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Aims Rare, deleterious genetic variants in FLT4 are associated with Tetralogy of Fallot (TOF), the most common cyanotic congenital heart 
disease. The distinct genetic variants in FLT4 are also an established cause of Milroy disease, the most prevalent form of primary 
hereditary lymphoedema. The phenotypic features of these two conditions are non-overlapping, implying pleiotropic cellular me
chanisms during development.

Methods 
and results

In this study, we show that FLT4 variants identified in patients with TOF, when expressed in primary human endothelial cells, cause 
aggregation of FLT4 protein in the perinuclear endoplasmic reticulum, activating proteostatic and metabolic signalling, whereas lym
phoedema-associated FLT4 variants and wild-type (WT) FLT4 do not. FLT4 TOF variants display characteristic gene expression 
profiles in key developmental signalling pathways, revealing a role for FLT4 in cardiogenesis distinct from its role in lymphatic de
velopment. Inhibition of proteostatic signalling abrogates these effects, identifying potential avenues for therapeutic intervention. 
Depletion of flt4 in zebrafish caused cardiac phenotypes of reduced heart size and altered heart looping. These phenotypes were 
rescued with coinjection of WT human FLT4 mRNA, but incompletely or not at all by mRNA harbouring FLT4 TOF variants.

Conclusion Taken together, we identify a pathogenic mechanism for FLT4 variants predisposing to TOF that is distinct from the known dom
inant negative mechanism of Milroy-causative variants. FLT4 variants give rise to conditions of the two circulatory subdivisions of 
the vascular system via distinct developmental pleiotropic molecular mechanisms.
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Graphical Abstract

B

A

The differential subcellular localization of wild-type FLT4 , Milroy disease (MD), or Tetralogy of Fallot (TOF) variant, the subsequent downstream effects, 
and the predicted/characterized molecular mechanism of pathogenesis. (A) Graphical representation of FLT4 pleiotropy in TOF and MD. (B) Schematic 
representation of the cellular mechanism explicating the conclusions in (A).

Keywords Congenital heart disease • FLT4 • VEGFR3 • Developmental pleiotropy • Proteostasis • Primary lymphoedema • Tetralogy 
of Fallot

FLT4 pleiotropy in cardiovascular and lymphatic development                                                                                                                                  1165



1. Introduction
Congenital heart disease (CHD) is the most common birth defect globally, 
identified in ∼1% of newborns.1,2 Large-scale sequencing of disease co
horts has identified predisposing genes in ∼15% of such cases.3,4

Sporadic, non-syndromic Tetralogy of Fallot (TOF) is the most common 
complex cyanotic CHD. Globally, multiple reports have independently 
identified rare deleterious genetic variants in FLT4 (encoding vascular endo
thelial growth factor receptor 3, VEGFR3) in around 5% of non-syndromic 
patients with TOF using whole exome sequencing technology,3,5–10 estab
lishing it as one of the most significant individual genetic disease contribu
tors. Although FLT4 variants appear to predispose particularly to TOF, 
other clinical CHD phenotypes have also been described in patients re
ported to date.9

FLT4/VEGFR3 has established roles in lymphatic development and main
tenance throughout life. Rare, dominant negative variants that abolish the 
receptor’s kinase activity are an established cause of primary hereditary 
lymphoedema Type I, eponymously known as Milroy disease (MD). FLT4 
variants have been identified in ∼60–70% of MD cases.11,12 Mutant full- 
length FLT4 in MD heterodimerizes with wild-type (WT) FLT4 at the 
cell membrane upon extracellular ligand stimulation but prevents the acti
vation of intracellular signalling due to the loss of transautophosphoryla
tion. This leads to accelerated endocytic recycling of receptors to the 
plasma membrane (PM), resulting in the perturbation of lymphatic endo
thelial cell (EC) function and presentation of lymphoedema early in life.11,12

Neither TOF nor any other form of CHD is a phenotypic feature of MD, 
and conversely, lymphoedema is not a typical feature of sporadic, non- 
syndromic TOF. The FLT4 variants that lead to the two conditions are dis
tinct (Figure 1), indicating developmental pleiotropy (see Supplementary 
material online, Figure S1). MD is caused by heterozygous variants occur
ring almost exclusively in the kinase domain, whose activity they abolish. 
In contrast to MD, FLT4 genetic variants that predispose TOF are all het
erozygous changes to date, and are either C-terminal protein-truncating 
variants (PTVs) or N-terminal missense variants predicted to be highly 
damaging to protein function.4,13 Therefore, human genetic data indicate 
that FLT4 exhibits non-overlapping pleiotropic actions, consequent on dif
ferent classes of pathogenic variants.14 These results are consistent with 
those observed in mouse models, where heterozygous Flt4+/− mice display 
normal angiogenesis but disrupted lymphangiogenesis,13 and complete 
knockout of Flt4 results in embryonic lethality at E9.5 owing to malforma
tion of the heart.15

In this study, we aim to discover a cellular mechanism, whereby genetic 
variation in FLT4 causes CHD. We demonstrate that different classes of 
FLT4 TOF variants aggregate in the perinuclear endoplasmic reticulum 
(ER)/vesicular secretory pathway, concomitant with activation of proteo
static, oxidative/reductive (redox), and mitochondrial homeostatic signal
ling. This behaviour is distinct from MD variants or WT FLT4. RNA 
sequencing (RNAseq) analysis of primary ECs expressing FLT4 variants 
shows a significant number of FLT4 TOF-specific differentially expressed 
genes (DEGs), compared with WT and MD. These genes significantly inter
sect with in vivo Stably expressed Heart development Genes (SHGs) and 
established human CHD genes. Both missense and PTV TOF-associated 
FLT4 genetic changes act in a similar manner, through the same intracellular 
disease mechanism. Finally, early cardiogenic malformation phenotypes ob
served when endogenous zebrafish flt4 levels are significantly reduced and 
are rescued by coinjection of WT human FLT4, but not FLT4-TOF-truncat
ing variants.

