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Aims Polycystin-1 (PKD1) and -2 (PKD2) are causative genes for autosomal dominant polycystic kidney disease, which often 
presents with cardiovascular manifestations by mechanisms still not completely understood. PKD1 and PKD2 have 
been suggested to function as mechanoreceptors in endothelial cells (ECs), transducing mechanical forces exerted 
by the flowing blood into downstream signalling pathways.

Methods 
and results

Our zebrafish functional screening of EC mechanoreceptors identified PKD1 and PKD2 as anti-apoptotic, protective 
factors in the zebrafish endothelium. In mice, we show that inducible EC-specific loss of PKD1, but not PKD2, led to 
increased atherosclerosis. To dissect the underlying mechanisms, we performed single cell RNA sequencing and iden-
tified candidate pathways regulating EC behaviour downstream from PKD1. Knockdown of PKD1 in human aortic ECs 
resulted in increased EC apoptosis and decreased expression of athero-protective endothelial nitric oxide synthase, 
which was mediated by thrombospondin 1 and cellular communication network factor 1.

Conclusion By integrating in vivo and in vitro models with –omics approaches, we have identified PKD1 as a novel regulator of EC 
survival and protective factor against atherosclerosis development. We conclude that therapeutic targeting of this 
pathway may treat atherosclerosis. 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Keywords Polycystin-1 • Endothelial cells • Apoptosis • Atherosclerosis

1. Introduction
Atherosclerosis, the main cause of myocardial infarction and stroke, 
is a focal disease characterized by accumulation of lipids, inflamma-
tory and apoptotic cells, extracellular matrix proteins and other ma-
terial in branches, bends and bifurcations of arteries, forming 
atherosclerotic plaques. Athero-prone regions of arteries are char-
acterized by disturbed flow (DF) with low magnitude of wall shear 
stress and spatial and temporal changes in flow direction, in con-
trast to athero-protected straight segments of arteries, where 
flow is undisturbed (UF) and laminar.1,2 Endothelial cells (ECs) sense 
and respond to wall shear stress via mechanoreceptors on their sur-
face, which convert mechanical forces into downstream biochem-
ical signalling pathways. A number of molecules and structures on 
ECs have been proposed to serve as mechanoreceptors, but this 
has been conclusively demonstrated for only a few of these, 

including piezo type mechanosensitive ion channel component 1 
(PIEZO1), platelet and endothelial cell adhesion molecule 1 
(PECAM1), plexin D1 (PLXND1) and integrin subunit beta 1 
(ITGB1).3–9 In arterial regions exposed to athero-prone flow, ECs 
become activated with increased levels of inflammatory activation, 
apoptosis, proliferation, and endothelial to mesenchymal transition 
(EndMT), all of which contribute to plaque formation and athero-
sclerosis development and progression.10 Understanding how 
flow-induced mechanical forces link to downstream signalling path-
ways offers potential for targeting these molecules and has consid-
erable therapeutic significance.

Mutations in either PKD1 or PKD2, which encode for 
polycystin-1 (PKD1) and polycystin-2 (PKD2), respectively, cause 
autosomal dominant polycystic kidney disease (ADPKD). PKD1 
and PKD2 have been proposed to function as mechanoreceptors 
in both endothelial and kidney epithelial cells.11–13 They have 

* Corresponding author. Tel: +44 114 222 5522, Email: j.serbanovic-canic@sheffield.ac.uk
© The Author(s) 2026. Published by Oxford University Press on behalf of the European Society of Cardiology. 
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been postulated to form a hetero-oligomeric complex where PKD1 
may function as a receptor for chemical and/or mechanical force 
stimulation, while PKD2 functions as a calcium ion channel.13,14

ADPKD, the most common hereditary kidney disease (1:400 to 
1:1000 births),15 is characterized by development of fluid-filled kid-
ney cysts, by mechanisms that are still not completely understood, 
but have been shown to involve deregulation of cell proliferation, 
survival, inflammatory activation, and autophagy.16,17 A number 
of different signalling pathways, many of which cross-talk, have 
been associated with ADPKD, including JAK/STAT, Wnt, mTOR, 
Hippo-YAP/TAZ, AMP-activated kinase, Ca2+ signalling, cyclic ad-
enosine monophosphate and multiple growth factors including 
transforming growth factor beta (TGFβ).18–22 Notably, the disease 
is also accompanied by cardiovascular abnormalities, including 
hypertension, left ventricular hypertrophy, intra- and extra-cranial 
aneurysms and cardiac valvular defects.23,24 Indeed, cardiovascular 
manifestations represent the main cause of morbidity and mortality 
of ADPKD patients.25 Interestingly, endothelial dysfunction and in-
creased carotid intima-media thickness have been observed in 
young, normotensive ADPKD patients, indicating an early cardio-
vascular involvement in ADPKD.26,27 It has recently been shown 
that endothelial PKD1 and PKD2 can regulate vascular tone in 
mice,28–30 however, the role of these two proteins in the develop-
ment of atherosclerosis has not yet been elucidated.

In this study, for the first time, we have identified endothelial 
PKD1 as a regulator of EC survival with a protective effect against 
atherosclerosis development and revealed novel downstream tar-
gets of PKD1 in the endothelium, which mediate its effect on 
athero-protective signalling pathways.

2. Methods
2.1 Zebrafish
All zebrafish studies conformed to the institution’s ethical require-
ments, UK Home Office regulations and guidelines from Directive 
2010/63/EU of the European Parliament on the protection of ani-
mals used for scientific purposes. Zebrafish care and experimental 
procedures were carried out under Project Licence 70/8588 issued 
by the UK Home Office. Maintenance, manipulation and staging of 
transgenic line Tg(flk1:EGFP-NLS)31 were carried out as described 
in standard husbandry protocols.32,33 ECs were isolated by 
fluorescence-activated cell sorting (FACS) from dissociated 
Tg(flk1:EGFP-NLS) embryos as described previously.34 Expression 
of candidate mechanoreceptors was measured using qPCR and 
gene-specific primers listed in Supplementary material online, 
Table S1. RNA probes for whole-mount in situ hybridization were 
generated using gene-specific primers listed in Supplementary 
material online, Table S2 and whole-mount in situ hybridization 
was conducted following the protocol by Thisse et al.35

Morpholino antisense oligonucleotides (MOs) (GeneTools, LLC) 
were diluted in sterile water and ∼1 nL was injected into the yolk 
of a 1-4 cell stage embryo. Non-targeting control MO was used 
as a negative control. The list of MOs and their concentrations 
used in this study is presented in Supplementary material online, 
Table S3. The efficiency of MOs was validated by reverse tran-
scriptase–PCR (RT–PCR) and qPCR. Total RNA was extracted 
from zebrafish embryos using RNeasy Mini Kit (QIAGEN) according 
to manufacturer’s protocol and 500 ng of total RNA was subjected 
to cDNA synthesis using iScript reverse transcriptase (Bio-Rad). 
Resulting cDNA was used as a template for PCR using gene-specific 
primers (listed in Supplementary material online, Table S4) and 
BioMix Red kit (Bioline) as per manufacturer’s instructions. The re-
sulting RT–PCR products were analysed by agarose gel electro-
phoresis. Amplification of housekeeping gene beta-actin (bact2) 
was used as an internal control. Where no aberrant splicing or a de-
crease in wildtype band expression could be observed, sequencing 

of PCR products was carried out and knockdown validated using 
qPCR and wildtype-specific primers (see Supplementary material 
online, Table S4). Apoptotic cells in whole-mount zebrafish embryos 
were detected by active caspase-3 staining (see Supplementary 
material online, Table S7), as previously decribed.36 Imaging was 
performed using an Olympus FV1000 laser scanning confocal 
microscope with a 40× (numerical aperture (NA) 1.0) oil immersion 
objective. EC apoptosis was quantified by counting the total num-
ber of ECs (GFP+ cells; green) and the number of apoptotic ECs 
(GFP+ and active caspase 3+; yellow). The proportion of apoptotic 
cells was obtained by dividing the number of apoptotic cells by 
the total number of ECs.

