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Aims Impaired lymphatic drainage of the arterial wall results in intimal lipid accumulation and atherosclerosis. However,
the mechanisms regulating lymphangiogenesis in atherosclerotic arteries are not well understood. Our studies iden-
tified elevated levels of matrix protein R-spondin 2 (RSPO2) in atherosclerotic arteries. In this study, we investi-
gated the role of RSPO2 in lymphangiogenesis, arterial cholesterol efflux into lesion-draining lymph nodes (LNs)
and development of atherosclerosis.

....................................................................................................................................................................................................
Methods
and results

The effect of RSPO2 on lymphangiogenesis was investigated using human lymphatic endothelial cells (LEC) in vitro
and implanted Matrigel plugs in vivo. Cellular and molecular approaches, pharmacological agents, and siRNA silencing
of RSPO2 receptor LGR4 were used to investigate RSPO2-mediated signalling in LEC. In vivo low-density lipopro-
tein (LDL) tracking and perivascular blockade of RSPO2–LGR4 signalling using LGR4-extracellular domain (ECD)
pluronic gel in hypercholesterolemic mice were utilized to investigate the role of RSPO2 in arterial reverse choles-
terol transport and atherosclerosis. Immunoblotting and imaging experiments demonstrated increased RSPO2 ex-
pression in human and mouse atherosclerotic arteries compared to non-atherosclerotic controls. RSPO2 treatment
inhibited lymphangiogenesis both in vitro and in vivo. LGR4 silencing and inhibition of RSPO2–LGR4 signalling abro-
gated RSPO2-induced inhibition of lymphangiogenesis. Mechanistically, we found that RSPO2 suppresses PI3K-AKT-
endothelial nitric oxide synthase (eNOS) signalling via LGR4 and inhibits activation of the canonical Wnt-b-catenin
pathway. ApoE-/- mice treated with LGR4-ECD developed significantly less atherosclerosis compared with control
treatment. Finally, increased arterial lymphatic vessel density and improved lymphatic drainage of fluorescently la-
belled LDL to deep cervical LNs were observed in LGR4-ECD-treated mice.

....................................................................................................................................................................................................
Conclusion These findings demonstrate that RSPO2 inhibits lymphangiogenesis via LGR4 and downstream impairment of AKT-

eNOS-nitric oxide signalling. These results may also inform new therapeutic strategies to promote lymphangiogene-
sis and improve cholesterol efflux from atherosclerotic arteries.
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1. Introduction

Atherosclerotic vascular disease is the underlying cause of myocardial in-
farction, stable and unstable angina, stroke, and peripheral artery dis-
ease.1 Collectively, these diseases account for the majority of death in
the world, and the incidence is continuing to rise because of the interna-
tional epidemic of obesity, systemic hypertension, diabetes mellitus, and
dyslipidaemia, which are all important risk factors for atherosclerosis.1

Subendothelial retention of plasma-derived apoB containing lipoproteins
in large and medium-sized arteries is a critical event that initiates an in-
flammatory response and promotes the development of atherosclero-
sis.2 Atherosclerosis results from the imbalance of arterial influx of
plasma lipoproteins through dysfunctional endothelium and the efflux of
lipids from the vessel wall via macrophage reverse cholesterol transport
(RCT). Macrophage RCT is a multistep process comprising the efflux of
cholesterol from macrophage foam cells, HDL-mediated removal of
cholesterol from the vessel wall, and its transport to the liver for metab-
olism and biliary excretion. In recent years, the lymphatic circulation has
attracted significant interest in cardiovascular research due to its role in
immune cell trafficking, removal of cholesterol-loaded HDL from the pe-
riphery via RCT, and regulation of the inflammatory response in general.3

Immunohistochemistry studies demonstrated the presence of lymphatic
vessels (LV) in the adventitial layer of human and rodent atherosclerotic
arteries.4,5 Functional studies identified the lymphatic vasculature as the
primary route of cholesterol removal from atherosclerotic vessels via

RCT6 and demonstrated LV-mediated egress of immune cells from ath-
erosclerotic lesions.7 These results are in line with previous observations
demonstrating that arterial segments with dense lymphatic networks are
protected from atherosclerosis and that both surgical and genetic dis-
ruption of lymphatic drainage promotes atherosclerotic lesion forma-
tion.6–8 Despite this information, the mechanisms and downstream
signalling pathways regulating LV formation and macrophage RCT in ath-
erosclerotic arteries are largely unknown.

Vascular endothelial growth factor (VEGF)-C/D-mediated activation
of VEGF receptor 3 (VEGFR3) in lymphatic endothelial cells (LEC) pro-
motes lymphangiogenesis via activation of PI3K-AKT, ERK, and endothe-
lial nitric oxide synthase (eNOS) signalling.9,10 Nitric oxide (NO) derived
from eNOS is pivotal for lymphangiogenesis and maintenance of lym-
phatic function.11,12VEGF-C levels are elevated in the adventitia of ath-
erosclerotic arteries.13 Despite this, adventitial LV regress during the
development of atherosclerosis suggesting inhibition of VEGF-C-
stimulated lymphangiogenesis in atherosclerotic vessels.5 Nonetheless,
molecular mechanisms that regulate VEGF-C-stimulated signalling in ath-
erosclerotic arteries are largely unknown. Matricellular proteins are a
family of structurally unrelated, secretory, and non-structural proteins
present in the extracellular matrix, and members of this family are well
known for regulating various cellular functions via interacting with cell
surface receptors, hormones, proteases, and other signalling mole-
cules.14 Matrix proteins are expressed at low levels in healthy blood ves-
sels; however, their expression is upregulated in various vascular
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.pathologies.15 In preliminary studies, we determined the anti-
lymphangiogenic potential of three matricellular proteins, namely
thrombospondin-1 (TSP-1), CCN1, and R-spondin 2 (RSPO2).
Interestingly, we found that all of these matrix proteins inhibit VEGF-C-
stimulated LEC proliferation in vitro. Since roles of TSP-1 and CCN1 in
atherosclerosis via lymphangiogenesis-independent mechanisms have al-
ready been reported,16,17 the present study was designed to examine
the mechanisms by which RSPO2 inhibits lymphangiogenesis and exam-
ine its role in the regulation of RCT and development of atherosclerosis.

RSPOs are a family of four secretory proteins (RSPO1 to RSPO4),
which function via binding to three cell surface leucine-rich repeat-con-
taining G protein-coupled receptors (LGR4, LGR5, and LGR6).18–20

Seventeen leucine-rich repeats present on the N-terminal of LGR pro-
teins constitute the extracellular domain (ECD), which has been identi-
fied as the binding site for RSPO.21 These receptors also possess a
seven-transmembrane domain typical to G protein-coupled receptors.
RSPO1 and RSPO3 have been linked to developmental angiogenesis.22,23

To our knowledge, the ability of RSPO proteins to regulate lymphangio-
genesis has not been studied previously. A recent study demonstrated
increased RSPO2 levels in idiopathic pulmonary fibrosis primarily in
fibroblasts, which are the predominant cell type in the adventitial layer of
large conduit arteries (where LV are present).24,25 In addition, accumu-
lated evidence suggests the association of RSPO2 with various cancers,
including prostate cancer, colon cancer, colorectal cancer, and human
Schwann cell tumours,26 and lymphangiogenesis is a key feature of can-
cer progression and metastasis.27 Despite this information, no previous
studies have examined the role of RSPO2 in the regulation of lymphan-
giogenesis and development of atherosclerosis.

In the present study, we sought to examine the role of RSPO2 in lym-
phangiogenesis in vitro and atherosclerotic arterial wall in vivo, arterial
cholesterol efflux into draining lymph nodes (LNs) and development of
atherosclerosis. We observed increased levels of RSPO2 in the adventi-
tial and medial layers of human and mouse atherosclerotic arteries.
Mechanistically, we found that RSPO2 inhibits VEGF-C/VEGFR3-
mediated signalling in LEC via LGR4, leading to impaired lymphangiogen-
esis. Downstream of VEGFR3, RSPO2 inhibits PI3K-AKT-eNOS

signalling and inhibits activation of the canonical Wnt-b-catenin pathway.
Finally, periarterial blockade of RSPO2–LGR4 interaction in hypercho-
lesterolemic mice increased adventitial LV density, improved lymphatic
drainage, and attenuated atherosclerotic lesion development in vivo.
Taken together, these findings may inform new therapeutic strategies to
promote arterial lymphangiogenesis and improve cholesterol efflux from
atherosclerotic arteries. The results are also expected to stimulate new
inquiries into matricellular regulation of lymphangiogenesis in other in-
flammatory diseases to aid the resolution of inflammation and restora-
tion of tissue homeostasis.

2. Materials and methods

2.1 Reagents and antibodies
Human recombinant RSPO2 and VEGF-C were purchased from
Peprotech (Rocky Hill, NJ, USA). Mouse recombinant VEGF-C was
obtained from BioLegend (San Diego, CA, USA). EUK-134 and sodium
nitroprusside (SNP) were procured from Sigma-Aldrich (St. Louis, MO,
USA). Growth factor-reduced Matrigel was obtained from Corning
(Bedford, MA, USA). Protease and phosphatase inhibitor cocktail tablets
were bought from Roche Diagnostics GmbH (Mannheim, Germany).
20,70-Dichlorodihydrofluorescein diacetate (H2DCFDA), diaminofluor-
escein (DAF)-FM) diacetate, Alexa Fluor 488-phalloidin, Hoechst 33342,
and To-Pro 3 were purchased from Life Technologies Corporation
(Grand Island, NY, USA). Phospho-eNOS (Ser-1177), phospho-AKT
(Ser-473), phospho-ERK1/2 (Thr-202/Tyr-204), phospho-PKCd (Tyr-
311), phospho-low-density lipoprotein receptor-related protein 6
(LRP6) (Ser-1490), total AKT, total ERK1/2, total LRP6, histone 3, and b-
catenin antibodies were obtained from Cell Signaling Technology
(Danvers, MA, USA). Total eNOS, total PKCd, VEGFR3, Ki67, GAPDH,
and b-actin antibodies were procured from Santa Cruz Biotechnology
(Dallas, TX, USA). Lymphatic vessel endothelial hyaluronan receptor-1
(LYVE-1), smooth muscle actin (SMA), vimentin, and TATA-binding pro-
tein (TBP) antibodies were purchased from Abcam (Cambridge, MA,
USA). Antibodies against RSPO1, RSPO2, and RSPO3 were bought from

..............................................................................................................................................................................................................................