2. Methods
2.1 Cell lines, culture, maintenance, and 
expression of exogenous DNA
COS7, HEK293T, and HeLa cells were obtained from ATCC (Manassas, 
Virginia) and maintained at 37°C, 5% CO2 in a humidified incubator; cul
tured in Dulbecco’s modified Eagle’s medium supplemented with 5 mM 

glutamine, 100 units mL−1 penicillin/streptomycin, and 10% foetal bovine 
serum (Life Technologies, Burlington, ON, Canada). Cells were transfected 
with Lipofectamine 3000 (L3000001, Thermo Fisher, Waltham, 
Massachusetts) following manufacturer’s instructions.

Primary human umbilical vein ECs (HUVECs) pooled from four donors 
(lot number: 420Z015.1) were obtained from Promocell (C-12203). 
HUVECs were electroporated (see Supplementary Methods) with cell 
and DNA using a plastic Lonza disposable Pasteur pipette (for smaller 
well sizes the volumes were appropriately reduced).

2.2 DNA cloning, mutagenesis, and construct 
generation
pcDNA3.1-FLT4-V5 constructs were generated using the parent plasmid 
pcDNA3.1-VEGFR3 (FLT4 WT)-STREP, kindly provided by K. Alitalo 
(University of Helsinki); empty vector (EV) was pcDNA3.1. Deletions or 
insertions to generate FLT4 PTVs (TOF: 1-369*, 1-736*, 1-920*, 
1-1036*) or introduction of the C-terminal V5 epitope tag was performed 
using Q5 Site-Directed Mutagenesis Kit (E0554, NEB,Ipswich, 
Massachusetts); FLT4-V5 point mutants (TOF: P30L, C51W; MD, 
G854S, R1041P; all single-nucleotide changes) were generated using 
QuikChange Lightning Multi Site-Directed Mutagenesis Kit (210516, 
Agilent, Cheadle, UK); manufacturer’s instructions were followed for 
both kits and primer sequences are available on request.

2.3 Antibodies and costains
Primaries: mouse anti-ACTB (A2228, Sigma, Saint Louis, Missouri), rabbit 
anti-CANX (calnexin, Cell Signalling, 2433), mouse anti-FLAG (Sigma, 
F3165), anti-GM130 (D6B1) XP rabbit mAb (Cell Signalling), rabbit anti- 
histone 3 (H3, D1H2) XP rabbit mAb (Cell Signalling, Danvers, 
Massachusetts), rabbit anti- hypoxia inducible factor 1α (HIF1α; NB100- 
449, Novus Biologicals, Centennial, Colorado), rabbit anti-heat shock pro
tein Family A, Member 5 (anti-HSPA5; BiP/GRP78, Cell Signalling, 3177), 
rabbit anti-Na+/K+ ATPase antibody (EP1845Y), and mouse anti-V5 
(Thermo Fisher, R960). Secondaries: goat anti-mouse immunoglobulin G 
(IgG; H + L) poly-horseradish peroxidase (poly-HRP) secondary antibody 
(Thermo Fisher, 32230), goat anti-rabbit IgG (H + L) poly-HRP secondary 
antibody (Thermo Fisher, 32260), goat anti-rabbit IgG (H + L) cross- 
adsorbed secondary antibody, AlexaFluor 488 (Thermo Fisher, 
A-11008), goat anti-rabbit IgG (H + L) cross-adsorbed secondary antibody, 
AlexaFluor 594 (Thermo Fisher, A-11012), goat anti-mouse IgG (H + L) 
cross-adsorbed secondary antibody, AlexaFluor 488 (Thermo Fisher, 
A-11001), and goat anti-mouse IgG (H + L) highly cross-adsorbed second
ary antibody, AlexaFluor 594 (Thermo Fisher, A-11032).

