us from definitively concluding there are non-autonomous

cardiac defects from stx4 loss. Nevertheless, the stx4 zebra-

fish mutants also have defects in endothelial integrity, as

indicated by hemorrhages, suggesting vascular defects as

a possibility that could non-autonomously contribute to

the cardiac dysfunction. However, while negative modula-

tion of LTCC activity may reflexively increase heart rate

due to vasodilation of the coronary arteries and peripheral

vasculature in humans,90 zebrafish lack coronary vascula-

ture until �7 weeks post fertilization.91 In addition, stx4

mutants exhibit asystole upon treatment with nifedipine,

suggesting that the effect of LTCC modulation is predom-

inantly chronotropic and acts specifically in the heart.

Therefore, our data are consistent with at least the cardiac

Ca2þ handling defects observed in stx4 mutants being cell

autonomous within CMs; however, further analysis is

needed to discern if there are additional cell non-autono-

mous influences of Stx4 on the heart.

Our data also support that patient 1’s STX4R240W variant

functions as a hypomorph, given that ubiquitous expres-

sion of zebrafish Stx4R241W is not sufficient to rescue the

syndromic phenotype of stx4 mutant zebrafish. However,

treatment with Bay K-8644 is sufficient to rescue the brady-

cardia of stx4mutants hemizygous for the actb2:stx4R241W-

IRES-EGFP transgene to rates indistinguishable from WTs,

while stx4 homozygous mutants treated with Bay K-8644

is only sufficient to restore their heart rate to �90% of

WTs, supporting some functionality of the variant. Collec-

tively these data suggest that arrythmias due to loss or par-

tial abrogation of STX4 function may be ameliorated by

modulation of Ca2þ levels in CMs.While the heterozygous

stx4 larvae do not have overt defects, a caveat of the current

analysis using the hemizygous actb2:stx4R241W-IRES-EGFP

transgenic line is that it may be expressed at slightly lower
an Genetics and Genomics Advances 3, 100115, July 14, 2022 13



levels than predicted for one endogenous WT allele of stx4

(Figure S8), suggesting that higher levels of this variant

may confer greater compensatory functionality in the

absence of WT stx4 alleles. It should also be noted that var-

iants in other genes that stabilize or traffic ion channels,

such as Ankrin-B (ANK2 [MIM: 106410]) and Caveolin-3

(CAV3 [MIM: 601253]) have been implicated in channelo-

pathies,92-96 indicating that monogenic lesions, such as

the one observed in patient 1, might plausibly be linked

to arrhythmogenic disorders. This is notable as congenital

heart diseases (CHDs), which are the most common birth

defects and account for nearly one-third of all major

congenital anomalies,97,98 often lead to arrhythmia by

adulthood.99-102 As such disorders often present as sudden

cardiac arrest and are typically lethal, the collective impact

of congenital arrhythmogenic disorders (CADs) is signifi-

cant.103,104 While further study of the role of Stx4 in the

heart may provide additional mechanistic information,

our data modeling previously unreported human disease

variants using zebrafish demonstrate a conserved require-

ment for SNARE proteins in vertebrate heart development,

and highlight new potential avenues targeting SNARE pro-

teins in the treatment of CHD and CADs.
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