2.2 Mice
All animal care and experimental procedures conformed to the in-
stitution’s ethical requirements, UK Home Office regulations and 
guidelines from Directive 2010/63/EU of the European 
Parliament on the protection of animals used for scientific pur-
poses. Animal care and experimental procedures were carried out 
under Project Licence P5395C858 issued by the UK Home 
Office. Mice with conditional deletion of Pkd1 or Pkd2 in ECs 
(Pkd1iECKO and Pkd2iECKO) were generated through the crossbreed-
ing of Pkd1fl/fl mice37 (kindly provided by Prof. David Huso, Johns 
Hopkins University, Baltimore, Maryland) and Pkd2fl/fl mice38 (ob-
tained from JAX, stock #017292) with Cdh5Cre-ERT2 mice.39 All 
mice were maintained on a C57BL/6J background. Genotyping 
was performed using PCR primers listed in Supplementary 
material online, Table S5. Cre activation was induced by intraperito-
neal administration of tamoxifen (Sigma, T5648) in corn oil for five 
consecutive days (2 mg/mouse/day). Two weeks after the first in-
jection of tamoxifen, hypercholesterolaemia was induced by intra-
venous tail vein injection of adeno-associated virus carrying a 
gain-of-function mutated version of proprotein convertase subtili-
sin/kexin type 9 (rAAV8-D377Y-mPCSK9) gene (Vector Core, 
North Carolina), followed by a high-fat diet (SDS UK, 829100) for 
6 weeks, as previously detailed.40 Animals were sacrificed by a sin-
gle intraperitoneal injection of sodium pentobarbital (800 mg/kg). 
Male mice aged between 1.5 and 3 months of age were used for 
experiments.

2.3 Mouse partial carotid ligation
The left carotid arteries of 6–8-weeks old C57BL/6J mice were 
partially ligated as described previously.41 Anaesthesia was in-
duced and maintained using isoflurane by inhalation (induction: 
3.5% isoflurane, 1 L/min oxygen; surgery: 1.5–3% isoflurane, 
0.4 L/min oxygen) and the external, the internal and the occipital 
arteries were ligated allowing blood flow only via the superior thy-
roid artery. One week after the partial ligation, endothelial RNA 
was collected from the partially ligated left carotid arteries and con-
trol right carotid arteries from the same animals.

2.4 Endothelial RNA extraction from mouse 
arteries
Total RNA was extracted from mouse arterial ECs with QIAzol 
(79306, QIAGEN) and miRNeasy mini kit (217084, QIAGEN) using 
flushing method as described previously.41,42

2.5 Analysis of atherosclerotic plaques
Following euthanasia and perfusion-fixation with PBS and 4% par-
aformaldehyde (PFA), aortas were dissected, cleaned and stained 
with 0.5% Oil Red O solution in 60% isopropanol (Sigma) following 
the manufacturer’s protocol. Aortas were then imaged through a 
Stemi 2000 C microscope (Zeiss) using a Canon PowerShot A650 
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IS digital camera, and lesion areas were quantified using NIS ele-
ments analysis software (Nikon, NY).

2.6 Plasma lipid measurements
Blood samples collected by terminal cardiac puncture were sub-
jected to centrifugation to obtain plasma. Plasma cholesterol levels 
(total, LDL, and HDL) and triglyceride levels were measured using a 
COBAS analyser.

2.7 En face staining of murine endothelium
Endothelial expression levels of specific proteins in mouse aortas 
were assessed by en face staining. Following euthanasia, aortae 
were perfused in situ with PBS and then perfusion-fixed with 4% 
PFA prior to harvesting. Fixed aortae were tested by immunostain-
ing using antibodies listed in Supplementary material online, 
Table S7. ECs were identified by co-staining using an anti-CDH5 
antibody (see Supplementary material online, Table S7). Nuclei 
were identified using TO-PRO-3 (ThermoFisher). Stained vessels 
were mounted in ProLong Gold (ThermoFisher) prior to visualiza-
tion of endothelial surfaces en face using confocal microscopy 
(Olympus FV1000 confocal microscope). Isotype controls and 
omission of the primary antibody were used to control for non- 
specific staining. Protein expression levels were assessed by quan-
tification of the mean fluorescence intensities using Fiji software.

2.8 Immunohistochemistry
Mice were euthanized and both kidneys and aortic roots were re-
moved and submerged in 4% PFA overnight, before being trans-
ferred to PBS. The kidneys were bisected and processed into 
paraffin blocks, showing the internal face of the tissues, with sec-
tions then cut at 5 µm intervals. Slides were dewaxed in xylene be-
fore being transferred to Weigerts Haematoxylin for 10 min then 
washed in tap water until clear. Sections were then stained in 
Picrosirius Red for an hour, washed in acidified water until all ex-
cess red is removed, and dehydrated prior to mounting with DPX. 
Slides were imaged on an Echo Rebel microscope at 4× magnifica-
tion and analysed for relative surface of collagen against total tissue 
surface area using Fiji’s colour threshold function. For 
alpha-smooth muscle actin staining (ACTA2), slides were dewaxed 
in xylene and blocked in 10% goat serum for 30 min, before incuba-
tion with rabbit anti-ACTA2 at 1:500 dilution, overnight at 4°C. 
Primary antibody was washed off with PBS and probed with 
HRP-conjugated Goat anti-rabbit secondary antibody (Dako, 
P0448) for 2 h at room temperature. The excess secondary anti-
body was washed off with PBS then the slides were developed 
with DAB Substrate Kit (Vector Labs, SK-4100) for 5 min. Slides 
were counterstained for 25 s in haematoxylin and Scott’s Tap 
Water Substitute, and then mounted with DPX. Images of 
arteries of a similar size, from the 10× magnification were analysed 
for media thickness using Fiji. Click-iT™ TUNEL Colorimetric 
IHC Detection Kit (Invitrogen) was used to detect apoptosis in 
cross sections of aortic roots, following manufacturer’s 
instructions.