2.4 Immunofluorescence
Cells grown on glass coverslips, pre-coated with gelatin in the case of 
HUVECs, were washed twice with phosphate-buffered saline (PBS), then 
fixed at 20°C for 10 min in 4% formaldehyde, freshly prepared in PBS 
from a concentrated 36–38% formalin solution. Cells were then washed 
three times in PBS before blocking and permeabilization in 5% bovine ser
um albumin (BSA) and 0.01% Triton-X-100 in PBS for 45 min at 20°C 
(0.01% digitonin instead of Triton-X-100 was used for Na+/K+ exchanger- 
stained cells). Coverslips were incubated in primary antibodies for 18 h in 
fresh blocking buffer at 4°C, followed by four washes in PBS, before 
staining with secondary antibodies/costains in blocking buffer for an hour 
at 20°C, followed by a further four washes in PBS: all incubations and 
washes with mild agitation (see Supplementary Methods). PBS was aspi
rated and coverslips mounted onto glass slides with Vectorshield (H- 
1000-10, Vector Laboratories, Newark, California). Images were taken at 
60xs objective using Olympus Microscopy Oil and an Olympus BX53 
Microscope with DAPI (4′,6-diamidino-2-phenylindole), fluorescein iso
thiocyanate, and TxRed filters.
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2.5 Immunoblotting
Immunoblotting was performed on cells washed in PBS and lysed and 
scraped in radio-immunoprecipitation assay buffer [25 mM pH 7.4 
Tris-HCl, 150 mM NaCl, 1% IPEGAL (Sigma, I8896), 5 mM ethylenediami
netetraacetic acid, 0.1% sodium dodecyl sulphate (SDS), 1× protease in
hibitor (Sigma, P2714)]. Followed by centrifugation at 14 000 g for 
10 min. Supernatants were taken to new tubes and adjusted to 1× 
Laemmli Sample Buffer (Bio-Rad, 1610747) containing 355 mM 2-mercap
toethanol, samples were heated to 80°C for 5 min before being run on 4– 
20% Mini-PROTEAN TGX Precast Protein Gels (4561094, Bio-Rad, 
Hercules, California) using the Mini-PROTEAN system. Before transfer 
to nitrocellulose membranes using the pre-packed mini or midi electro
phoresis kits and transfer system (Bio-Rad, for medium-sized proteins). 
Membranes were blocked in Tris-buffered saline and 0.1% Tween 
(TBST) with either 5% milk or BSA, for 1 h, before incubation overnight 
in the same buffer with primary antibodies. Membranes were washed 
five times in TBST before incubation in blocking buffer with secondary anti
bodies for 1 h at 20°C, before a further five washes in TBST. HRP-linked 
secondary antibody imaging was performed using Pierce reagents and blots 
captured on Kodak MR film.

2.6 Subcellular fractionation
Isolation of PM/cytoplasmic, organellar/secretory pathway or nuclear/ 
nuclear-associated ER proteins from COS7 cells was performed effectively, 
as previously described (see Supplementary Methods). Each ∼400 µL sub
cellular fraction was adjusted to 1× Laemmli Sample Buffer (Bio-Rad, 
1610747) containing 355 mM 2-mercaptoethanol.

2.7 FLT4 minigene design, construction, and 
nonsense-mediated decay assay
An FLT4 intron-inclusion minigene (Exons 13–17), with an exogenous pro
moter and poly-A tail, an initiation start codon, in frame N- and C-terminal 
epitope tags, and a termination codon, was constructed using gDNA ex
tracted from HUVECs (polymerase chain reactions (PCRs) 1–3) and the 
pcDNA3.1 parent plasmid (PCRs 4–6), using the NEBuilder HiFi DNA 
Assembly system (NEB, E2621S), following manufacturer’s instructions 
(see Supplementary Methods). The Q736* single-nucleotide change was 
introduced using the QuikChange Lightning Multi Site-Directed 
Mutagenesis Kit (Agilent, 210516), following manufacturer’s instructions. 
Primers for quantitative PCR (qPCR) of FLT4 mRNA levels were upstream 

of the Q736* mutation and spanned exon–exon junctions. Primer se
quences available on request.

2.8 RNA isolation, cDNA conversion, and 
qPCR
RNA was extracted from cells following one wash in PBS using the 
RNeasy Plus Mini Kit (Qiagen, Germantown, Maryland) following manufac
turer’s instructions. One microgram of RNA was converted to cDNA 
using the Applied Biosystems High-Capacity RNA-to-cDNA Kit, following 
manufacturer’s instructions. qPCR was performed using Fast SYBR Green 
Master Mix (Thermo Fisher), following manufacturer’s instructions. The 
ΔΔCt method was used to quantify gene expression changes with ACTB 
as the housekeeping gene, which is shown across all 12 FLT4 RNAseq sam
ples as negligibly changed. Primer sequences were available on request.

2.9 RNA sequencing
RNAseq data were generated using standard protocols and bioinformatic 
analysis (see Supplementary Methods S2.9 for complete experimental 
description).

2.10 Differential gene expression
We identified DEGs between WT and TOF variants, which were not dif
ferentially expressed between WT and MD. FLT4 WT RNAseq data were 
compared, using DESeq, successively with FLT4 MD, FLT4-TOF-PTV and 
FLT4-TOF-DNV. We designated as TOF-specific DEGs those that were 
significantly (adj. P < 0.05) differentially expressed in both the FLT4 WT 
vs. FLT4-TOF-DNV comparison, and the FLT4 WT vs. FLT4-TOF-PTV 
comparison, but not differentially expressed in the FLT4 WT vs. FLT4 
MD comparison. These numbered 702 genes (see Supplementary 
material online, Tables S1 and S2).

2.11 Inhibition of proteostatic signalling 
pathways
The three main pathways of proteostatic signalling were inhibited using 
small molecular chemical inhibitors applied to cell media following recovery 
from electroporation (see Supplementary Methods). IRE1α: 4μ8C 
(7-hydroxy-4-methyl-2-oxo-2H-1-benzopyran-8-carboxaldehyde, Sigma, 
14003-96-4); PERK: GSK2606414 (7-methyl-5-(1-{[3-(trifluoromethyl) 
phenyl]acetyl}-2,3-dihydro-1H-indol-5-yl)-7H-pyrrolo[2,3-d] 

Figure 1 Schematic representation of FLT4/VEGFR3 protein. Red bracket: location of missense or in frame indels identified in TOF. Black bracket: location 
of inframe MD variants. Blue bracket: location of TOF-PTVs (P30fs*3 to Y1337fs*19). The eight variants experimentally studied here are indicated. SRP, signal 
recognition peptide; IgDs, immunoglobulin-like domains.
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pyrimidin-4-amine; A3448-APE, Stratech Scientific Ltd, St Thomas’ Place, 
Ely, UK); ATP6: ceapin A7 (S. Nock, C. Gallagher, and P. Walter, UCSF).