Table 1 Demographic and clinical details of human atherosclerotic and non-atherosclerotic cases

Case # Age/race/sex Diagnosis Cause of death

1 88/Caucasian/male Coronary artery disease Massive cerebrovascular accident

2 69/Caucasian/female Coronary artery disease, hypertension,

coronary kidney disease

Respiratory failure

3 76/Caucasian/female Coronary artery disease Massive bilateral pulmonary embolism

and subacute subdural haematoma

4 101/Caucasian/female Coronary artery disease, aortic

stenosis

Congestive heart failure and myocar-

dial infarction

5 51/Caucasian/female Hypertension, diabetes, atheroscle-

rotic cardiovascular disease, 70–

80% obstruction in LAD

Acute on chronic respiratory failure

6 57/African-American/female Hypertension, atherosclerotic cardio-

vascular disease, COPD

Hypertensive and atherosclerotic car-

diovascular disease

7 57/African-American/male Oesophageal squamous cells carci-

noma, hypertension

Multi-organ failure, coagulopathy,

sepsis

COPD, chronic obstructive pulmonary disease; LAD, left anterior descending artery.

R-spondin 2 and atherosclerosis 1491
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Proteintech (Rosemont, IL, USA). CD68 antibody was obtained from
ThermoFisher Scientific (Rockford, IL, USA). Mouse recombinant LGR4
Fc chimaera protein was purchased from R&D Systems (Minneapolis,
MN, USA).

2.2 Human atherosclerotic tissue
Human atherosclerotic and non-atherosclerotic control arterial tissue
was obtained from five female (51–101 years old) and two male (57 and
88 years old) cadaveric donors. Characterization of cadaveric donors, in-
cluding age, sex, race, cardiovascular risk factors, co-morbidities, and
cause of death is shown in Table 1. The presence of atherosclerotic
lesions was confirmed by Dr Joseph White, Director of Autopsy
Services at Augusta University and Oil Red O (ORO) staining. The study
was approved by the Biological Safety Office, Augusta University (BSP#
1458) and conducted in accordance with the guidelines in the
Declaration of Helsinki. Written informed consent for use of post-
mortem tissue for research purposes on behalf of each case was pro-
vided by next of kin.

2.3 Animals
Eight- to 10-week-old male mice were used in the present study. C57BL/
6 (wild type, JAX, stock # 000664) mice were used for Matrigel plug as-
say, LN dissection studies, and primary mouse LEC isolation. All mice
were maintained on 12-h dark/12-h light cycles in air-conditioned rooms
with access to food and drinking water ad libitum. Mice were euthanized
by inhalation of 2–3% isoflurane and cardiac exsanguination/cervical dis-
location wherever appropriate. ApoE-deficient (ApoE-/-) mice (JAX,
stock # 002052) were fed a Western diet (TD.88137, Envigo,
Indianapolis, IN, USA) to induce atherosclerosis.

2.3.1 Blockade of LGR4-mediated signalling in periarte-

rial tissue
Eight-week-old male ApoE-/- mice underwent partial left carotid artery
(LCA) ligation as described previously.28 Briefly, mice were anaesthe-
tized by isoflurane inhalation (4%) and 2–3% isoflurane via a nose cone
was used for maintenance of anaesthesia. The LCA of anaesthetized
mouse was exposed, and three of four distal branches of the LCA com-
prising the external carotid artery, internal carotid artery, and occipital
artery were ligated using a 6–0 silk suture (Fine Science Tools, Foster
City, CA, USA). Immediately after ligation, the LCA was separated from
surrounding tissues to disrupt the efferent lymphatic flow, and 50mL of
pluronic F-127 gel containing control protein (IgG) or recombinant
LGR4 Fc chimaera protein (200mg/mL) (LGR4-ECD) applied around the
LCA and allowed to solidify for 30 s. Then, the incision site was closed
with wound clips (Fine Science Tools). The pluronic solution of control
and LGR4-ECD protein was prepared by mixing 100mL protein solution
(500mg/mL) with 150mL of 35% pluronic F-127 (Sigma-Aldrich) solution
in sterile ice-cold phosphate buffered saline (PBS).29 Mice were started
on a Western diet feeding 5 days before surgery and continued for an-
other 3 weeks post-surgery.

After 3 weeks, whole-body fat, lean mass (Bruker Minispec Live Mice
Analyzer, LF90), and fasting blood glucose (ReliOn Prime Blood Glucose
Monitoring System) were determined. To evaluate LV-mediated re-
moval of low-density lipoprotein (LDL) from the LCA to periarterial
draining LNs in vivo, mice were given a retro-orbital injection of Dil-LDL
(70mg) 24 h before sacrifice. Blood was collected from mice 4 and 8 h af-
ter injection and at sacrifice using tail snips to determine plasma levels of
DiI-LDL. Finally, mice were anaesthetized by isoflurane inhalation (2–

3%) and blood was collected in a heparinized syringe via cardiac punc-
ture for lipid analysis. Following euthanasia (as described above), LCA-
draining deep cervical LNs and skin-draining inguinal LNs were isolated,
digested in RIPA buffer, and DiI fluorescence (excitation: 549 nm and
emission: 565 nm) quantified using a Clariostar Monochromator
Microplate Reader. Dil fluorescence measured in the plasma of ApoE-/-

mice not injected with Dil-LDL was used to determine background fluo-
rescence. Mouse aortic arch with LCA, right carotid artery (RCA),
spleen, and liver were isolated and fixed in the Image-iTTM Fixative
Solution (Life Technologies Corporation, Grand Island, NY, USA) over-
night in dark, and processed for further analysis. Plasma total cholesterol
levels were determined by the Amplex Red cholesterol assay (Molecular
Probes, Eugene, OR, USA).

2.3.2 LN dissection
Male C57BL/6 mice were injected with proprotein convertase subtilisin/
kexin type 9 (PCSK9)-adeno-associated virus 8 (3.97� 1011 GC) with a
liver-specific promoter. PCSK9 is a secretory protein that causes lysoso-
mal degradation of low-density lipoprotein receptor (LDLR) in the liver
and induces hypercholesterolaemia.30 The mice underwent partial LCA
ligation procedure as described above, dissection of the LCA-draining
deep cervical LN, and fed a Western diet for 4 weeks.7Sham-operated
mice (LCA ligation, no LN removal) served as controls. Body weight,
fasting blood glucose, plasma total cholesterol, and atherosclerotic lesion
area in LCA were investigated as described below.

All experimental procedures involving animals were approved by the
Institutional Animal Care and Use Committee of Augusta University and
conducted in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals.

2.4 Cell culture
Primary human dermal LEC (PromoCell GmbH, Heidelberg, Germany)
were cultured in endothelial cell growth medium MV 2 (PromoCell)
containing 5% heat-inactivated foetal bovine serum (FBS), 100 IU/mL of
penicillin, 100 lg/mL streptomycin, and growth factors bullet kit pro-
vided by PromoCell. Cells were maintained in a humidified incubator at
37�C and used till passage 7.

Primary mouse LEC were isolated from C57BL/6 mouse lungs. Mouse
lungs were finely minced and digested with collagenase type 2 (1 mg/mL)
for 1 h at 37�C. The obtained cell suspension was filtered through a
70mm cell strainer (Fisherbrand). Sheep anti-rabbit Dynabeads (Life
Technologies) coated with LYVE-1 antibodies were used to isolate
LYVE-1 positive LEC using a magnetic stand. Isolated LYVE-1 positive
cells were cultured in DMEM medium supplemented with 20% FBS,
0.1 mg/mL heparin (Sigma-Aldrich), 0.01 mg/mL endothelial cell growth
supplement (Sigma), and 0.05 mg/mL gentamycin (GE Healthcare Bio-
Sciences, Pittsburgh, PA, USA) on 0.1% gelatin-coated culture plates.
Purity of isolated LEC was confirmed by immunostaining for LYVE-1 and
VEGFR3 proteins (Supplementary material online, Figure S7A).

THP1 macrophages (Sigma, St. Louis, MO, USA), primary human aor-
tic smooth muscle cells (AoSMC, Lonza, Walkersville, MD, USA), and
human aortic adventitial fibroblasts (AoAF, Lonza) were grown in rec-
ommended cell culture media and conditions.

2.5 Western blot
Tissue/cell lysates were used to perform western blotting as described
previously using the Odyssey CLx Infrared Imaging System (Li-Cor

1492 B. Singla et al.
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Biosciences, Lincoln, NE, USA).31 Briefly, Pierce BCA Protein Assay Kit
(ThermoFisher Scientific) was utilized to quantify protein concentrations
in lysate preparations. Equal amount of proteins (15–20 lg) were sepa-
rated using SDS-PAGE gels, transferred onto nitrocellulose membranes
(Li-Cor Biosciences) and blocked membranes were probed with the fol-
lowing primary antibodies: RSPO1, RSPO2, RSPO3, phospho-eNOS
(Ser-1177), total eNOS, phospho-AKT (Ser-473), total AKT, phospho-
ERK1/2 (Thr-202/Tyr-204), total ERK1/2, phospho-PKCd (Tyr-311), to-
tal PKCd, VEGFR3, phospho-LRP6 (Ser-1490), total LRP6, histone 3,
TBP, GAPDH, and b-actin. The IRDye-conjugated secondary antibodies
(Li-Cor Biosciences) were employed to detect the primary antibodies
bound to membranes. The densitometry analysis was done using the
NIH Image J software.