2.9 Tissue processing and FACS for scRNA-seq
The left ventricle of the murine heart was perfused with heparin so-
dium (20 U/mL) in PBS. Aortas from age- and sex-matched male 
Pkd1iECKO and control mice (Pkd1fl/f Cdh5+/+) were dissected from 
the aortic root to below the iliac artery. After removing fat and con-
nective tissue, aortas were transferred into ice-cold PBS. To gener-
ate single-cell suspensions, the isolated aorta was incubated in 
collagenase type I (450 U/mL), collagenase type XI (125 U/mL), 
hyaluronidase type 1-s (60 U/mL), deoxyribonuclease I (60 U/ 
mL), and elastase (0.5 mg/mL) in PBS for 10 min at 37°C to allow 
for the separation of the adventitia cell layer. After removing the 

adventitia, tissue was divided into 2-mm pieces and further incu-
bated in the enzymatic solution for 1 h at 37°C to produce a single- 
cell suspension. The cell suspension was then filtered through a 
40-µm cell strainer, washed, and resuspended in 1% bovine serum 
albumin (BSA)–PBS. For the remainder of the procedure, cells were 
kept on ice. Single-cell suspensions were incubated for 5 to 10 min 
with TruStain FcX™ PLUS (anti-mouse CD16/32) antibody 
(BioLegend) to block non-specific binding of immunoglobulin to 
Fc receptors, before staining with allophycocyanin-conjugated 
anti-CD45 and Alexa Fluor 488–conjugated anti-CD31 antibodies. 
To exclude dead cells, samples were stained with TO-PRO-3. 
Stained aortic cells were washed with 1% BSA-PBS buffer before 
analysis, and CD31+, CD45−, and TO-PRO-3− cells were sorted 
into 384-well plates containing reverse transcription primers, deox-
yribonucleotide triphosphates, External RNA Controls Consortium 
(ERCC) RNA Spike-Ins, and mineral oil using a BD FACSMelody cell 
sorter (BD Biosciences). Plates containing capture cells were imme-
diately stored at −80°C before sequencing.

2.10 Single-cell RNA sequencing and 
bioinformatics
scRNA-seq libraries were generated using the SORT-seq proto-
col,43 a partially robotized method based on the CEL-Seq2 proto-
col44 as described previously.45 Briefly, single cells were lysed at 
65°C for 5 min, and second-strand mixers and reverse transcriptase 
were then added to the wells using the Nanodrop II liquid handling 
platform (GC Biotech). After reverse-transcribing the mRNA of 
each cell, double-stranded complementary DNAs (cDNAs) from 
single cells were pooled, and in vitro transcription was performed 
for linear amplification, which resulted in amplified RNA. TruSeq 
small RNA primers (Illumina) were used to prepare the Illumina se-
quencing libraries, and these DNA libraries were then sequenced 
paired-end at 75–base pair read length using the Illumina 
NextSeq (performed commercially by Single Cell Discoveries, 
Utrecht, the Netherlands). Both the RNA yield of the amplified 
RNA and the quality and concentration of the final cDNA libraries 
were assessed by Bioanalyzer (Agilent). Cells were filtered using 
standard per-cell QC metrics, excluding cells with low complexity 
or evidence of poor quality (genes per cell <300, transcripts per 
cell <1,000, mitochondrial gene fraction >16%). Dimensional re-
duction and clustering of our scRNA-seq dataset were performed 
using the R package Seurat (v3.1). Differential expression analysis 
was performed between clusters, and marker genes for each clus-
ter were determined with the Wilcoxon rank-sum test with P va-
lue<0.001 and a minimum log-fold change threshold of 0.25 
using Seurat and BBrowser (version 2.10.10). Differential expres-
sion analysis, tSNE representations showing the expression of de-
fined gene sets and expression of single transcripts on the tSNE 
embedding were performed using the software BBrowser (version 
2.10.10).

2.11 EC culture and exposure to flow
Human aortic endothelial cells (HAoECs) were purchased from 
PromoCell (lot numbers presented in Supplementary material 
online, Table S9) and cultured as per the manufacturer’s instruc-
tions. Experiments were performed using cells from multiple indi-
vidual donors that were not pooled and cells at passages 3–5 
were used for the experiments. For flow experiments, HAoECs 
were seeded onto ibidi μ-Slides I0.4 (Luer ibiTreat, ibidi) and used 
when fully confluent. Flowing medium was then applied using the 
ibidi pump system to generate high laminar (13 dyne/cm2), low lam-
inar (4 dyne/cm2) or low oscillatory wall shear stress. For low oscil-
latory wall shear stress, HAoECs were exposed to a repeated cycle 
of 2 h of oscillatory flow (±4 dyne/cm2, 0.5 Hz), followed by 10 min 
of unidirectional flow (4 dyne/cm2), to ensure redistribution of 
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nutrients. The slides and pump apparatus were placed in a cell cul-
ture incubator at 37°C.

2.12 Gene silencing
HAoECs were transfected with siRNA sequences targeting PKD1 
(ON-TARGETplus Human PKD1 siRNA, L-007666-00, Horizon 
Discovery), THBS1 (ON-TARGETplus Human THBS1 siRNA, 
L-019743-00, Horizon Discovery), CCN1 (ON-TARGETplus 
Human CYR61 siRNA, L-004263-00, Horizon Discovery) and 
PKD2 (ON-TARGETplus Human PKD2 siRNA, L-006288-02, 
Horizon Discovery) using Lipofectamine™ RNAiMAX 
Transfection Reagent (ThermoFisher), following the manufac-
turer’s instructions. Non-targeting siRNA sequences served as a 
negative control (ON-TARGETplus Non-targeting Control Pool, 
D-001810-01, Horizon Discovery). Final concentration of 10 nM 
siRNA was used for the experiments.

2.13 Immunofluorescence staining of cultured 
HAoEC
HAoECs were fixed with 4% PFA and permeabilized with 0.1% 
Triton X-100 in PBS. Following blocking with 5% goat serum in 
PBS for 1 h, monolayers were incubated overnight at 4°C with pri-
mary antibodies against active caspase-3 (apoptosis marker) and 
CDH5 (endothelial marker) (see Supplementary material online, 
Table S7). This was followed by incubation with appropriate 
AlexaFluor488- or Alexafluor568-conjugated secondary anti-
bodies (ThermoFisher) for 2 h at room temperature. Nuclei were 
identified using 2 µg/mL DAPI (Sigma). Images were taken with a 
wide-field fluorescence microscope (Leica DMI4000B) and ana-
lysed using Fiji software to calculate the frequency of active 
caspase-3 positive cells. Isotype controls and omission of the pri-
mary antibody were used to control for non-specific staining.

2.14 Quantitative PCR
Total RNA was extracted using RNeasy Mini Kit (74104, QIAGEN) 
and reverse transcribed into cDNA using the iScript cDNA synthe-
sis kit (1708891, Bio-Rad), following the manufacturers’ protocols. 
Quantitative real-time PCR (qPCR) was used to assess the levels of 
transcripts with gene-specific primers (see Supplementary material 
online, Tables S1 and S6). Reactions were prepared using 
SsoAdvanced universal SYBR®Green supermix (172-5271, 
Bio-Rad) and following the manufacturer’s instructions, and were 
performed in triplicate. Expression values were normalized against 
the house-keeping gene (zebrafish bact2, mouse Hprt, and human 
HPRT). Fold differences were calculated using the ΔΔCt method.

2.15 Assay of permeability
The permeability of HAoEC monolayers was determined using 
rhodamine (Rd)-labelled albumin and Transwell inserts, as previous-
ly described.46 HAoECs were cultured in 6-well Transwell inserts 
(CC401, Corning) and incubated for 72 h following transfection 
with gene-specific siRNAs. The media in the upper compartment 
was then replaced with media containing 1% BSA and Rd-labelled 
albumin (1 mg/mL). Media in the lower compartment was sampled 
after 1 h and fluorescence was measured using a fluorimeter 
(Varioskan, Thermoscientific) with excitation at 570 nm and emis-
sion at 600 nm. Rd-albumin concentration was calculated using a 
standard curve.