2.12 Danio rerio husbandry, 
microinjection, time-lapse imaging, and 
in situ hybridization
Zebrafish were maintained and staged according to established protocols 
under project licence P1AE9A736 and within the current guidelines of the 
UK Animals Act 1986 (see Supplementary Methods for details). FLT4 
mRNA solution (WT, C51W, 1-736*, and 1-1036* mutant sequences) 
was diluted to 20.6 nM in RNase-free water. Five nanolitres of mRNA so
lution were injected directly into the cell of a one-cell-stage embryo using a 
microinjector to ensure equimolar amounts of mRNA were injected. 
Embryos were then transferred to E3 embryo medium and placed at 
28.5°C until 48 h post-fertilization (hpf).

For primordial hindbrain channel (PHBC) imaging, injected and unin
jected control kdrl:GFP zebrafish embryos were anaesthetized in buffered 
tricaine methanesulfonate (MS-222) at 164 mg L−1 at 48 hpf, before 
mounting in low melt agarose and imaged using light sheet microscopy, 
as previously described (see Supplementary Methods).

3. Results
3.1 FLT4 TOF variants aggregate in the 
perinuclear ER activating intracellular 
proteostatic signalling
Among accessible cell types potentially relevant to the aetiology of CHD, 
FLT4 is expressed in vascular ECs during development, and its expression 
can be reinduced in these cells during angiogenesis. Primary HUVECs were 
therefore selected as the principal cell type for mechanistic investigations. 
Immunostaining of primary ECs, which under basal conditions exhibit low 
endogenous expression of FLT4,16 expressing WT and MD FLT4 variants, 
demonstrated that they predominantly localized at the PM with a small 
proportion in the ER/vesicular pathway. This indicates that in our culture 
system, WT FLT4 and MD FLT4 variants are correctly processed and tar
geted to their main subcellular site of action, where they can bind their 
extracellular ligands. In contrast, FLT4 TOF variants, truncating or 
N-terminal missense, showed predominant staining of the perinuclear 
ER, or staining of both this pathway and only mild PM staining for 
transmembrane domain (TMD)-retaining PTVs (Figure 2A and B). 
Quantitative analysis in HeLa cells confirmed statistically significant differ
ences in subcellular localization (see Supplementary material online, 
Figure S2A and B).

Subcellular localization results obtained by immunostaining were vali
dated by differential fractionation of cells expressing FLT4 WT, MD, 
TOF-DNV, TOF-PTV (lacking a TMD), or TOF-PTV (retaining its TMD). 
A significant proportion of WT and MD FLT4 protein was observed in 
the PM/cytoplasmic fraction, less in the vesicular, and less in the nuclear 
fraction for WT, with the MD variant identified across all fractions 
(Figure 2C). In contrast, the three TOF variants examined—a DNV mis
sense (C51W), a PTV without a TMD (1-736Q*), and a PTV retaining 
this domain (1-1036R*)—were strongly detected in the perinuclear ER 
only, with the PTV lacking a TMD (1-736Q*) also detected to a lesser de
gree in the other fractions (Figure 2C).

Given the aggregation of FLT4 TOF variants at the ER, alteration to pro
teostatic signalling was investigated in cells expressing FLT4 variants. 
Immunoblotting for HSPA5 (also known as GRP78 or BiP17), a marker 
of proteostatic signalling, was performed (Figure 2G). All FLT4 TOF variant 
expressing cells induced expression of HSPA5 significantly compared with 
those expressing WT, MD, or EV (quantitative analysis shown in Figure 2H). 
Thapsigargin, an inhibitor of the sarcoplasmic/ER Ca2+ ATPase served as a 
positive control.18 The strongest effects were observed for the two FLT4 
PTVs that lack TMDs and the two N-terminal missense variants. 
Proteostatic signalling by FLT4 TOF variants, both missense and protein 

truncating, was confirmed in primary human ECs by qPCR of key down
stream genes of this response (DDIT3/CHOP19 and DNAJB9,20 Figure 2E 
and F, respectively).

3.2 Hypoxia mimetics stabilize 
FLT4-TOF-PTV mRNA and protein levels
In the early developing embryo, low oxygen levels play key signalling roles 
and their interaction with the nonsense-mediated decay (NMD) pathway 
has been shown to effect cell fate decisions.21 To address the impact of 
NMD and/or C-degron22 pathways on FLT4 PTVs, an intron-containing 
minigene reporter was designed and generated, as outlined in 
Supplementary material online, Figure S4. The minigene reporter was ex
pressed in primary ECs either as WT or an FLT4-TOF-PTV-harbouring 
construct. Cells were then treated with two hypoxia mimetics that have 
distinctively different mechanisms of action. Dimethyloxallyl glycine 
(DMOG), a direct inhibitor of the HIF1α prolyl hydroxylase, stabilizing 
HIF1α protein levels;23 or CoCl2, a heavy metal transition ion that disrupts 
cellular redox status in a manner comparable with physiological hypoxia.24