2.6 Immunohistochemistry
Lipid deposition was determined using ORO staining as previously de-
scribed.28 Briefly, sections were washed with PBS to remove OCT and
then incubated with 60% isopropanol, stained with ORO solution
(Sigma-Aldrich, 2.0% w/v), and counterstained with haematoxylin and
eosin (H&E, Sigma-Aldrich). Images were taken using a phase-contrast
microscope.

Frozen sections were washed with PBS and permeabilized with 0.1%
Triton X-100 for 15 min. While, paraffin sections were deparaffinized,
rehydrated, and boiled in citrate buffer (10 mM, pH 6.0) at 95�C for
10 min to retrieve antigen. Arterial sections were blocked and incubated
with primary antibodies against RSPO2, CD68, SMA, vimentin, and
LYVE-1 overnight at 4�C in a humidified chamber. Then, sections were
washed and incubated with fluorescently labelled secondary antibodies
(Jackson ImmunoResearch, West Grove, PA, USA) for 1 h at room tem-
perature, followed by DAPI/Hoechst 33342/To-Pro 3 staining and
mounting with Fluoromount-G (ThermoFisher Scientific). Images were
captured using a Zeiss 780 inverted confocal microscope. Image fluores-
cence analysis was performed with Image-Pro Plus software (Media
Cybernetics, Bethesda, MD, USA).

Mouse LCA frozen sections were stained with H&E, Masson’s tri-
chrome, and ORO using standard protocols. Sections were also stained
using antibodies for CD68 and LYVE-1 to determine macrophage con-
tent and LV density, respectively. Immunohistochemical staining was car-
ried out using Lab VisionTM UltraVisionTM LP Detection System
(ThermoFisher Scientific) according to the manufacturer’s instructions.

2.7 LEC proliferation assay
LEC proliferation was measured using the Cell Proliferation Kit I (MTT)
from Roche Diagnostics GmbH. Briefly, cells were seeded at a density of
10 000 cells per well in a 96-well plate. Next day, cells were pretreated
with vehicle (PBS) or human recombinant RSPO2 (100 ng/mL) in basal
medium MV 2 (PromoCell GmbH) containing 0.5% FBS for 6 h, and stim-
ulated with human recombinant VEGF-C (100 ng/mL) for 48 h.
Following stimulation, 10lL MTT labelling reagent was added to each
well, and cells were incubated at 37�C for 4 h. The formed purple forma-
zan crystals were solubilized with solubilization buffer overnight, and ab-
sorbance measured at 570 nm using Clariostar Monochromator
Microplate Reader (BMG Labtech, Cary, NC, USA). Absorbance at
690 nm was taken as reference.

For determination of Ki67 positive cells, LEC were plated on cover-
slips inserted in a 24-well plate. LEC were pretreated with vehicle or
RSPO2 (100 ng/mL) for 6 h and stimulated with VEGF-C (100 ng/mL) for
24 h. Cells were fixed, permeabilized, blocked, and incubated with Ki67

primary antibodies overnight at 4�C. Cells were then incubated with
fluorescently labelled secondary antibodies (Jackson ImmunoResearch),
Alexa Fluor 488-phalloidin, and To-Pro 3. Images were captured using a
Zeiss 780 inverted confocal microscope, and Ki67 positive cells counted
using the NIH Image J software.

2.8 LEC transwell migration assay
LEC migration in response to RSPO2 treatment was investigated using
transwell inserts with 8 lm pore polycarbonate membranes (Corning,
NY, USA) in 24-well plate. Briefly, cells were pretreated with/without
RSPO2 for 6 h. After 6 h, 20 000 cells in 100mL of basal medium MV2
(0.5% FBS) containing VEGF-C in the presence or absence of RSPO2
were seeded in upper chambers, and lower chambers filled with com-
plete endothelial cell growth medium MV 2. After 12 h of incubation at
37�C, cells on the top of membranes were wiped, and membranes were
fixed and stained with 0.5% crystal violet. Images of 7–9 randomly se-
lected fields were acquired using an inverted phase-contrast microscope,
and the number of cells migrated to the lower side of the membranes
determined using the NIH Image J software.

2.9 LEC tube formation assay
A Matrigel tube formation assay was performed as previously de-
scribed.32 Briefly, 96-well plates were coated with growth factor-
reduced Matrigel for 45 min at 37�C. Then, vehicle- or RSPO2-
pretreated LEC (20 000 cells/well) in basal medium MV2 (0.5% FBS) con-
taining VEGF-C with or without RSPO2 were seeded onto solidified
Matrigels and incubated for 6 h at 37�C in a humidified incubator with
5% CO2. Images of tube formation were either captured directly using
an inverted phase-contrast microscope or Matrigels were fixed, permea-
bilized, and stained with Alexa Fluor 488-phalloidin, and images were
recorded using an inverted fluorescent microscope. The tube length and
number of branching points were measured using the NIH ImageJ soft-
ware or Tube Formation ACAS Image Analysis software (ibidi, Munich,
Germany).

2.10 In vivo lymphangiogenesis assay
In vivo lymphangiogenesis was determined using the Matrigel plug assay.33

Eight- to 10-week-old male wild-type mice on the C57BL/6 background
were injected subcutaneously (s.c.) with growth factor-reduced Matrigel
premixed with murine VEGF-C (100 ng/mL), VEGF-C þ RSPO2
(200 ng/mL), or VEGF-C þ RSPO2 þ SNP (2mM). Mice were eutha-
nized by inhalation of 2–3% isoflurane and cervical dislocation after
2 weeks, Matrigel plugs harvested, fixed in 4% paraformaldehyde, and
LYVE-1 immunostaining performed. Digital images of staining were taken
using a Zeiss 780 inverted confocal microscope.

2.11 Quantitative real-time PCR
Total cellular RNA was extracted from cultured human or mouse LEC
employing RNA purification kit (IBI Scientific, Peosta, IA, USA). Reverse
transcription was done using 500 ng of RNA with TaqManVR Reverse
Transcriptase kit (Applied Biosystems, Carlsbad, CA, USA) as per the
manufacturer’s instructions. The quantitative real-time PCR (qRT-PCR)
was performed with SYBR Green Supermix (Applied Biosystems) in a
StepOne Plus system (Applied Biosystems). Relative gene expression
was determined with the DDCt method using GAPDH (human/mouse)
as the internal control. The primer sequences used for real-time PCR
are shown in Supplementary material online, Table S1.
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2.12 Gene silencing
A smart pool of siRNA for LGR4 and a non-targeting control siRNA
were purchased from Dharmacon (Lafayette, CO, USA). Human LEC
were transfected with LGR4 siRNA or control siRNA using the TransIT-
TKO transfection reagent (Mirus Bio LLC, Madison, WI, USA) according
to the manufacturer’s instructions. Gene silencing using siRNA was con-
firmed by qRT-PCR. Cells were used for further experiments 48 h post-
transfection.

2.13 Intracellular NO analysis
Human LEC were plated in a 96-well plate at a density of 10 000 cells/
well. Next day, cells were pretreated with vehicle or RSPO2 for 6 h and
stimulated with VEGF-C for 1 h. After the incubation time, cells were
washed and incubated with DAF-FM diacetate solution (5mM) for
45 min at 37�C. Then, cells were washed, incubated with fresh basal me-
dia without serum for 30 min, and fluorescence measured using excita-
tion/emission spectra 495/515 nm with a Clariostar Monochromator
Microplate Reader. L-NG-Nitro arginine methyl ester (L-NAME) (NO
synthetase inhibitor, 100mM, 1 h)-pretreated cells were used as negative
controls.

2.14 Reactive oxygen species generation
Intracellular reactive oxygen species (ROS) were determined using
H2DCFDA.34 Briefly, LEC were seeded in a six-well plate. After over-
night attachment, cells were treated with vehicle or RSPO2 for the indi-
cated time points. Cells were then washed and incubated with
H2DCFDA (5lM) for 30min at 37�C followed by flow cytometry analy-
sis (Ex: 492 nm, Em: 525 nm) using a BD Accuri C6 flow cytometer.
Mean fluorescence intensity was used to compare ROS generation be-
tween groups.

H2O2 production by LEC after RSPO2 exposure was investigated us-
ing the Amplex Red assay as described previously.35 Briefly, LEC were
plated in a black 96-well plate (10 000 cells/well). Next day, cells were
treated with or without RSPO2 (100 ng/mL) in assay buffer containing
25 mM Hepes (pH 7.4), 0.12 M NaCl, 3 mM KCl, 1 mM MgCl2, 0.1 mM
Amplex Red, and 0.032 unit of HRP. Amplex Red fluorescence (excita-
tion 530–560 nm and emission�590 nm) was measured every 2 min for
120 min at 37�C using a Clariostar Monochromator Microplate Reader.