2.16 Nitric oxide assay
Concentration of nitric oxide (NO) in the cell culture media was 
measured using colorimetric Nitric Oxide Assay Kit (Sigma 
Aldrich), following manufacturer’s protocol. It is designed to accur-
ately measure NO production following reduction of nitrate (NO3

−) 

to nitrite (NO2
−) using an improved Griess method. Media was col-

lected 72 h following the transfection of HAoEC with PKD1 
siRNA or negative control siRNA.

2.17 Western blotting
Total cell lysates were isolated using lysis buffer (containing 2% 
SDS, 10% Glycerol and 5% β-mercaptoethanol). Western blotting 
was carried out using specific antibodies against PDHX (house-
keeper) and endothelial nitric oxide synthase (eNOS) (see 
Supplementary material online, Table S7). Horseradish peroxidase- 
conjugated secondary antibodies were obtained from Dako. 
Chemiluminescent detection was carried out using ECL Select™ 

Western Blotting Detection Reagent (Cytiva). Membranes were im-
aged using the Gel Doc XR+ system (Bio-Rad). Relative protein 
quantification was performed using Image Lab Software (Bio-Rad).

2.18 Lactate dehydrogenase assay
Cell death was measured using CyQUANT lactate dehydrogenase 
(LDH) Cytotoxicity Assay (ThermoFisher) and following manufac-
turer’s protocol. Media samples were collected on the day of trans-
fection and 1, 2, and 3 days following transfection of HAoECs with 
gene-specific siRNAs. The absorbance was measured by Hidex 
Sense microplate reader (Hidex) at 490 and 680 nm.

2.19 Statistical analysis
Data are presented as mean values ± standard error of the mean. 
Statistical analyses were performed using GraphPad Prism soft-
ware. A Shapiro–Wilk normality test was performed on non- 
normalized data prior to performing the non-parametric tests. 
The specific test used is detailed in the figure legend.

3. Results
3.1 Functional screening of endothelial 
mechanoreceptors in zebrafish identifies PKD1 
and PKD2 as regulators of EC apoptosis
To identify new flow-sensitive regulators of EC apoptosis in re-
sponse to blood flow, we used our previously established zebrafish 
model.47 We selected 12 known and putative EC mechanorecep-
tors and identified their orthologues in zebrafish (see 
Supplementary material online, Figure S1A). The candidate genes 
were chosen to represent all major mechanoreceptor classes de-
monstrated to mediate endothelial responses to shear stress, in-
cluding ion channels (PIEZO1, PKD2, and TRPV4), adhesion 
molecules (CDH5 and PECAM1), integrins (ITGB1 and ITGB5), 
G-protein coupled receptors (BDKRB2), proteoglycans (GPC1 and 
SDC4), ciliary components (PKD1 and PKD2), glycocalyx compo-
nents (SDC4), and caveolar proteins (CAV1) (see Supplementary 
material online, Figure S1A).2,7,48 The majority of selected human 
genes had one corresponding zebrafish orthologue (BDKRB2, 
CAV1, CDH5, ITGA5, PECAM1, PIEZO1, PKD2, SDC4, and TRPV4), 
while some had 2 (GPC1 and PKD1) or 4 zebrafish orthologues 
(ITGB1). To determine whether the selected genes are expressed 
in the endothelium of zebrafish embryos, we isolated ECs from 
30 h post-fertilization (hpf) Tg(flk1:EGFP-NLS) embryos by FACS 
and performed gene expression analysis using qPCR (see 
Supplementary material online, Figure S1B–C). We found cav1, 
cdh5, itga5, itgb1a, itgb1b, itgb1b.1, pecam1, piezo1, pkd1a, pkd2, 
and sdc4 to be expressed in zebrafish ECs, while bdkrb2, gpc1a, 
gpc1b, itgb1b.2, pkd1b, and trpv4 showed no EC expression at 30 
hpf (see Supplementary material online, Figure S1C). For human 
genes with more than one zebrafish orthologue which showed ex-
pression in zebrafish ECs (ITGB1 and PKD1), differential gene 
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Figure 1 Functional screening of endothelial mechanoreceptors in zebrafish embryos to identify regulators of endothelial apoptosis. (A) 
Table showing putative and confirmed EC mechanoreceptors selected for the functional screening based on their confirmed expression in zeb-
rafish endothelium at 30 h post-fertilization (hpf). (B) Zebrafish embryo at 30 hpf. The boxed region represents the region that is studied in (C 
and D). Zebrafish transgenic Tg(flk1:EGFP-NLS) embryos, in which EC nuclei are labelled, were injected with MO targeting cav1, cdh5, itga5, 
pecam1, piezo1, pkd1a, pkd2, or sdc4. Embryos lacking blood flow injected with silent heart (sih) MO were used as a positive control. 
Non-targeting control MO was used as a negative control. EC apoptosis was studied by whole-mount active caspase-3 staining of 30 hpf em-
bryos, with apoptotic ECs identified by co-localisation of active caspase-3 signal with labelled EC nuclei. (C ) The proportion of apoptotic ECs 
(number of apoptotic ECs divided by the total number of ECs) normalized to sih MO-injected embryos was calculated and is presented in the 
graph. Each data point represents an independent experiment with n ≥ 5 embryos. Differences between groups were analysed using a one-way 
ANOVA with Dunnett’s post-hoc test vs. control embryos and P values are shown in the graph. (D) Whole-mount active caspase-3 staining of 30 
hpf embryos. Lateral view, anterior to the left, dorsal up. Scale bars: (B) 50 µm; (D) 500 µm.
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expression between different paralogues was confirmed by whole- 
mount in situ hybridization (see Supplementary material online, 
Figure S1D). Based on their expression in ECs, we selected cav1, 
cdh5, itga5, pecam1, piezo1, pkd1a, pkd2, and sdc4 for the functional 
screening study (Figure 1A). ITGB1 was excluded from subsequent 
studies due to potential functional redundancy between the 3 para-
logues that were found to be expressed in zebrafish ECs (see 
Supplementary material online, Figure S1D).

We next knocked down candidate gene expression in Tg(flk1: 
EGFP-NLS) embryos using morpholino oligonucleotide (MO)- 
mediated gene silencing and assessed the effect of gene knock-
down on EC apoptosis using active caspase-3 staining at 30 hpf 
(Figure 1B–D). The ability of MOs to down-regulate target gene ex-
pression was validated by PCR (see Supplementary material online, 
Figure S2) and qPCR (see Supplementary material online, Figure S3). 
Aberrant splicing and/or decrease in expression of wildtype tran-
script was detected for splice-blocking MOs targeting itga5, pe-
cam1, pkd1a, and sdc4 (see Supplementary material online, 
Figure S2). Since cav1 and cdh5 MOs did not show a significant re-
duction using standard PCR and agarose gel electrophoresis (see 
Supplementary material online, Figure S2), successful knockdown 
was validated following sequencing of PCR products and assess-
ment of gene expression using qPCR and primers spanning the 
MO-targeted exon–exon junction (see Supplementary material 
online, Figure S3). For piezo1 and pkd2, previously validated 
translation-blocking MOs were used49,50 and, as expected, pkd2 
MO-injected embryos showed the characteristic ‘curly up’ pheno-
type (Figure 1D).51 As a positive control, we used silent heart (sih) em-
bryos lacking blood flow due to knockdown of cardiac troponin T2, 
which we previously established to exhibit increased levels of EC 
apoptosis at 30 hpf (Figure 1C and D).47 Knockdown of piezo1, 
pkd1a and pkd2 significantly increased EC apoptosis in zebrafish 
embryos (10.36-fold, P < 0.0001; 4.84-fold, P = 0.002; 5.05-fold, 
P = 0.001 vs. control embryos, respectively), while cav1, cdh5, 
itga5, pecam1, or sdc4 were not required for flow-mediated EC sur-
vival (Figure 1C and D). Knockdown of piezo1, pkd1a, or pkd2 in the 
absence of blood flow (sih embryos) did not have an additive effect 
on EC apoptosis, suggesting that the effect of these three genes on 
EC survival is flow-dependent (see Supplementary material online, 
Figure S4).