As observed in other cell types (see Supplementary material online, 
Figure S4), the FLT4 minigene reporters harbouring a PTV are expressed 
but at significantly lower levels than WT; however, both types of 
low-oxygen-simulating compounds significantly stabilize both RNA and 
protein levels of the N-terminally V5-tagged truncated peptide (Figure 3A 
and B, respectively). This indicates that conditions of low oxygen tension, 
such as those found in the early embryo, could allow for increased expres
sion of FLT4 harbouring PTVs and, therefore, amplify their pathogenic ef
fects.25–27

3.3 Gene expression profiles of FLT4 variants 
in primary human ECs
We conducted RNAseq on primary human ECs expressing EV, FLT4 WT, 
MD, TOF-DNV, or TOF-PTV constructs. Expression of the FLT4-V5 con
structs was assayed by immunoblot (see Supplementary material online, 
Figure S5A), confirming all constructs were expressed. Differential gene ex
pression by 3D principal component analysis (PCA) analysis of all triplicate 
samples, including non-electroporated and EV expressing cells, showed 
sample replicates clustering together, and the TOF variant expressing 
cell transcriptomes clustering separately to the other samples (see 
Supplementary material online, Figure S5B). Significantly, DEGs for all pair
wise comparisons are shown in Supplementary material online, Table S1. 
Of note, only 13 genes were differentially expressed between EV and 
FLT4 WT expressing cells (at adj. P < 0.05), indicating that primary EC biol
ogy is not markedly perturbed by ancillary expression of the WT receptor.

Figure 4A tabulates the numbers of DEGs between the different FLT4 
construct expressing cells. Seven hundred and two significant (adj. P <  
0.05) FLT4 TOF-specific DEGs were identified between cells expressing ei
ther type of TOF variant (DNV C51W or PTV 1-736*) and those expres
sing either WT or MD (R1041P) FLT4 (all genes listed in Supplementary 
material online, Table S2). Separating the 702 FLT4 TOF-specific DEGs 
into up- and down-regulated pathways, gene ontological (GO) enrichment 
analysis using Reactome28 (Figure 4B, with individual gene names presented 
in Supplementary material online, Table S3) showed clustering of up- 
regulated genes in several pathways, including protein synthesis, PM target
ing, RNA metabolism, mitochondrial metabolism (specifically oxidative 
phosphorylation/electron transport chain complexes), and developmental 
signalling pathways. Down-regulated genes showed less significant cluster
ing; the only significant pathway (adj. P < 0.05) was chromatin organization, 
containing genes in which loss of function has been shown to be highly as
sociated with CHD in multiple studies.29

The top 30% (n = 5461) of stably expressed heart developmental genes 
(SHGs) were identified across Mammalia (see Supplementary material 
online, Table S4, see Methods for the approach to their identification). 
Four hundred and forty-two (63%) of the 702 FLT4 TOF-specific DEGs 
are SHGs, compared with 30% expected by chance (permutation P <  
0.0001). Forty-eight of the 702 FLT4 TOF-specific DEGs intersected 
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Figure 2 Subcellular localization and proteostatic signalling consequences of FLT4 TOF variants. (A) HUVECs expressing WT, MD, and TOF FLT4-V5 var
iants, stained with anti-V5 (red, FLT4), phalloidin (green, actin filaments), and DAPI (blue, nuclear stain). Scale bar, 10 μm. (B) Cells scored for three types of V5 
staining, perinuclear/ER, PM/cytoplasmic, or both. One hundred cells in each group scored in each of three biological repeats. (C ) Subcellular fractionation fol
lowed by immunoblotting for COS7 cells expressing FLT4 WT, MD, TOF-DNV, or two TOF-PTV variants. Fractions: A—PM, cytoplasmic; B—vesicular/Golgi 
apparatus-associated; or C—nuclear/perinuclear, ER. Markers: ACTB, cytoplasmic or nucleoplasmic cytoskeletal; GM130, Golgi apparatus; H3, histone 3, nu
clear marker. V5-C-terminally tagged FLT4 variants. (D) Colocalization of FLT4-V5 tagged proteins with markers of the ER: calnexin; PM, Na/K-transporter; 
GM130, Golgi apparatus. (E and F ) The activation of gene expression of proteostatic signalling by FLT4-TOF-DNV and FLT4-TOF-PTV variants. n = 3; **P  
< 0.01; ***P < 0.001. (G) Activation of proteostatic signalling in HEK293T cells measured through HSP5A protein expression assessed by immunoblot. 
(H ) Densiometric analysis of HSP5A bands relative to actin/EV from (C ). n = 3, *P < 0.05; **P < 0.01, ****P < 0.001; one-way ANOVA compared with EV.
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with a list of human CHD genes derived from three independent studies (n  
= 716, listed in Supplementary material online, Table S5, see Methods for 
the approach to their identification), approximately three-fold more 
than anticipated by chance (permutation P < 0.0001).

FLT4 TOF-specific DEGs were further analysed using IPA (Ingenuity 
Pathway Analysis, Qiagen) software. The top significant ‘Diseases and 
Functions’ (all P < 0.02) categories were Congenital Heart Anomaly, Cardiac 
Hypoplasia, and Cardiac Stenosis. Figure 4C displays the 702 DEGs from 
FLT4-TOF-specific variant expressing cells compared with WT and MD, 
as a volcano plot with mean log(Fold Change) and P-values derived from 
the PTV and DNV conditions. Genes taken forward for rescue analysis 
are labelled and those already associated with CHD in humans highlighted.