2.15 b-Catenin nuclear localization
To investigate b-catenin nuclear localization in response to RSPO2 treat-
ment, LEC plated on coverslips were treated with vehicle or RSPO2
(100 ng/mL) for 6 h and stimulated with VEGF-C (100 ng/mL) for 15 min.
After that, cells were immunostained for b-catenin and co-stained with
nuclear dye Hoechst 33342. Images were taken using a Zeiss 780
inverted confocal microscope. At least five images of randomly chosen
microscopic fields per treatment condition per experiment were cap-
tured. The co-localization of green (b-catenin) and red (nucleus) colours
were determined using Image-Pro Plus software (Media Cybernetics) to
investigate nuclear translocation of b-catenin, and values of the co-
localization coefficient are shown. Furthermore, cells were treated as in-
dicated and nuclear-cytoplasmic fractionation executed using the NE-
PER Nuclear and Cytoplasmic Extraction Reagents (Pierce
Biotechnology, Rockford, IL, USA). Western blot experiments were per-
formed employing nuclear and cytoplasmic fractions of LEC.

2.16 Statistical analysis
GraphPad Prism (La Jolla, CA, USA) was utilized to perform statistical
analyses. The data are expressed as mean ± SEM. Student’s t-test and
one or two-way ANOVA were used, followed by post hoc analysis for
multiple comparisons where appropriate. A P-value <0.05 was consid-
ered statistically significant.

3. Results

3.1 RSPO2 levels are elevated in human
and mouse atherosclerotic arteries
Recent reports have demonstrated that RSPO2 protein levels are de-
creased in colorectal cancer and lung cancer patients and RSPO2 sup-
presses tumour growth via inhibition of Wnt-b-catenin signalling.36,37 To
determine whether RSPO2 expression is also dysregulated in athero-
sclerotic tissue, we quantified its expression in human atherosclerotic
aorta and non-atherosclerotic control segments from cadaveric donors
with and without a history of cardiovascular disorders (CVD). It is well
known that disturbed flow with associated reciprocating low shear stress
in branch points and curvatures promotes atherosclerosis.38 In contrast,
arterial regions exposed to sustained laminar flow with high shear stress,
such as the descending thoracic aorta, are protected from atherosclero-
sis.38 ORO staining revealed the presence of atherosclerotic lesions in
the inner curvature (IC) of human aortic arch but not in the descending
aorta (DA) (Figure 1A). Immunoblotting using tissue lysates prepared
from human IC and DA demonstrated that RSPO2 levels are increased
in human atherosclerotic arteries compared to non-atherosclerotic arte-
rial tissue (Figure 1B). Characterization of cadaveric donors, including
age, sex, cardiovascular risk factors, co-morbidities, and cause of death is
shown in Table 1. We also executed western blot experiments to deter-
mine the levels of other RSPO isoforms including RSPO1 and RSPO3 in
human aortic tissue with or without atherosclerosis. No differences
were observed in the expression of RSPO3; however, RSPO1 levels
were decreased in atherosclerotic aortic segments compared to non-
atherosclerotic control tissue (Supplementary material online, Figure S1).

To investigate whether RSPO2 expression is elevated in mouse mod-
els of atherosclerosis, 8- to 10-week-old atheroprone ApoE-/- mice
were fed a Western diet for 12 weeks, and their aortae were isolated
and used for determination of RSPO2 protein levels. ORO staining con-
firmed atherosclerotic lesions in the IC of ApoE-/- aortic arch but not in
the DA (Figure 1C). Similar to western blot data obtained using human
aortic tissue, RSPO2 levels were significantly increased in ApoE-/- mice
atherosclerotic aortae compared with non-atherosclerotic control seg-
ments of DA (Figure 1D).

Next, we performed immunostaining to determine in which layer(s)
of the atherosclerotic arterial wall RSPO2 levels are upregulated. In
these experiments, ApoE-/- mice underwent partial LCA ligation and fed
a Western diet for 3 weeks. Increased RSPO2 staining in the adventitial
layer of mouse atherosclerotic LCA was observed compared with the
non-atherosclerotic RCA (Figure 1E). Next, we used atherosclerotic and
non-atherosclerotic left anterior descending (LAD) coronary arteries
from cadaveric donors for immunostaining experiments. Interestingly,
we observed increased RSPO2 expression in adventitial and medial
layers as well as in the plaque area of human atherosclerotic arteries
compared with non-atherosclerotic LAD (Figure 1F and G). Additional
immunofluorescence experiments were performed using human athero-
sclerotic LAD arteries, to identify the cell type(s) in the arterial wall
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Figure 1 RSPO2 expression is increased in human and mouse atherosclerotic arteries. (A) Human aortic tissues were obtained from cadaveric donors
(BSP#: 1458). ORO staining of the IC and DA was performed to confirm lipid deposition. Representative of n = 6 experiments. Insets indicate tissue isolation
sites. Human heart scale bar 2.5 cm; ORO staining scale bar 100mm. (B) Representative western blot images of RSPO2 protein expression in human aortic
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..expressing RSPO2. Arteries were stained for RSPO2, CD68 (macro-
phage marker), SMA (SMC marker), and vimentin (fibroblast marker).
Our results demonstrated that RSPO2 colocalizes with CD68-positive
areas in atherosclerotic lesions (Figure 1H). We also found that SMA pos-
itive cells and adventitial fibroblasts colocalize with RSPO2 staining in the
medial and adventitial layer, respectively (Figure 1H). We next performed
qRT-PCR experiments to quantify mRNA levels of RSPO2 in human
AoSMC, human AoAF, and human macrophages (THP1). The qRT-PCR
data exhibited significantly higher levels of RSPO2 in adventitial fibro-
blasts compared with smooth muscle cells (Figure 1I). Although there
was a trend, no significant differences in RSPO2 mRNA levels were ob-
served between adventitial fibroblasts and macrophages (Figure 1I).
Taken together, these data demonstrate that RSPO2 levels are upregu-
lated in multiple areas of atherosclerotic arteries, including the adventitial
layer where the lymphatic vasculature is primarily present.4,5 Despite
this information the role of RSPO2 in lymphangiogenesis and the patho-
genesis of atherosclerosis in general is not known.

3.2 RSPO2 inhibits lymphangiogenesis
in vitro and in vivo
Previous studies reported that the lymphatic vasculature is the primary
route of cholesterol removal from atherosclerotic vessels via mediating
RCT.4–7 Consistent with this statement, Supplementary material online,
Figure S3A–D demonstrates that disruption of lymphatic drainage by re-
moval of the LCA-draining deep cervical LN stimulates atherosclerotic
lesion formation in ApoE-/- mice. LN dissection did not affect body
weight, fasting blood glucose, and plasma cholesterol levels
(Supplementary material online, Figure S3E–G). In animal models and hu-
man arteries, LV have been consistently observed in the adventitial and
periadventitial regions of the vessel wall.4,5 Confirming these findings,
Supplementary material online, Figure S2 and Figure 7N demonstrate that
LV are primarily observed in the adventitial layer of human and rodent
atherosclerotic arteries.

As RSPO2 expression was increased in the adventitial layer of ath-
erosclerotic arteries, where LV have been primarily observed, we in-
vestigated whether RSPO2 treatment inhibits lymphangiogenesis.
First, we examined the effect of RSPO2 treatment on the prolifera-
tion of human LEC using MTT assay. As shown in Figure 2A, RSPO2
treatment (100 ng/mL, 6 h) significantly inhibited VEGF-C-stimulated
(100 ng/mL, 48 h) LEC proliferation. RSPO2 treatment did not induce
apoptosis of LEC (Supplementary material online, Figure S4A). Next,
we performed cell immunofluorescence experiments to quantify Ki67
positive cells following VEGF-C and VEGF-C þ RSPO2 treatments.
Immunofluorescence results demonstrated a significantly decreased
number of Ki67 positive cells in the VEGF-C þ RSPO2-treated group
compared with control cells exposed to VEGF-C alone (Figure 2B).
Transwell migration assay data indicated that RSPO2 suppressed
VEGF-C-stimulated migration of LEC (Figure 2C and D). To further in-
vestigate the effect of RSPO2 treatment on the lymphangiogenic abil-
ity of LEC, a Matrigel-based tube formation assay was performed.
Consistent with LEC proliferation and migration analysis, RSPO2-
treated LEC showed reduced tube formation as indicated by de-
creased tube length and lower number of branching points compared
to vehicle-treated cells (Figure 2E–G). Taken together, these findings
suggest that RSPO2 inhibits LEC proliferation and migration, leading
to impaired lymphangiogenesis in vitro.

Next, we used the Matrigel plug assay to investigate the ability of
RSPO2 to inhibit lymphangiogenesis in vivo. Matrigel mixed with VEGF-C
with or without RSPO2 was administered s.c. into C57BL/6J mice
(Figure 2H). Matrigel plugs were harvested 2 weeks after implantation
and plug sections stained with anti-LYVE-1 to determine LV density.
Immunostaining analysis of plug sections revealed remarkably reduced
LYVE-1 positive area in plugs containing VEGF-C þ RSPO2 compared
with VEGF-C treatment alone (Figure 2H and I and Supplementary mate-
rial online, Figure S4B). Consistent with in vitro observations, these data
suggest the anti-lymphangiogenic potential of RSPO2 in vivo.