These results indicated an important role for PIEZO1 and poly-
cystins (PKD1 and PKD2) in regulating EC survival, which has im-
portant implications for the development and progression of 
cardiovascular diseases, such as atherosclerosis. PIEZO1 has al-
ready been reported to play a complex role in atherosclerosis de-
velopment, depending on the wall shear stress conditions: it is 
athero-protective under UF flow, while it promotes atherosclerosis 
under DF conditions.52,53 On the other hand, the role of PKD1 and 
PKD2 in atherosclerosis has not yet been studied. We therefore 
next set out to test the role of endothelial PKD1 and PKD2 in ath-
erosclerosis development using the murine model.

3.2 Endothelial polycystin-1, but not 
polycystin-2, protects from experimental 
atherosclerosis development in mice
To test whether expression of Pkd1 and Pkd2 is regulated by wall 
shear stress, we measured their expression in partially ligated 
mouse carotid arteries (Figure 2A and B and Supplementary 
material online, Figure S7A). Pkd1 and Pkd2 mRNA expression 
were significantly induced in the partially ligated left carotid arter-
ies with athero-prone flow (2.43-fold, P = 0.0099 and 2.92-fold, P  
= 0.039, respectively), compared with control right carotid arteries 
with UF from the same animals. This indicated that Pkd1 and Pkd2 
mRNA expression is up-regulated by atherogenic flow in mouse 
arteries.

To dissect the roles of endothelial Pkd1 and Pkd2 in atheroscler-
osis, we deleted Pkd1 or Pkd2 from the mouse endothelium using 
Cdh5Cre-ERT2/+ line crossed with Pkd1fl/fl or Pkd2fl/fl lines, respective-
ly. This resulted in generation of Pkd1iEC-KO or Pkd2iEC-KO mice and 
control mice (Figure 2C). Successful deletion of Pkd1 or Pkd2 in ECs 
following tamoxifen treatment was validated by gene expression 
analysis of endothelial RNA extractions, showing >80% efficiency 
of Cre-dependent gene deletion in ECs (see Supplementary 
material online, Figure S5). At the same time, there was no differ-
ence in Pkd1 or Pkd2 mRNA expression in RNA extracted from 
the vascular smooth muscle cell (VSMC)-enriched aortic samples 
from Pkd1iEC-KO or Pkd2iEC-KO compared with control mice, respect-
ively, confirming that deletion is specific to ECs (see Supplementary 
material online, Figure S5D, H).

To generate atherosclerotic lesions, the mice were treated 
with AAV-PCSK9 to induce hypercholesterolaemia, followed 
by feeding with a high-fat diet for 6 weeks (Figure 2C). 
Endothelial deletion of Pkd1 or Pkd2 had no significant effect 
on body weight or plasma cholesterol and triglyceride levels 
compared with respective control animals (see Supplementary 
material online, Figure S6B–F and Figure S7E–I). Analysis of 
atherosclerotic plaques of Pkd1iEC-KO mice showed significantly 
increased lesion area in the aortic arch (1.66-fold vs. control, 
P = 0.0378), which is an athero-prone site, but not in the athero- 
protected descending aorta, compared with littermate control 
animals (Figure 2D and E and Supplementary material online, 
Figure S6A). In contrast, Pkd2iEC-KO mice did not show a signifi-
cant difference in atherosclerotic plaque formation compared 
with controls (see Supplementary material online, Figure S7B– 
D). In agreement with previous findings, Pkd1iEC-KO mice did 
not show development of cysts in their kidneys.30

Concurrently, Pkd1iEC-KO mice did not show signs of hyperten-
sion, as indicated by investigation of renal fibrosis and thickness 
of medium sized arteries (see Supplementary material online, 
Figure S8A–D). While we cannot exclude subtle blood pressure 
changes, no structural or fibrotic changes indicative of sustained 
hypertension were observed. Therefore, our data indicate that 
endothelial PKD1 protects against atherosclerosis development 
at the athero-prone sites.

To investigate the effect of PKD1 on endothelial survival in mice, 
we assessed EC apoptosis in the aortic roots of atherosclerotic 
Pkd1iEC-KO mice and controls (see Supplementary material online, 
Figure S8E–F). Endothelial deletion of Pkd1 resulted in increased 
apoptosis of ECs overlying the plaques (7% apoptosis in knockouts 
vs. 2.13% in controls; P = 0.038). These results suggest that, similar-
ly to our findings in zebrafish, PKD1 is required for EC survival in 
vivo and, additionally, that PKD1 protects from EC apoptosis during 
atherosclerosis development.

3.3 Polycystin-1 promotes athero-protective, 
anti-apoptotic endothelial subsets in mouse 
aortic ECs
To elucidate the mechanisms underlying athero-protective role of 
PKD1 in the endothelium, we performed single cell RNA sequen-
cing (scRNAseq) of ECs isolated from aortas of Pkd1iEC-KO and con-
trol mice. The scRNA-seq profiles of 887 cells from four 
experiments which passed stringent quality control were analysed. 
CD31+CD45−TO-PRO-3− cells were isolated by FACS and pro-
cessed for scRNAseq (see Supplementary material online, 
Figure S9). Sort-seq analysis of isolated cells identified six distinct 
clusters (Figure 3A), of which clusters 1-4 and 6 consistently ex-
pressed multiple EC markers, whereas cluster 5 showed enriched 
expression for VSMC markers and was therefore removed from 
analysis of EC heterogeneity (see Supplementary material online, 
Figure S10, heatmap; Supplementary material online, Figure S11, 
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marker expression plots). Notably, expression levels of VSMC mar-
kers in endothelial clusters were markedly lower than in cluster 5, 
further supporting their endothelial identity. Consistent with this, 
clusters 1-4 and 6 are closely similar to previously published EC 
clusters from the murine aorta.45,55,56

Endothelial clusters 4 and 6 showed similar enrichment in control 
and Pkd1iEC-KO ECs (Figure 3B and C ). Interestingly, cluster 3 was ex-
panded in Pkd1iEC-KO ECs (26% of total Pkd1iEC-KO ECs) compared 
with control ECs (14% of total control ECs), at the expense of clus-
ters 1 and 2. In cluster 3, 66% of cells were Pkd1iEC-KO ECs and 34% 

were control ECs (Figure 3B and C ). Functional annotation revealed 
diverse functions associated with Pkd1-regulated cluster 3, includ-
ing the following terms: Regulation of apoptotic signalling pathway, 
Positive regulation of cell death and Fluid shear stress and athero-
sclerosis (see Supplementary material online, Figure S12A).