These results indicate that the two FLT4 TOF variants induce overlap
ping differential gene expression changes in a primary human endothelial 
precursor cell line that tie them directly to heart development/CHD. 
These are distinct from gene expression patterns in WT or MD FLT4 vari
ant expressing cells, or cells carrying exogenous DNA (EV).

3.4 Inhibition of proteostatic signalling 
rescues FLT4-TOF-specific DEGs
We investigated whether chemical inhibition of proteostatic responses 
could rescue gene expression profiles in cells transfected with TOF variant 
constructs. Sixteen up-regulated and 16 down-regulated FLT4 TOF-specific 
DEGs were chosen using criteria outlined in Supplementary material online, 
Table S6. Selected genes (i) had a spread of significance/fold change, (ii) en
compassed genes highlighted by GO analysis; or (iii) overlapped with human 
CHD, for example KMT2A and NOTCH1 (Figure 4C). Differential expression 

of these 32 DEGs was first validated by qPCR in an additional set of triplicate 
experimental repeats (Figure 5A and B, Columns 1–4).

Inhibitors of the three major proteostatic signalling pathways, involving 
ATF6,30,31 PERK,32 and IRE1α,33 were applied to cells directly following 
transfection and RNA extracted the following day. We first confirmed 
that the inhibitors were effective at suppressing known target genes of 
each pathway in our assay (see Supplementary material online, 
Figure S6A–C). Rescue of TOF-specific DEGs was observed for all three 
pathway inhibitors, as seen in Figure 5. IRE1α inhibition rescued the lowest 
number of gene expression changes (failure to rescue signified by crosses in 
the corresponding grid positions in Figure 5), while ATF6 inhibition rescued 
almost all gene expression changes, and PERK inhibition was intermediate 
between the two. Supplementary material online, Figure S7A and B show 
the complete qPCR results for all genes tested.

3.5 In vivo confirmation of a ligand 
binding-independent, dose-specific role, for 
FLT4 in early embryonic zebrafish heart 
development
We used the zebrafish (D. rerio) to provide in vivo evidence for differential 
function of FLT4 TOF variants and WT FLT4 in development. Previously, 
loss of flt4 in zebrafish has been shown to abrogate formation of the 
PHBC, which are paired venous vessels running along the lateral walls of 
the hindbrain and draining into the anterior cardinal veins.14 This validated 
phenotype was first used to gauge a concentration of WT human FLT4 
mRNA that is capable of rescuing flt4-depletion effects in zebrafish. 
Injection of a previously described14 start codon-targeting flt4 MO into 

Figure 3 Hypoxia mimetics regulate the stability of an FLT4/ FLT4-TOF-PTV. RNA (A) or protein (B) was prepared from primary human ECs (HUVECs) 
expressing the FLT4 minigene assay construct (as outlined in Supplementary material online, Figure S4). EV, WT, or Q736* PTV FLT4 minigenes were untreat
ed, or treated with the hypoxia mimetics, 0.2 mM cobalt chloride (CC) or 100 nM DMOG, for 3 h. Red dagger, full-length minigene protein, both V5 and FLAG 
positive; blue dagger, truncated minigene protein caused by the introduction of a nonsense codon and concomitant C-terminal cleavage, V5 positive only; n = 3; 
**P < 0.01; ****P < 0.0001.
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WT zebrafish prevented PHBC formation in 37.9% of embryos (see 
Supplementary material online, Figure S8A). Injection of 125 pg FLT4 
mRNA into flt4 morphants rescued PHBC formation, as only 7.4% of these 
embryos lacked a PHBC (see Supplementary material online, Figure S8A). In 
flt4 morphants injected with 250 pg WT FLT4 mRNA, 28.6% embryos had 

no PHBC. Similarly, 500 pg WT FLT4 mRNA co-injected into flt4 mor
phants caused absence of the PHBC in 32.1% of embryos. These results 
show 125 pg of FLT4 mRNA rescued flt4-depletion phenotypes most suc
cessfully, and hence, this dose was used in follow-up experiments. We 
therefore used 125 pg mRNA for follow-up experiments.

A

C

B

Figure 4 Distinct transcriptomic profiles of primary human ECs expressing both types of TOF variants compared with WT or an MD FLT4. (A) Distribution 
of DEGs between HUVECs expressing FLT4-V5 WT, FLT4 R1041P (MD), and FLT4 TOF-DNV (C51W) or FLT4-TOF-PTV (1-736Q*), identified by RNAseq. 
(B) Reactome analysis of the 702 TOF FLT4-specific DEGs, up- or down-regulated examined separately, displaying pathways identified with FDR < 0.01. 
(C ) Volcano plot showing the 702 FLT4 TOF-specific DEGs, with genes taken forward for qPCR analysis labelled, and those previously associated with 
CHD in red.
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To date, the presence of any cardiac phenotype in flt4-depleted zebra
fish at 48 hpf has not been assessed. Injection of flt4 MO into WT zebrafish 
caused a reduction in the size of the heart (Figure 6A and B; see 
Supplementary material online, Figure S8B for schematic of zebrafish em
bryo anatomy) and in heart looping (Figure 6C; see Supplementary 
material online, Figure S8C for description of heart looping phenotypes). 
These phenotypes were both rescued with 125 pg of WT FLT4 mRNA. 
Neither heart looping nor cardiac size was rescued by coinjection of equi
molar concentrations of 1-736* and 1-1036* FLT4 mRNA. Heart looping 
was rescued by coinjection of the FLT4 C51W mRNA, but heart size re
mained significantly lower in C51W rescued animals than in those rescued 
by WT injection (P < 0.05, Figure 6A–C).