Figure 1 Continued
tissues from atherosclerotic IC and DA are shown. Bar graph represents mean protein levels along with individual data points calculated using densi-
tometric analysis and expressed as a ratio of RSPO2 to GAPDH (n = 6). (C) ApoE-/- mice were fed a Western diet for 12 weeks, their aortae were
isolated, sectioned, and ORO staining performed. Scale bar 100mm (left panels) and 50mm (right panels). Representative images are shown (n = 3).
(D) Representative western blot images of RSPO2 protein expression in the IC and DA segments of ApoE-/- aorta. Bar graph represents mean pro-
tein levels along with individual data points and expressed as a ratio of RSPO2 to GAPDH (n = 3). (E) ApoE-/- mice underwent partial LCA ligation,
fed a Western diet for 4 weeks and immunostaining for RSPO2 (red) was performed on cross-sections of the RCA (non-atherosclerotic control)
and atherosclerotic LCA. Nuclei were counterstained with Hoechst 33342 (blue). RSPO2 staining is indicated by yellow arrowheads in the adventi-
tial layer (n = 3). Scale bar 1 mm (left most panel); 20mm (immunofluorescence staining). Left panel indicates the presence of atherosclerosis in the
LCA, but not in the RCA. (F) Haematoxylin and eosin staining demonstrating the presence or absence of atherosclerotic lesions in human LAD ar-
teries. (G) Immunofluorescence staining in consecutive human LAD sections was conducted similar to (E). Enlarged images of yellow insets are also
shown. Representative of n = 3 experiments. Black/white dotted lines denote internal and external elastic laminas. Arterial sections stained with
fluorescently labelled secondary antibodies (2�Ab) only and Hoechst 33342 were considered as negative controls. Scale bar 100mm. (H) Human
atherosclerotic LAD sections were stained with RSPO2, CD68 (macrophage marker), SMA (SMC marker), and vimentin (fibroblast marker).
Representative images are shown. Magnified images of yellow insets are also shown (n = 3). (I) Total RNA was extracted from human AoSMC,
AoAF, and THP1 macrophages, and qRT-PCR performed to determine the relative levels of RSPO2. GAPDH was used as an internal control. Bar
graph represents mRNA levels of RSPO2 (n = 6). Statistical analyses were performed using a two-tailed unpaired t-test (B and D) and one-way
ANOVA (I). Data represent mean ± SEM. *P < 0.05 and **P < 0.01. A, adventitia; AoAF, aortic adventitial fibroblasts; AoSMC, aortic smooth muscle
cells; DA, descending aorta; IC, inner curvature; L, lumen; LAD, left anterior descending artery; LCA, left carotid artery; M, media; OC, outer curva-
ture; P, plaque; RCA, right carotid artery; RSPO2, R-spondin 2.

1496 B. Singla et al.

https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa244#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa244#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa244#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa244#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa244#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa244#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa244#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa244#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa244#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa244#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa244#supplementary-data


Figure 2 RSPO2 suppresses lymphangiogenesis in vitro and in vivo. (A) Human LEC were pretreated with vehicle or RSPO2 (100 ng/mL) in basal media
MV2 containing 0.5% FBS for 6 h, stimulated with VEGF-C (100 ng/mL) and proliferation investigated after 48 h using MTT assay. Data are representative of
six independent experiments performed at least in triplicate. (B) LEC grown on coverslips were pretreated with vehicle or RSPO2 for 6 h and stimulated
with VEGF-C for 24 h. Cells were fixed and immunostained for Ki67 (red). Nuclei and actin filaments were counterstained with To-Pro 3 (blue) and phalloi-
din (green), respectively. Images were captured from five to nine random fields. Representative images are shown. Scale bar 50mm. Bar graph represents the
mean number of Ki67 positive cells/field (n = 4). (C) Vehicle or RSPO2-pretreated LEC were seeded in upper chambers of transwell plate in basal medium
containing VEGF-C ± RSPO2 and migration investigated after 12 h. Images of seven to nine randomly selected fields were acquired and number of migrated
cells counted. Representative photomicrographs are shown. Scale bar 500mm. (D) Bar graph represents the number of migrated cells (n = 5). (E–G) Vehicle
or RSPO2-pretreated LEC were seeded in wells of a Matrigel-coated plate in basal medium containing VEGF-C ± RSPO2 and tube formation determined
(6 h). Representative photomicrographs are shown. Scale bar 500mm (E). Images of random fields were taken, and tube length (F) and number of branching
points (G) quantified (n = 8). (H) Matrigel plugs mixed with either VEGF-C or VEGF-C þ RSPO2 were implanted subcutaneously in wild-type mice. Plugs
were isolated after 2 weeks, sectioned and immunostained for LYVE-1. (I) Quantitative analysis of LYVE-1 in implanted Matrigel plugs. Bar diagram repre-
sents mean LYVE-1 positive area (n = 6–8). Statistical analyses were performed using a two-tailed unpaired t-test. Data represent mean ± SEM. *P < 0.05,
**P < 0.01, and ***P < 0.001. LYVE-1, lymphatic vessel endothelial hyaluronan receptor-1; RSPO2, R-spondin 2; VEGF, vascular endothelial growth factor.



Figure 3 RSPO2 inhibits lymphangiogenesis via LGR4-mediated mechanisms. (A) Human LEC were used to extract total RNA and qRT-PCR per-
formed to determine the relative levels of LGR receptors. GAPDH was used as an internal control. Bar graph represents mRNA levels of LGR receptors
in comparison to LGR5 (gene with the lowest expression) (n = 7–8). (B) Control and LGR4 siRNA-treated LEC were utilized to extract RNA and LGR4
levels were quantified using qRT-PCR to confirm successful silencing (n = 3). (C–E) Control and LGR4-silenced LEC pretreated with vehicle or RSPO2
for 6 h were used for Matrigel tube formation assay as described in Figure 2E. Tubes were stained with Alexa Fluor 488-phalloidin and images captured us-
ing a Zeiss 780 inverted confocal microscope. Representative photomicrographs are shown (C). Scale bar 500mm. Tube length (D) and number of
branching points (E) were quantified (n = 4–5). (F) MTT assay was employed to investigate the proliferation of control and LGR4-silenced LEC in re-
sponse to RSPO2 treatment as described in Figure 2A. Data are representative of three independent experiments performed at least in triplicate. (G)
Control and LGR4-silenced LEC were used to evaluate cell migration as described in Figure 2C. Scale bar 200mm. (H) Bar graph represents the number of
migrated cells (n = 4). Statistical analyses were performed using one-way ANOVA (A), two-tailed unpaired t-test (B), and two-way ANOVA (D–F and H).
Data represent mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. RSPO2, R-spondin 2.
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3.3 RSPO2 suppresses lymphangiogenesis
via LGR4-mediated signalling
Three LGR, namely LGR4, LGR5, and LGR6, have been described as
high-affinity cell surface receptors for RSPOs.19,20 To determine the spe-
cific LGR receptor(s) involved in RSPO2-mediated inhibition of lym-
phangiogenesis, we first investigated the relative mRNA levels of LGR4–
6 in human LEC using qRT-PCR. The qRT-PCR experiments identified
LGR4 as the dominant RSPO2 receptor in LEC (nearly 60 times of LGR5

expression) (Figure 3A). The role of LGR4 in RSPO2-induced inhibition
of lymphangiogenesis was examined using siRNA-mediated silencing of
LGR4 in LEC. The successful silencing of LGR4 in LEC was confirmed by
qRT-PCR (Figure 3B). As shown in Figure 3C–H, LGR4-silencing in LEC
significantly attenuated the inhibitory effect of RSPO2 on LEC tube for-
mation (Figure 3C–E), proliferation (Figure 3F), and migration (Figure 3G
and H) in vitro. Furthermore, inhibition of RSPO2–LGR4 signalling using
the LGR4 blocking peptide (LGR4-ECD21) abrogated RSPO2-induced

Figure 4 RSPO2 inhibits VEGF-C-stimulated AKT and eNOS activation in LEC. (A–G) LEC were serum-starved in 0.5% FBS containing basal media
MV2 for 16 h. Then, LEC were pretreated with RSPO2 (6 h), stimulated with VEGF-C for 15 min, and subjected to western blot analysis. (A and E)
Representative western blot images are shown. (B–D and F) Bar diagrams represent averaged protein levels expressed as a ratio of phospho to total pro-
teins, eNOS (B), AKT (C), ERK1/2 (D), and PKCd (F) (n = 6–8). (G) Bar diagram represents the mean expression of VEGFR3 normalized with GAPDH
(n = 6). (H–J) Control and LGR4-silenced LEC were used for this experiment. The details of treatment are same as in (A). (H) Representative western
blot images are shown. (I and J) Bar diagrams represent averaged protein levels expressed as a ratio of phospho to total proteins, eNOS (I) (n = 4) and
AKT (J) (n = 5). Statistical analyses were performed using one-way ANOVA (B–D, F, and G) and two-way ANOVA (I and J). Data represent mean ± SEM.
*P < 0.05, **P < 0.01, and ***P < 0.001. eNOS, endothelial nitric oxide synthase; LEC, lymphatic endothelial cells; RSPO2, R-spondin 2; VEGF, vascular en-
dothelial growth factor.
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suppression of LEC proliferation compared with control treatment
(Supplementary material online, Figure S4C). These data demonstrate
that LGR4 is required for RSPO2-mediated inhibition of
lymphangiogenesis.

3.4 RSPO2 hinders VEGF-C-stimulated
AKTand eNOS activation in LEC
VEGF-C stimulates lymphangiogenesis via VEGFR3-mediated activation
of AKT, ERK, and eNOS signalling.9,10 To investigate the mechanism by
which RSPO2 inhibits lymphangiogenesis, we treated human LEC with
RSPO2 (100 ng/mL, 6 h) followed by incubation with VEGF-C (100 ng/
mL) for 15 min and performed western blot experiments to determine
activating phosphorylation of eNOS, AKT, and ERK1/2. Cells were stim-
ulated with VEGF-C for 15 min because we observed maximum activa-
tion of eNOS, AKT, and ERK1/2 after 15 min of incubation with VEGF-C
(data not shown). Our results demonstrated that VEGF-C treatment in-
creased phosphorylation of eNOS (Ser-1177), AKT (Ser-473), and
ERK1/2 (Thr-202/Tyr-204) in human LEC (Figure 4A–D). Furthermore,
RSPO2 treatment significantly reduced VEGF-C-induced phosphoryla-
tion of eNOS and AKT, however, no effect on ERK1/2 activation was ob-
served with RSPO2 exposure (Figure 4A–D). As the role of PKCd in
VEGF-C/VEGFR3-induced stimulation of lymphangiogenesis has been
demonstrated and PKC can activate eNOS and AKT,39–41 we next inves-
tigated PKCd phosphorylation at Tyr-311 following RSPO2 treatment.
As shown in Figure 4E and F, VEGF-C exposure did not increase Tyr-311
phosphorylation of PKCd in LEC and phosphorylation was not affected
by RSPO2 pretreatment. Control experiments demonstrate that
RSPO2 treatment does not decrease VEGFR3 expression in LEC
(Figure 4E and G).