We selected for validation four potential PKD1 downstream tar-
gets in the endothelium: thrombospondin 1 (THBS1), cellular com-
munication network factor 1 (CCN1), bone morphogenetic protein 
4 (BMP4) and thioredoxin domain containing 5 (TXNDC5). These 
were among top 20 most up-regulated genes in Pkd1-regulated 

Figure 2 Endothelial PKD1 is flow-responsive and protects from atherosclerosis development in the mouse model. (A and B) Pkd1 mRNA ex-
pression is induced by DF conditions. (A) Schematic representation of the partial ligation model in which three of the four branches of the left 
carotid artery (LCA) are ligated, leading to a reduction in shear stress and DF in the LCA compared with the right carotid artery (RCA) with UF. 
Taken from Souilhol et al.10 and adapted from Muto et al.54 CC BY 4.0. (B) C57BL/6 mice at 8 weeks of age (n = 4) were subjected to partial 
ligation of the LCA, whereas the RCA was sham-operated as a baseline control. Intimal RNA from LCA and RCA was collected 2 days after 
surgery. Relative Pkd1 mRNA expression was measured by qPCR. (C-E) Endothelial PKD1 protects from atherosclerosis development. (C ) 
Timeline of Pkd1 deletion in a mouse model of hypercholesterolaemia. Pkd1fl/f Cdh5CreERT2/+ (Pkd1iECKO) mice aged 6 weeks and littermates 
lacking Cre (Pkd1fl/fl Cdh5+/+; controls) received five intraperitoneal injections of tamoxifen (TAM) and one intravenous injection of 
AAV-PCSK9 virus at specified time points. After 6 weeks of feeding with high-fat diet (HFD), the mice were culled, and plaque area was quan-
tified. (D) Representative images of aortas isolated from Pkd1iECKO and control mice stained with Oil Red O. Aortic arch is indicated by white 
dashed line. (E) Quantification of plaque burden in the aortic arch was determined by calculating the percentage of aortic surface area covered 
by plaque for Pkd1iECKO mice (n = 10) and littermate controls (n = 9). (B and E) Differences between groups were analysed using paired t-test (B) 
and unpaired t-test (E), with P values shown in the graphs. Scale bar: B, 20 µm. 

Polycystin-1 suppresses apoptosis and atherosclerosis                                                                                                                                           7
D

o
w

n
lo

a
d
e
d
 fro

m
 a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rd

io
v
a
s
c
re

s
/a

d
v
a
n
c
e
-a

rtic
le

/d
o
i/1

0
.1

0
9
3
/c

v
r/c

v
a
g
1
7
1
/8

7
5
8
0
8
9
 b

y
 g

u
e
s
t o

n
 0

4
 S

e
p
te

m
b
e
r 2

0
2
6

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvag171#supplementary-data


Figure 3 Single cell RNA sequencing analysis of Pkd1-deficient mouse aortic ECs and validation of PKD1 downstream targets. (A-F) Pkd1fl/fl 

Cdh5Cre-ERT2/+ or Pkd1fl/fl Cdh5+/+ littermate controls were injected with tamoxifen for five consecutive days to activate Cre and generate 
Pkd1iECKO and control mice, respectively. Two weeks later, aortas from Pkd1iECKO and control mice were processed to generate single cells 
and then analysed by FACS of CD31+ CD45− cells coupled to scRNAseq. (A) tSNE representation of single-cell transcriptomes from 
Pkd1iECKO and control mice, with cells grouped according to cluster assignment. Clusters were identified using unbiased hierarchical clustering. 
(B) tSNE showing the cell contribution of Pkd1iECKO and control cells to each subpopulation. (C ) Pie chart representation of cell distribution 
across cell clusters in Pkd1iECKO and control mice (top). Graphic representation of relative contribution of clusters 1, 2, and 3 to Pkd1iECKO 

ECs, compared with control. (D-F) Violin plots indicating expression distribution of Thbs1 (D), Ccn1 (E), and Nos3 (F ) in clusters 1, 2, and 3 iden-
tified by single cell RNA sequencing of Pkd1-deficient and control mouse aortic ECs. (G-I) Aortic arches were isolated from 8 week-old 
Pkd1iECKO and control mice and en face immunostainings were performed using antibodies against THBS1 (G), CCN1 (H ), or eNOS (I ). 
Endothelium was co-stained with anti-CDH5 antibody and nuclei were detected using TO-PRO-3. Images show inner curvature, athero-prone 
regions of the aortic arches. (J-L) Quantification of relative protein expression in the inner curvature of the aortic arches expressed as mean 
fluorescence intensity. N = 3–4 mice per group. Differences between groups were analysed using unpaired t-test with P values shown in 
the graphs. Scale bars: (G-I ) 20 µm. 
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cluster 3, compared with clusters 12, 4, and 6 and they were se-
lected based on the following: (i) Known role in regulating EC apop-
tosis; (ii) Known role in promoting atherosclerosis; (iii) Inhibitory 
effect on NO signalling (Figure 3D and E and Supplementary 
material online, Figure S12B–C).57–68 We also examined eNOS, 
due to implied involvement of NO signalling in Pkd1-downstream 
effects (Figure 3F and Supplementary material online, 
Figure S12B). To test whether the selected molecules are differen-
tially regulated in Pkd1-deficient ECs at the protein level, we exam-
ined their expression using en face immunostaining in Pkd1iEC-KO 

and control mice. Aortas from Pkd1iECKO mice showed significant 
increase in protein expression of THBS1 (1.63-fold, P = 0.023) 
and CCN1 (1.76-fold, P = 0.046) compared with controls, but not 
BMP4 and TXNDC5, in the athero-prone inner curvature 
(Figure 3G, H, J, and K and Supplementary material online, 
Figure S13A–F). Additionally, we found reduced expression of 
eNOS in the aortas of Pkd1iEC-KO mice compared with control 
mice (0.38-fold, P = 0.0015) (Figure 3I, L). These results indicate 
that THBS1 and CCN1 may be downstream targets of PKD1 in 
ECs and that they may modulate PKD1-dependent eNOS 
signalling.

3.4 PKD1 exerts its protective effect in human 
ECs via THBS1 and CCN1
To test whether PKD1 plays a conserved anti-apoptotic role in hu-
man ECs, we knocked down its expression in HAoECs using 
siRNAs. Successful knockdown was confirmed by qPCR and it 
showed 86% decrease in PKD1 mRNA expression in PKD1 
siRNA-transfected cells compared with control-transfected cells 
(Figure 4A). PKD1-deficient ECs showed significantly increased le-
vels of apoptosis (1.12 ± 0.10% PKD1 siRNA vs. 0.62 ± 0.11% con-
trol siRNA, P = 0.0139), as demonstrated by active caspase-3 
staining (Figure 4B and C ). In contrast, PKD2 knockdown, which 
was approximately 85% efficient, did not result in a significant 
change in EC apoptosis (see Supplementary material online, 
Figure S14).

Increased EC turnover due to elevated apoptosis levels can result 
in increased permeability of the EC monolayer, which is relevant for 
cardiovascular disease development.69 We therefore assessed the 
effect of PKD1 knockdown on EC permeability using the Transwell 
assay (Figure 4D and E). Following 72 h of transfection, 
PKD1-deficient HAoECs were more permeable to fluorescent tra-
cer, Rd-labelled albumin (37.58 ± 0.38 µg/mL) compared with con-
trol transfected cells (5.29 ± 1.82 µg/mL, P < 0.0001). These results 
indicate that, in agreement with our observations in zebrafish em-
bryos and mouse aortas, PKD1 promotes survival of human ECs 
and, additionally, that PKD1 regulates endothelial barrier function 
by inhibiting endothelial permeability.