4. Discussion
Distinct variants in a single gene, FLT4, have previously been shown to lead 
to two non-overlapping congenital conditions, CHD (most significantly, 
TOF) and MD. We have demonstrated differences in molecular and cel
lular phenotypes between FLT4 variants found in patients with TOF 
and MD, outlining a potential mechanism for the developmental plei
otropy observed in previous human genetics studies. FLT4 TOF variants, 
of all types, subcellularly aggregated in the perinuclear/ER region of cells 
compared with WT or MD, activated proteostatic signalling, and resulted 
in downstream transcriptomic changes congruent with the development 
of CHD. Inhibition of the ATF6 and, to a lesser degree, PERK arms of the 
proteostatic response rescued expression of a panel of 32 FLT4 
TOF-specific DEGs, indicating that it is most likely these pathways that 
mediate the observed gene expression changes. The overlap with murine 

SHGs and human CHD genes emphasizes the relevance of these results to 
the mechanism of disease pathology. In contrast with the already charac
terized FLT4 dominant negative kinase-inactivating variants that cause 
MD, our results suggest FLT4 TOF variants act through an incompletely 
penetrant, pathogenic mechanism, whereby the receptor’s processing is 
disrupted, predisposing to the defects in cardiogenesis that lead to clinical 
disease.

FLT4 genetic variation has independently been shown by multiple groups 
to predispose to CHD, in particular TOF, but hitherto the mechanism of 
disease causation has been uncharacterized.3–7,13,34 Since the dominant 
negative effect of MD variants on FLT4 signalling does not cause a CHD 
phenotype, haploinsufficiency was a priori an unlikely causal explanation 
for disease in patients with TOF; this is congruent with the fact that hap
loinsufficient Flt4 mice display lymphatic malformations but no CHD 
phenotype.35,36 Additionally, we observe here that only low levels of hu
man FLT4 mRNA is able to rescue the heart defects of zebrafish flt4 mor
phants, highlighting the dose requirement for the gene during cardiogenesis 
is lower than that required for lymphangiogenesis.

The latest version of the Genome Aggregation Database (v4.0; gnomAD)37

contains information on FLT4 PTVs across >800K individuals (57 alleles, in 
568 individuals). All PTVs currently listed are heterozygous, with very low al
lele frequencies, found only in one to three individuals, with the exception of 
the Y25* variant, identified in 492 individuals (see Supplementary material 
online, Figure S9A and B, and Table S7). Y25* has an allele frequency of 
∼0.0003, which is inconsistent with a role as a monogenic cause of TOF, which 
has a population prevalence of ∼0.0005. However, presence of the Y25* allele 
would result in only the signal recognition peptide of the receptor (Residues 
1–24) being encoded that would provide no substrate protein for the mech
anism we have described. The higher allele frequency of Y25* in gnomAD adds 

Figure 5 Rescue of FLT4 TOF-specific DEGs, represented as a heat map of gene expression levels, both (A) up-regulated and (B) down-regulated, by in
hibitors of the three major proteostatic signalling pathways. Heat map of RNA levels (yellow highest, dark blue lowest) from HUVECs expressing WT FLT4-V5, 
MD, TOF-DNV, or TOF-PTV variants; the latter two treated with specific inhibitors of the three main proteostatic signalling pathways, or WT treated with the 
same inhibitors, above, IRE1α (red), PERK (blue), or ATF6 (green). Row names, gene targets. Red crosses represent no significant rescue (P still <0.05 com
pared with WT) and orange crosses represent DEGs whose expression changes not recused by drug treatment (P < 0.05 compared to WT still) of the gene 
expression changes induced by FLT4 TOF variant expression compared with WT.
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further weight to the hypothesis that FLT4 heterozygosity is tolerated, as copy 
number variant (CNV) studies have previously shown.13 The FLT4 
TOF-linked truncation P30fsR3*, which we and others have described, was 
identified in thirteen individuals in gnomAD, which would be consistent 
with an incompletely penetrant predisposing allele (MAF∼8e−06).

This work demonstrates that FLT4 TOF variants act through a patho
genic mechanism whereby the receptor’s posttranslational processing is 
disrupted; our findings that truncating variants escape NMD when treated 
with hypoxia mimetics suggest the possibility of gene–environment inter
actions that may be of importance in determining penetrance.38–40

Examples of developmental pleiotropy in congenital diseases, as opposed 
to pleiotropy among inherited or somatic variants contributing to disease 
later in life, are sparse.41–44 As an example, in the cardiovascular system, 
the SCN5A gene exhibits pleiotropy as a cause for Brugada syndrome, 
long-QT syndrome Type 3, dilated cardiomyopathy, and left ventricular 
non-compaction. However, we are unaware of previously identified 

pleiotropic genetic effects causing distinct, non-overlapping, conditions af
fecting the body’s blood and lymphatic circulatory systems.41