Since LGR4 is the major RSPO2 receptor in LEC and LGR4 knock-
down inhibited RSPO2’s effect on lymphangiogenesis, we next investi-
gated the role of LGR4 in RSPO2-induced suppression of eNOS and
AKT activation. Control siRNA-treated and LGR4-silenced cells were
used to investigate VEGF-C-stimulated eNOS and AKT phosphorylation
following RSPO2 treatment. Notably, the silencing of LGR4 prevented
RSPO2-mediated inhibition of eNOS and AKT phosphorylation in LEC
(Figure 4H–J). In addition, western blot data suggest that RSPO2 did not
affect PKCd activation in control and LGR4-silenced LEC
(Supplementary material online, Figure S4D). Altogether, these results
suggest that RSPO2 inhibits lymphangiogenesis via LGR4-mediated sup-
pression of AKT and eNOS activation.

3.5 Supplementation of NO by SNP inhibits
RSPO2’s anti-lymphangiogenic activity
As (i) NO is a key mediator of lymphangiogenic activity in VEGF-C-
treated cells,11 (ii) eNOS is the major source of NO in LEC,11,42 and (iii)
we found attenuated VEGF-C-induced eNOS activation in RSPO2-
treated cells, we next quantified DAF-FM fluorescence in LEC as a mea-
sure of NO bioavailability following RSPO2 treatment. Consistent with
increased eNOS phosphorylation (Figure 4A), VEGF-C treatment stimu-
lated DAF-FM fluorescence compared with vehicle, and pretreatment of
LEC with RSPO2 prevented VEGF-C-stimulated DAF-FM fluorescence
(Figure 5A). Increased superoxide anion (O•-

2 ) production scavenges NO
and stimulation of ROS levels in LEC suppresses lymphangiogenesis.34

We, therefore, examined whether RSPO2 stimulates ROS production in
LEC, leading to decreased NO bioavailability and impaired lymphangio-
genesis. Intracellular ROS generation in response to RSPO2 was
assessed by measuring H2DCFDA fluorescence using flow cytometry.

Flow cytometry data indicated higher ROS levels in LEC treated with
RSPO2 compared with vehicle-treated cells (Figure 5B). Interestingly,
qRT-PCR data demonstrated that Nox4 is the predominant NADPH
oxidase (Nox) isoform (Figure 5C) in human LEC, followed by Nox1 and
Nox5. As H2DCFDA detects various ROS and free radicals (RO•

2, OH•,
ONOO-, H2O2, etc.) with varying sensitivity and Nox4 primarily gener-
ates H2O2, we measured H2O2 production in RSPO2-treated LEC using
Amplex Red fluorescence. As shown in Supplementary material online,
Figure S5, RSPO2 stimulated H2O2 production in human LEC.

To investigate whether pharmacological supplementation of NO or
scavenging ROS attenuates RSPO2’s inhibitory effect on lymphangiogen-
esis, LEC were pretreated with the NO donor, SNP, or the cell-
permeant superoxide dismutase/catalase mimetic, EUK-134, and cell
proliferation following RSPO2 treatment examined. Interestingly, prein-
cubation with SNP prevented RSPO2-induced inhibition of LEC prolifer-
ation (Figure 5D), however, EUK-134 pretreatment did not alter the
inhibitory effect of RSPO2 (Figure 5E). Next, we performed a Matrigel
tube formation assay using cells pretreated with or without SNP. As
shown in Figure 5F, VEGF-C þ RSPO2 þ SNP-treated LEC had tube
length and number of branching points similar to VEGF-C-treated LEC,
and significantly higher than LEC treated with VEGF-C þ RSPO2.
Moreover, Matrigel plug experiments were performed to determine the
involvement of NO signalling in RSPO2-induced impairment of lymphan-
giogenesis in vivo. Fluorescence microscopy results demonstrated in-
creased LYVE-1 positive staining in VEGF-Cþ RSPO2þ SNP containing
Matrigel plugs compared to VEGF-C þ RSPO2 Matrigel plugs
(Figure 5G). Collectively, these findings indicate that RSPO2 inhibits lym-
phangiogenesis via impaired NO biogenesis rather than ROS-mediated
impairment of NO bioavailability.

3.6 RSPO2 inhibits Wnt-b-catenin
signalling in VEGF-C-treated LEC
RSPO2 has been shown to potentiate Wnt signalling in various cell
types, including HEK293 cells, osteoblasts, glioblastoma cell lines
(U87 and U251), and hepatocytes.36,43–45 Mechanistically, RSPO2 pro-
motes internalization of the membrane ubiquitinase ZNRF3/RNF43,
enabling Wnt-dependent phosphorylation of LDLR-related protein 5/
6 (LRP5/6), leading to nuclear translocation of b-catenin and subse-
quent expression of Wnt target genes.46 Interestingly, NO produc-
tion upregulates Wnt-b-catenin signalling in cancer cells and Prox1
has recently been shown to interact with b-catenin to promote LV
formation during development.47,48 These observations prompted us
to investigate the effects of RSPO2 on Wnt-b-catenin signalling in
LEC. Activation of the Wnt-b-catenin pathway was determined by
immunoblotting via assessing the phosphorylation status of LRP6 in
HEK293 cells (positive control) and LEC following stimulation with
RSPO2. VEGF-C treatment increased LRP6 phosphorylation (Ser-
1490) in LEC, which was prevented by pretreatment with RSPO2
(Figure 6A and B). Furthermore, as shown in Supplementary material
online, Figure S6, RSPO2 treatment did not alter phosphorylated
LRP6 levels in LEC not exposed to VEGF-C. On the other hand, the
levels of phosphorylated LRP6 were remarkably increased in HEK293
cells following RSPO2 treatment (Figure 6A). In addition, VEGF-C-
induced nuclear translocation of b-catenin in LEC was inhibited by
RSPO2 as determined by confocal imaging (Figure 6C and D). Next,
we performed western blot experiments to examine b-catenin pro-
tein levels in nuclear and cytoplasmic fractions of LEC treated with
vehicle, VEGF-C, VEGF-C þ RSPO2, and RSPO2 alone. As shown in
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Figure 5 Supplementation of nitric oxide by SNP abrogates RSPO2’s anti-lymphangiogenic activity. (A) Vehicle or RSPO2-pretreated LEC (6 h) were
stimulated with VEGF-C for 1 h, washed, incubated with DAF-FM diacetate, and fluorescence determined (excitation/emission 495/515 nm). L-NAME
pretreated cells were used as negative controls. Data are representative of three independent experiments performed in triplicate. (B) LEC were treated
with vehicle or RSPO2 for 30 min, incubated with H2DCFDA and fluorescence analysed using flow cytometry. Representative histograms showing
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.Figure 6E, VEGF-C stimulation significantly increased b-catenin expres-
sion in the nucleus compared with vehicle treatment. VEGF-C-
induced nuclear b-catenin expression was inhibited by pretreatment
with RSPO2. Then, we speculated that the inhibitory effects of
RSPO2 on b-catenin signalling may be mediated by impaired NO
production and provide a possible explanation for its growth-
suppressive potential in LEC. L-NAME was utilized to investigate the
role of NO signalling in b-catenin translocation to the nucleus.
Pretreatment of LEC with L-NAME inhibited VEGF-C-stimulated nu-
clear b-catenin expression indicating the role of NO signalling in b-
catenin translocation to the nucleus (Figure 6E). In addition, we did
not observe any differences in nuclear b-catenin levels in LEC treated
with VEGF-C þ RSPO2 and VEGF-C þ RSPO2 þ L-NAME, suggest-
ing that RSPO2-induced inhibition of nuclear b-catenin translocation
is mediated by impaired NO signalling. Altogether, these results sug-
gest that RSPO2 attenuates Wnt-b-catenin signal transduction in LEC
via decreasing NO-mediated nuclear translocation of b-catenin.