To gain further mechanistic insights, we tested whether THBS1 
and CCN1 are downstream targets of PKD1 in human ECs. 
Knockdown of PKD1 resulted in a significant increase of mRNA ex-
pression of both THBS1 (2.25-fold, P = 0.0286) and CCN1 
(3.04-fold, P = 0.0286) (Figure 5A and B). Concomitantly, we de-
tected decreased expression of NOS3 gene, which encodes for 
eNOS, in PKD1-deficient ECs compared with control-transfected 
cells (0.21-fold, P = 0.0286) (Figure 5C), as well as reduced NO pro-
duction (see Supplementary material online, Figure S15A). 
Consistent trends were observed under defined flow conditions, al-
though knockdown efficiency was reduced (see Supplementary 
material online, Figure S16).

Based on these findings, we hypothesized that induction of 
THBS1 and CCN1 in the absence of PKD1 mediates the inhibition 
of eNOS. We therefore tested whether knockdown of THBS1 or 
CCN1 in PKD1-deficient cells can rescue decreased eNOS expres-
sion caused by PKD1 knockdown (Figure 5D). Knockdown of 
PKD1 led to decreased eNOS protein levels (0.44-fold, 

P = 0.0091). Transfection of HAoECs with gene-specific siRNAs 
targeting THBS1 or CCN1 resulted in decreased mRNA expression 
of THBS1 and CCN1 by 84 and 64%, respectively (see 
Supplementary material online, Figure S15B–C). Silencing of 
THBS1 in PKD1-deficient cells resulted in a trend towards rescued 
eNOS expression compared with PKD1-deficient cells (0.74-fold 
vs. control, P = 0.3415), (Figure 5D). On the other hand, silencing 
of CCN1 in PKD1-deficient cells resulted in restored expression 
of eNOS to levels comparable to control-transfected cells 
(1.24-fold vs. control, P = 0.3707), (Figure 5D).

We next tested whether down-regulation of THSB1 and CCN1 
by PKD1 mediates the effect of PKD1 on endothelial survival. 
Knockdown of PKD1 significantly increased EC apoptosis (1.80 ±  
0.15% apoptotic ECs, P = 0.0038 vs. control) compared with con-
trol cells (0.72 ± 0.19% apoptotic ECs), which was restored to apop-
tosis levels comparable to control cells by silencing THBS1 (1.02 ±  
0.11% apoptotic ECs, P = 0.3334 vs. control) or CCN1 (0.99 ±  
0.34% apoptotic ECs, P = 0.3811 vs. control) in PKD1-deficient cells 
(Figure 6A and B). LDH assay of media collected from the trans-
fected cells 3 days after transfection indicated increased cell death 
of PKD1-deficient ECs compared with control cells by approximate-
ly 2.7-fold, which was rescued by knocking down THBS1 (0.85-fold 
vs. control) or CCN1 (0.88-fold vs. control) in PKD1-silenced cells 
(see Supplementary material online, Figure S15D).

The association of THBS1 and CCN1 with TGFβ pathway and 
EndMT, prompted us to examine expression of EC and mesenchy-
mal markers in PKD1-silenced HAoEC (see Supplementary material 
online, Figure S17). Although EC markers (CDH5, PECAM1) were 
decreased, there was no consistent change in mesenchymal mar-
kers (ACTA2, CDH2, CTGF), indicating that the PKD1-deficient 
ECs may be undergoing partial EndMT.

Finally, to provide translational relevance to our findings, we 
used the Kidney Interactive Transcriptomics platform (https:// 
humphreyslab.com/SingleCell/) to analyse a publicly available 
scRNAseq dataset of control and ADPKD human patient kidneys.54

Within the EC cluster, we found that THBS1 and CCN1 were highly 
up-regulated in ADKPD patient kidneys compared with control kid-
neys (see Supplementary material online, Figure S18). This up- 
regulation was, interestingly, not specific to ECs and was observed 
in other cell clusters from the kidney, indicating that 
PKD1-regulated pathways are conserved across different cell 
types, including ECs (see Supplementary material online, 
Figure S18).

Taken together, these data demonstrate that PKD1 exerts its 
protective effect in the endothelium, at least in part, by inhibiting 
expression of THBS1 and CCN1 and up-regulating downstream 
NO signalling (Figure 6C).

4. Discussion
Endothelial apoptosis plays a key role in the pathogenesis of ath-
erosclerosis, by enhancing permeability of the arterial wall to cells 
and cholesterol-rich lipoproteins in athero-prone regions of arter-
ies.69–71 This focal nature of atherosclerotic lesions is determined 
by responses of ECs to local haemodynamic forces via mechanore-
ceptors on their surface. There is, however, a paucity of knowledge 
of how blood flow-induced forces link to downstream signalling 
pathways and EC function.

In this study, we used zebrafish embryos to screen a range of 
known and putative EC mechanoreceptors for their ability to pro-
tect ECs from apoptosis. The zebrafish has several advantages for 
analysis of gene function in vivo as it is small, easily maintained, 
develops rapidly and can be genetically manipulated, making it 
suitable for screening studies of gene function. It has proved to 
be a useful model for studying cardiovascular development and 
modelling cardiovascular diseases72 and our groups and others 
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have demonstrated that many of the endothelial responses to 
flow are conserved in zebrafish.47,73–76 Our functional study 
identified two polycystin proteins (PKD1 and PKD2) as protect-
ive factors in the zebrafish endothelium in a flow-dependent 
manner.

PKD1 and PKD2 are required for normal embryonic develop-
ment and mice lacking either of the two genes exhibit oedema, vas-
cular leaks, and rupture of blood vessels, indicating their important 
role in maintaining structural integrity of the vasculature.77,78 Both 
molecules have been described to play diverse functions in a range 

of cell types in addition to ECs, including kidney epithelial cells, 
VSMCs, cardiomyocytes and bone osteoblasts.11 Therefore, to spe-
cifically assess the role of endothelial PKD1 and PKD2 in athero-
sclerosis, it was required to generate mouse lines with an 
EC-specific deletion of Pkd1 or Pkd2. Interestingly, endothelial 
PKD1, but not PKD2, had a protective effect on atherosclerosis de-
velopment. Additionally, PKD1, but not PKD2, was required for 
promoting EC survival of HAoEC. This suggests that PKD1 may 
function as the dominant regulator of endothelial survival in mam-
malian systems, whereas PKD2 may play a more context- 

Figure 4 Knockdown of Pkd1 in HAoECs results in increased levels of apoptosis and permeability to Rd-labelled albumin. (A-C) HAoECs were 
treated with 10 nM PKD1 siRNA or with non-targeting control (NTC) siRNA for 72 h. (A) The efficiency of PKD1 siRNA was assessed by qPCR 
(n = 4 donors) using HPRT as a housekeeping gene. EC apoptosis was assessed by immunostaining using anti-active caspase-3 antibody and 
co-staining with EC marker CDH5 and DAPI. (B ) Quantification of EC apoptosis in PKD1 knockdown and control HAoECs. The graph represents 
percentage apoptotic ECs calculated by dividing the number of active caspase-3-positive cells by the total number of EC per field of view (n = 4 
donors). (D and E) HAoECs were treated with PKD1 siRNA or with NTC siRNA and cultured on Transwell inserts for 72 h following transfection. 
EC permeability was assessed after adding Rd-albumin as a tracer to the top compartment for 1 h. The graph in (E) represents concentration of 
Rd-albumin measured in the lower compartment (n = 3 donors). Differences between groups were analysed using non-parametric Mann– 
Whitney test (A) or unpaired t-test (B and E), with P values shown in the graphs. Scale bar: (C ) 50 µm. 