The mechanism we propose here was common to both missense and 
protein-truncating FLT4 variants derived from patients with TOF. 
Examples of PTVs acting in a gain-of-function, novel, or augmented manner 
have previously been recognized in the literature. These include: pathologic
al N- and C-terminal truncations of β-amyloid in dementia-associated pla
ques;45 MN1 (meningioma 1, transcriptional activator) PTVs, which are a 
known cause of a recognizable syndrome with craniofacial and brain abnor
malities;46 mono- and biallelic PTVs in alpha-actinin 2, which cause cardio
myopathy through distinct gain-of-function (GoF) mechanisms;47 and 
PTVs in SAMD9L (sterile alpha motif domain-containing 9 like), which cause 
B-cell aplasia and clinical autoinflammatory features through a heterozygous 
GoF mechanism.38

We showed that FLT4 TOF variants disrupted proteostatic mechanisms 
in cellular models. Disruption to proteostasis has been shown to lead to 

Figure 6 Rescue of zebrafish morphant cardiac phenotypes by FLT4 variants. (A) Frontal views of 48 hpf embryos with myl7 expression staining (purple) used 
to label the heart. (B) Box and whisker plot showing the area of embryonic hearts 48 hpf, taken from the co-injected flt4 MO and FLT4 variant mRNA samples. 
One-way ANOVA comparing all samples to the flt4-depleted MO sample rescued by co-injection of human FLT4 expressing mRNA; *P < 0.05; ****P <  
0.0001. (C ) Histogram showing the percentage of embryos with d-loop, no loop/reduced heart size, or l-loop heart orientations.
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higher incidence of CHD in mice when subjected to non-physiological ges
tational hypoxia, indicating it may be a common pathway whose dysregula
tion increases CHD occurrence.39 Thus, our results on FLT4 CHD variants 
support those previous studies.48 Intriguingly, vascular endothelial growth 
factor A signalling through VEGFR2 has been shown to activate 
ATF6-associated proteostatic responses, indicative of a connection be
tween these two signalling pathways independent of proteostatic stress. 
Genes involved in cysteine-dependent ER redox homeostasis, posttransla
tional modification of proteins such as glycosylation, and entry to the secre
tory pathway that leads nascent polypeptides to the PM, are enriched in 
FLT4 TOF-specific DEGs and are directly linked to proteostatic responses 
from the organelle, and foetal growth restriction in mice.1,49–55

The FLT4 locus is highly conserved. Previous studies have demonstrated 
an essential role for flt4 in zebrafish angiogenesis and cardiac valvulogen
esis.56 We found heart development is significantly perturbed in zebrafish 
flt4 morphants. Neither the 1-736* or 1-1036* FLT4 PTVs were able to 
rescue flt4-depletion cardiac phenotypes. The human FLT4 TOF variant 
C51W was able to rescue heart looping comparably with WT FLT4 in 
flt4-depleted embryos and to a significantly lesser degree, the reduced 
heart area phenotype. This may be accounted for by the fact that the 
C111 residue at the other end of the disulphide bridge to which the highly 
conserved C51 residue contributes, is not conserved in zebrafish,57 lessen
ing the impact of the C51W variant in the fish.

Our data suggest that inhibitors of the proteostatic response, particularly, 
ceapin A7 (ATF6 inhibitor, which prevents cleavage and nuclear transloca
tion of ATF6’s transcriptional activation domain at the Golgi apparatus) may 
merit further investigation as modulators of CHD risk.30,49 If the 

proteostatic responses were shown to be a global CHD mechanism, com
mon to several genetic aetiologies, there could be a therapeutic opportunity 
to prevent disease in high risk families. The use of IRE1α inhibitors in a mur
ine model of Kawasaki disease alleviates phenotypic features,58,59 giving cre
dence to the hypothesis that targeting the proteostatic response could be a 
route to clinical intervention. The significant enrichment of mitochondrial 
metabolic genes in FLT4 TOF-specific DEGs is intriguing since targeting 
mitochondrial dysfunction, specifically in cases of cyanotic CHD, has been 
postulated as a potential therapeutic goal.60,61 Technologies capable of 
overriding specific nonsense mutations have also recently been de
scribed.62,63 This work supports that of others indicating that gestational 
hypoxia coupled with genetic variation, acting through disrupted proteosta
sis, could be a common phenomenon in CHD pathogenesis.39,40

This work has some limitations. HUVECs are not a developmental cell 
line, and confirmation of these findings in cells of endocardial lineage differ
entiated from human embryonic stem cells64–66 would be of considerable 
interest. Future work, modelling specific human TOF FLT4 variants in the 
mouse in selected developmental lineages, will likely yield further insights 
into the anatomical aspects of their action.

The postnatal consequences of the cellular processes we have identified 
to be disrupted by FLT4 TOF variants remain uncertain. Recent large-scale 
epidemiological data from the UK Biobank show that patients with CHD 
have important predispositions to later life comorbidities, including coron
ary artery disease67 and chronic obstructive pulmonary disease,68 for un
known reasons. Whether genetic predisposition to altered proteostasis 
implicated in CHD risk could also impact CHD-associated comorbidities 
later in life also requires investigation.

Translational perspective
Proteostatic dysfunction, if confirmed as a mechanism of congenital heart disease (CHD) pathogenesis for other predisposing genes, may identify path
ways to therapeutic interventions. Distinguishing mechanistically how variants in FLT4 give rise to CHD may aid in individualizing genetic counselling in 
affected families.
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