3.7 Blockade of RSPO2–LGR4 signalling
attenuates atherosclerosis
The role of RSPO2–LGR4 signalling in the regulation of arterial LV den-
sity, arterial cholesterol removal, and pathogenesis of atherosclerosis
has not been previously investigated. We first isolated mouse primary
lung LEC to examine whether LGR4 is the predominant RSPO2 recep-
tor in mouse LEC. Immunostaining was used to confirm the co-
expression of LEC markers LYVE-1 and VEGFR3 and determine the pu-
rity of isolated murine LEC (Supplementary material online, Figure S7A).
Similar to human LEC, qRT-PCR data showed that LGR4 is the major
RSPO2 receptor in mouse LEC (Supplementary material online, Figure
S7B). To study the role of RSPO2–LGR4 signalling in the development of
atherosclerotic lesions, we utilized a modified partial LCA ligation model,
which creates oscillatory flow in the artery and promotes atheroscle-
rosis. After partial ligation of LCA branches in ApoE-/- mice, the ef-
ferent LV around the LCA were disconnected from the periarterial
tissue and pluronic gel containing LGR4-blocking mouse LGR4/Gpr48
Fc chimeric protein (LGR4-ECD21) or mouse IgG2a (control) was ap-
plied periadventitially (Figure 7A).7,49 The N-terminal ECD of LGR4
has been recognized as the binding site for the LGR4 ligands

RSPOs20 and LGR4-ECD has been shown to inhibit LGR4 signalling
both in vitro and in vivo.21 Control experiments demonstrate that
LGR4-ECD blocks RSPO2’s inhibitory effects on LEC proliferation
in vitro (Supplementary material online, Figure S4C). After 3 weeks of
Western diet, fasting blood glucose, plasma total cholesterol, body
weight, and body composition were determined. As shown in
Figure 7B and C and Supplementary material online, Figure S8A and B,
there were no differences in plasma total cholesterol, body weight,
fat and lean mass, and fasting blood glucose between LGR4-ECD-
treated and control mice. Interestingly, the periadventitial application
of LGR4-ECD attenuated atherosclerotic lesion formation in the
LCA compared with control treatment (Figure 7D and E). Lipid depo-
sition was remarkably reduced in the proximal (1–300mm, Figure 7E
and G) and middle (1800–2100mm, Figure 7E and H) LCA segments
of mice treated with LGR4-ECD perivascularly, however, no differen-
ces in lipid deposition were observed in the distal LCA regions im-
mediately adjacent to the partial ligation (3600–3900mm, Figure 7E
and I). Representative ORO and H&E staining, and quantified neointi-
mal area are shown in Figure 7E, J, and K, respectively. Furthermore,
there were no differences in arterial RSPO2 protein levels between
LGR4-ECD-treated and control groups (data not shown). Consistent
with reduced atherosclerotic lesion formation, CD68 staining was de-
creased in the LCA of LGR4-ECD-treated mice indicating reduced
macrophage accumulation following pharmacological blockade of
LGR4 activation (Figure 7J and M). Finally, Masson’s trichrome staining
for collagen was increased in LCA sections of LGR4-ECD-treated
mice compared with control animals (Figure 7J and L). Taken to-
gether, these results suggest that blockade of RSPO-mediated LGR4
activation protects hypercholesterolemic mice from the development
of atherosclerosis.

3.8 Inhibition of LGR4-mediated signalling
increases lymphatic vessel density in hyper-
cholesterolemic mice and promotes arte-
rial efflux of cholesterol
To investigate whether perivascular application of LGR4-ECD increases
LV density in the adventitial layer and improves lymphatic drainage of ar-
terial cholesterol in ApoE-/- mice, LYVE-1 positive area in the LCA and

Figure 5 Continued
H2DCFDA fluorescence are shown. The X-axis is logarithmic. Bar diagram indicates mean fluorescence intensity in different groups (n = 4). (C)
Human LEC were used to extract RNA and qRT-PCR was performed to determine levels of Nox1, Nox2, Nox4, and Nox5 expression.
GAPDH was used as an internal control. Bar graph represents mRNA levels of different Nox isoforms in comparison to Nox2 (gene with the
lowest expression). Data are representative of three independent experiments performed in triplicate. (D and E) LEC were pretreated with vehi-
cle, SNP (1mM, D) or EUK-134 (100 nM, E) for 30 min, then incubated with RSPO2 (6 h), stimulated with VEGF-C for 48 h and proliferation in-
vestigated using MTT assay. Data are representative of three to four independent experiments performed at least in triplicate. (F) LEC
pretreated with vehicle or SNP (30 min) were incubated with RSPO2 for 6 h, trypsinized, and seeded in wells of Matrigel-coated plate in basal
medium containing VEGF-C, VEGF-Cþ RSPO2, and VEGF-Cþ RSPO2þ SNP, and tube formation determined (6 h). Representative photomi-
crographs are shown. Scale bar 200mm. Bar diagrams indicate tube length and number of branching points (n = 6–7). (G) Matrigel plugs mixed
with VEGF-C, VEGF-C þ RSPO2, or VEGF-C þ RSPO2 þ SNP were implanted subcutaneously in wild-type mice. Plugs were isolated after
2 weeks, sectioned and immunostained for LYVE-1. Bar diagram shows quantitative analysis of LYVE-1 positive area in implanted Matrigel plugs
(n = 5–8). Statistical analyses were performed using one-way ANOVA (A and C–G) and two-tailed unpaired t-test (B). Data represent mean ±
SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. L-NAME, L-NG-Nitro arginine methyl ester; LEC, lymphatic endothelial cells; LYVE-1, lymphatic ves-
sel endothelial hyaluronan receptor-1; RSPO2, R-spondin 2; SNP, sodium nitroprusside; VEGF, vascular endothelial growth factor.
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Figure 6 RSPO2 impairs Wnt-b-catenin signalling in VEGF-C-stimulated LEC. (A) HEK293 were treated with RSPO2 for 6 h and subjected to western
blot analysis for LRP6 phosphorylation (left panel). LEC were serum-starved in 0.5% FBS containing basal media MV2 for 16 h. Then, LEC were pretreated
with RSPO2 (6 h), stimulated with VEGF-C for 15 min, and subjected to western blot (right panel). (B) Bar diagram represents mean protein levels expressed
as a ratio of phospho to total protein (n = 5). (C) LEC grown on coverslips were pretreated with vehicle or RSPO2 (6 h) and stimulated with VEGF-C for
15 min. Cells were fixed and immunostained for b-catenin (green). Nuclei were counterstained with Hoechst 33342 (red). At least five images of randomly
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LDL levels in plaque (i.e. LCA)-draining deep cervical LN, skin-draining
inguinal LN (negative control), liver, spleen, and LCA tissue were quanti-
fied. As shown in Figure 7N and O, LGR4-ECD treatment increased
LYVE-1 positive staining compared with control treatment indicating the
development of a more extensive network of LV in the arterial wall fol-
lowing pharmacological blockade of LGR4. Next, LGR4-ECD-treated
and control mice were injected retro-orbitally with fluorescently (DiI)-
labelled LDL (70mg/30 g body weight) and Dil fluorescence was deter-
mined in deep cervical LN, inguinal LN, liver, spleen, and LCA 24 h after
injection. Dil fluorescence in plasma was quantified 4, 8, and 24 h after in-
jection. We used this model as a previous study reported the accumula-
tion of DiI-LDL in atherosclerotic lesions following retro-orbital
administration.50 Arterial cholesterol efflux to the deep cervical LN im-
mediately adjacent to LCA on the left side was quantified, as this is the
most proximal LN to the carotid artery bifurcation (Supplementary ma-
terial online, Figure S3A). Confirming the functional role of the deep cer-
vical LN in arterial cholesterol efflux, our experiments demonstrated
increased LCA atherosclerosis following surgical removal of this LN
compared with sham-operated controls (Supplementary material online,
Figure S3B–D). As shown in Figure 7P, no significant differences in Dil fluo-
rescence (excitation: 549 nm and emission: 565 nm) were observed in
the plasma of control and LGR4-ECD-treated mice 4, 8, or 24 h post-
DiI-LDL injection. Dil fluorescence in inguinal LN not associated with ar-
terial lesions was very low (control—2228.2± 586.05 vs. LGR4-ECD—
2382.4± 662.9) (Figure 7R) compared to lesion-draining LN (control—
19 493.4± 3500.9 vs. LGR4-ECD—52 634.0 ± 4372.7), demonstrating
that Dil-LDL enters deep cervical LN directly from the LCA wall and not
from the circulation. Our results also indicated that levels of Dil fluores-
cence were significantly higher in lesion-draining deep cervical LN of
mice treated with LGR4-ECD compared with controls, indicating in-
creased removal of DiI-LDL from the arterial wall following pharmaco-
logical blockade of periadventitial RSPO2–LGR4 signalling (Figure 7R).
Consistent with this statement immunofluorescence analysis of the LCA
wall demonstrated attenuated DiI fluorescence in LGR4-ECD-treated
mice compared with control animals (Figure 7Q). As the majority of DiI-
LDL enters the liver and spleen directly from the circulation, we did not
observe differences in DiI fluorescence between LGR4-ECD-treated
and control animals (Supplementary material online, Figure S8C and D).
Taken together, these findings suggest that pharmacological blockade of
LGR4 activation increases LV density, leading to increased cholesterol
efflux from atherosclerotic arteries to the lymphatic network and atten-
uated atherosclerosis development.

4. Discussion

The lymphatic vasculature represents the primary route of cholesterol
removal from atherosclerotic vessels via RCT.6 Enhancing LV density/

function has beneficial effects in various pathological conditions, including
hypertension, obesity, diabetes, atherosclerosis, oedema formation, and
renal fibrosis.12,51–54 In the present study, we evaluated the role of
RSPO2 in the regulation of lymphangiogenesis and development of ath-
erosclerosis. Herein, using in vitro and in vivo approaches, we report novel
discoveries demonstrating that (i) human and mouse atherosclerotic ar-
teries have increased expression of matricellular protein RSPO2 in the
adventitial layer, where LV are primarily localized,4 (ii) RSPO2 inhibits
lymphangiogenesis both in vitro and in vivo, (iii) RSPO2 reduces VEGF-C/
VEGFR3-mediated eNOS activation and inhibits canonical Wnt-b-cate-
nin signalling in LEC, and (iv) perivascular application of RSPO2’s decoy
receptor increases arterial LV density in hypercholesterolemic mice,
promotes arterial cholesterol removal and attenuates atherosclerosis.
These findings are expected to spur broader research into matrix regula-
tion of lymphangiogenesis, lymph-mediated lipid transport, and regula-
tion of inflammation via removal of interstitial fluid, immune cells, and
cytokines from peripheral tissue. On a more translational level, these
findings may have broad implications for various pathological conditions
associated with impaired lymphatic function and development of new
interventions improving RCT, attenuating atherosclerosis development
and promoting lesion regression.