10                                                                                                                                                                                                    B. T. Ayllon et al.
D

o
w

n
lo

a
d
e
d
 fro

m
 a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rd

io
v
a
s
c
re

s
/a

d
v
a
n
c
e
-a

rtic
le

/d
o
i/1

0
.1

0
9
3
/c

v
r/c

v
a
g
1
7
1
/8

7
5
8
0
8
9
 b

y
 g

u
e
s
t o

n
 0

4
 S

e
p
te

m
b
e
r 2

0
2
6



dependent or developmental role. PKD1 and PKD2 can form a 
complex14,79 and work together to regulate diverse cellular func-
tions, however they can also play separate, and even opposing roles 
in different cellular contexts.80 Hence, PKD1 may be involved in 
atherosclerosis development independently of PKD2, or alterna-
tively, PKD1 may be partially compensating for PKD2 deficiency 
in Pkd2iECKO mice. Further studies are required to dissect potential 
role of PKD2 in protective effects in ECs and atherosclerosis 
development.

Our transcriptomic analysis of Pkd1-deficient and control mouse 
aortic ECs identified a number of potential downstream targets, 
which could be mediating the athero-protective effect of PKD1. 
We were able to validate in mouse and human aortic ECs that ex-
pression of two matricellular proteins, THBS1 and CCN1, is nega-
tively regulated by PKD1. Both molecules are known to promote 
EC apoptosis57,61 have a pro-atherogenic effect,58,61 and have 
been linked to PKD1-implicated pathways such as TGFβ and 
YAP/TAZ in other cellular contexts,81–84 making them good candi-
dates for PKD1 downstream targets in the endothelium. THBS1 
and CCN1 are recognized as markers and drivers of EndMT, par-
ticularly under pathological conditions, such as atherosclerosis. 
During EndMT, ECs lose endothelial and obtain mesenchymal 

phenotype, become migratory and can contribute to atherosclerot-
ic plaque development.85 Our data indicates that PKD1 silencing in-
duces modest changes in mesenchymal gene expression in vitro, 
although further studies are required to determine whether this re-
flects functional EndoMT in vivo. Additionally, both THBS159,60 and 
CCN161 have been linked to eNOS and NO signalling. The small 
molecule NO, synthesized by the shear-sensitive, endothelial- 
specific enzyme eNOS, is an important protective factor in the car-
diovascular system, playing multiple roles including vasodilation 
and anti-thrombotic, anti-inflammatory and anti-apoptotic func-
tions.86,87 ADPKD patients exhibit a loss of NO release and an as-
sociated reduction in endothelium-dependent dilatation of conduit 
arteries at an early stage of the disease.88 Moreover, recent studies 
have shown that endothelial-specific deletion of Pkd1 in mice at-
tenuates flow-mediated vasodilation and leads to arterial hyperten-
sion, independently of alterations in kidney function and 
structure.29,30 Our study builds on these findings and identifies 
THBS1 and CCN1 as novel downstream targets of PKD1. 
Although our data across zebrafish, murine and human endothelial 
systems consistently support a flow-dependent role for PKD1, dir-
ect mechanistic interrogation under defined flow conditions in 
mammalian ECs remains technically challenging. Notably, in vitro 

Figure 5 THBS1, CCN1, and eNOS are downstream targets of PKD1 in HAoEC. (A-C) HAoECs were treated with 10 nM PKD1 siRNA or with 
NTC siRNA for 72 h. Expression of THBS1, CCN1, and NOS3 was measured by qPCR (n = 4 donors) using HPRT as a housekeeping gene. (D) 
HAoECs were treated with PKD1 siRNA, THBS1 siRNA, and/or CCN1 siRNA for 72 h, as indicated in the image. Control cells were treated 
with NTC siRNA. Expression levels of eNOS were assessed by western blotting. PDHX was used as a loading control. Graph shows relative 
protein levels of eNOS normalized to PDHX (n = 4 donors). Differences between groups were analysed using non-parametric Mann– 
Whitney test (A–C) or one-way ANOVA with Sidak’s multiple comparisons post-hoc test (D), with P values shown in the graphs. 
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experiments under shear stress conditions demonstrated consist-
ent directional effects on PKD1-regulated pathways despite re-
duced knockdown efficiency, supporting a role for PKD1 in 
endothelial responses to haemodynamic forces.

PKD1, localized to cilia and cell membrane, has been suggested 
to act as mechanoreceptor of urine flow,13 blood flow89 and cere-
brospinal fluid.90 In mouse ECs, PKD1 was shown to be required for 
wall shear stress–dependent changes in calcium and NO.89

However, it remains unknown whether PKD1 is indeed a direct 
sensor of mechanical force in ECs. This can be addressed by the 
use of magnetic tweezers to test whether localized mechanical 
stimulation of PKD1 can lead to a cellular response, as was previ-
ously shown for PECAM1,3 PLXND1,6 and ITGB1.9 We propose 
that DF-induced up-regulation of PKD1 represents a protective 
adaptive response, analogous to other mechanosensitive path-
ways, including primary cilia. Endothelial primary cilia, which are 
more common in the athero-prone regions of arteries, inhibit ath-
erosclerosis91 and this protective effect may be in part mediated 
by PKD1. Dissecting the role of cell membrane- and cilia-associated 
PKD1 will be an important subject of future studies.

In summary, by integrating zebrafish, mouse and human models 
for studying EC function with single cell transcriptomics, we have 

identified a new role for PKD1 in regulating endothelial survival 
and inhibiting atherosclerotic lesion development, and have pro-
vided mechanistic insights into PKD1-mediated protective signal-
ling pathways.

Supplementary material
Supplementary material is available at Cardiovascular Research
online.
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Figure 6 PKD1 protects from endothelial apoptosis by inhibiting THBS1 and CCN1. (A and B) HAoECs were treated with PKD1 siRNA, THBS1 
siRNA, and/or CCN1 siRNA for 72 h, as indicated in the images. Control cells were treated with NTC siRNA. (A) EC apoptosis was assessed by 
immunostaining using anti-active caspase-3 antibody and DAPI. Apoptotic HAoECs are indicated by arrows. (B) Quantification of EC apoptosis. 
The graph represents percentage apoptotic ECs calculated by dividing the number of active caspase-3-positive cells by the total number of EC 
per field of view (n = 3 donors). (C ) A schematic diagram summarising proposed mechanism how PKD1 regulates endothelial survival and pro-
tects from atherosclerosis development. PKD1 contributes to increased EC survival by inhibiting expression of THBS1 and CCN1 and promot-
ing NO signalling, resulting in athero-protection. Differences between groups were analysed using one-way ANOVA with Tukey’s post-hoc test 
(B), with P values shown in the graph. Scale bar: (A) 50 µm. 
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