Recent studies have identified shared genetic and molecular factors
central to cancer development and pathogenesis of CVD and tested
whether therapeutic applications commonly used for the treatment of
cancer can be applied to the prevention of atherosclerosis and vice
versa.55 Although the Wnt signalling pathway is emerging as a pathologi-
cal link between CVD and cancer,55 the role of Wnt regulatory RSPOs
in atherosclerosis has not been previously investigated. In mammals, four
types of RSPO (RSPO1–4) are expressed and bind any of the three LGR
(4–6) receptors.56 RSPO play significantly different functions irrespective
of similar cell surface receptors. To address the role of RSPO in athero-
sclerosis, we first investigated the expression of RSPO1, 2, and 3 in hu-
man atherosclerotic arteries and non-atherosclerotic control tissue.
Western blot data revealed increased expression of RSPO2 in athero-
sclerotic arteries compared to non-atherosclerotic vascular tissue, how-
ever, RSPO1 levels were significantly lower in the atherosclerotic region
compared with non-atherosclerotic arterial segments. Furthermore, to
dissect the role of RSPO2 in atherosclerosis, we investigated the localiza-
tion and expression of RSPO2 in human and murine atherosclerotic and
plaque-free arteries. Western blot and immunostaining data demon-
strated increased RSPO2 expression in the adventitial, medial, and neo-
intimal layers of atherosclerotic arteries. The qRT-PCR data revealed
elevated RSPO2 mRNA levels in human AoAF compared to aortic SMC.
A previous study has also shown fibroblasts (lung) as the major producer
of RSPO2.24 Nonetheless, relative expression of RSPO2 in macrophages,
adventitial fibroblasts, and arterial SMC exposed to pathological media-
tors relevant to atherosclerosis (e.g. ROS, inflammatory cytokines, oxi-
dized lipids, etc.) might be different compared with untreated cells used

Figure 6 Continued
chosen microscopic fields were captured. Representative images are shown. Scale bar 20mm. Enlarged images; scale bar 10mm. (D) Bar graph rep-
resents the mean co-localization coefficient for Hoechst 33342 and b-catenin (n = 14–17). (E) LEC were treated as indicated, nuclear-cytoplasmic
fractionation conducted, and western blot experiments performed using nuclear and cytoplasmic fractions of LEC. GAPDH was used as cytoplas-
mic control. TBP and histone 3 were used to determine the purity of nuclear preparations. Bar diagram represents mean b-catenin levels in cyto-
plasmic and nuclear fractions (n = 4). Statistical analyses were performed using one-way ANOVA (B, D, and E). Data are presented as mean ± SEM.
*P < 0.05 and **P < 0.01. L-NAME, L-NG-Nitro arginine methyl ester; LEC, lymphatic endothelial cells; RSPO2, R-spondin 2; TBP, TATA-binding
protein; VEGF, vascular endothelial growth factor.
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Figure 7 Blockade of periadventitial RSPO2–LGR4 signalling increases the density of lymphatic vessels in the arterial wall and attenuates atherosclerosis
development. (A) Scheme of partial ligation of LCA, the position of LCA-draining deep cervical LN (green), and periarterial application of control/LGR4-
ECD containing pluronic gel (blue). (B and C) Male ApoE-/- mice underwent partial LCA ligation, disruption of efferent LV, and application of control or
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..in the present study. Our experiments, consistent with previous
reports,4,6 identified LV mainly in the adventitial layer of atherosclerotic
arteries. The present study demonstrated that surgical removal of deep
cervical LN adjacent to the LCA promotes atherosclerosis development
in ApoE-/- mice following partial LCA ligation. These results are in line
with previous observations demonstrating that surgical (transplantation
of ApoE-/- aorta loaded with [2H]6-labelled cholesterol to ApoE-/- recipi-
ent mice treated with a control/VEGFR3-blocking antibody and ApoE
adenoviral vector to inhibit LV formation) and genetic [Chy mice (hap-
loinsufficient VEGFR3 mutant mice) and soluble VEGFR3 overexpressing
mice on LDLR-/-/ApoB100/100] disruption of lymphatic flow impairs RCT
and promotes atherosclerosis development.6,57 Activation of VEGF-C/
VEGFR3 signalling stimulates proliferation and migration of LEC and for-
mation of LV in vitro and in vivo.58,59 Despite increased VEGF-C levels in
atherosclerotic arteries, adventitial LV density and related lymphatic
cholesterol efflux are insufficient to promote plaque regression in ath-
erosclerotic vessels.5 Although these results suggest that VEGF-C signal-
ling is inhibited in atherosclerotic vessels, the precise mechanisms
remain unknown.60 As RSPO2 levels are elevated in the adventitial layer
of atherosclerotic arteries where LV regress during the development of
atherosclerosis, we examined the effects of RSPO2 on LEC proliferation,
migration, and tube formation. Our results indicated that RSPO2-
pretreated LEC exhibited reduced proliferation, migration, and tube for-
mation compared with control cells. In addition, in vivo Matrigel plug as-
say confirmed the anti-lymphangiogenic effects of RSPO2.

Next, we investigated the molecular mechanisms by which RSPO2 sup-
presses lymphangiogenesis. Quantitative RT-PCR and siRNA-mediated si-
lencing experiments demonstrated LGR4 as the major RSPO2
receptor in LEC and that repression of lymphangiogenesis by RSPO2
is LGR4-dependent. Consistent with siRNA-mediated knockdown
data, RSPO2’s anti-lymphangiogenic effect was inhibited by the phar-
macological blockade of LGR4 activation using LGR4-ECD. VEGFR3
upon activation by VEGF-C, undergoes phosphorylation, leading to ac-
tivation of downstream signalling involving PKC, AKT, ERK1/2, and
eNOS phosphorylation.41,61 We observed reduced VEGF-C-induced

AKT and eNOS activation in RSPO2-challenged LEC in comparison
to VEGF-C-treated cells. The silencing of LGR4 in LEC inhibited
RSPO2’s effect on AKT and eNOS activation. NO signalling is critical
for lymphangiogenesis and maintenance of lymphatic function.12 In ad-
dition, increased ROS generation reduces NO bioavailability and inhib-
its lymphangiogenesis.34 RSPO2 stimulates ROS generation in LEC and
previous studies indicated increased ROS levels in patients with
chronic lymphedema.62 Despite these results, our studies indicate that
impaired NO biogenesis rather than ROS-mediated impairment of
NO bioavailability or redox mechanisms are responsible for RSPO2-
induced inhibition of lymphangiogenesis. Indeed, we demonstrated that
exogenous supply of NO using the NO donor SNP, but not treat-
ment with a cell-permeant antioxidant, abolished inhibitory effects of
RSPO2 on lymphangiogenesis. These results are consistent with find-
ings that NO donors (DETA NONOate and Glyco-SNAP-2) induce
LEC proliferation in a dose-dependent manner and inhibition of
eNOS impedes lymphangiogenesis.11 Taken together, these findings
may have important implications in disease conditions associated with
lymphatic regression and impaired drainage of interstitial fluid despite
elevated or normal levels of VEGF-C.

Wnt-b-catenin signalling is critical for LV formation during embry-
onic development.48 As RSPO2 is an established agonist of b-catenin
signalling in various cell types,36,43–45 we next investigated activation
of the Wnt-b-catenin pathway in LEC following RSPO2 treatment.
Interestingly, western blot data showed reduced VEGF-C-induced
LRP6 phosphorylation in RSPO2-treated LEC, indicating impaired b-
catenin signalling. Control experiments performed simultaneously
demonstrated that RSPO2 stimulates LRP6 phosphorylation in
HEK293 cells, but not in LEC. These results suggest cell-specific
effects of RSPO2 treatment on Wnt signalling and are line with a
previous report in colorectal cancer cells.36 Furthermore, our study
indicated a functional association between VEGF-C-VEGFR3-NO and
Wnt-b-catenin signalling pathways. Warboys et al.63 suggested a bidi-
rectional cross-talk and regulation between the NO-cyclic guanosine-
30,50-monophosphate and b-catenin pathways. In addition, another

Figure 7 Continued
LGR4-ECD pluronic gel. Mice were fed a Western diet for 3 weeks post-surgery. Total plasma cholesterol levels (B), body fat, lean mass, and fluid
content (C) were analysed (n = 10 mice). (D) Representative in situ images of atherosclerotic plaques (yellow arrows) in the LCA of ApoE-/- mice
treated with control or LGR-ECD are shown. (E) The isolated LCAs were divided into proximal (1–300mm), middle (1800–2100mm), and distal
(3600–3900mm) regions based on their distance from the outer curvature of aortic arch. Representative images of ORO staining are shown. Scale
bar: 200mm. (F–I) Bar graphs show quantified ORO positive area in the entire LCA (F), proximal LCA (G), middle LCA (H), and distal LCA (I) of
control and LGR4-ECD-treated mice (n = 9–10 mice; 4 sections/mice). (J) Representative images of H&E (neointima), Masson’s trichrome, and
CD68 staining performed on LCA sections. Scale bar: 200mm. (K–M) Bar diagrams represent quantified neointimal area (K), collagen content (L),
and CD68 positive area (M) in the LCA of control and LGR4-ECD-treated mice (n = 10 mice; 4 sections/mice). (N) Immunofluorescent staining for
LYVE-1 (green) was performed on LCA sections of both groups. Nuclei were counterstained with Hoechst 33342 (red). Representative images are
shown (upper panels, 20�, scale bar 50mm). Enlarged images of insets are also shown (lower panels, 40�, scale bar 20mm). (O) Bar graph repre-
sents LYVE-1 positive area/field in control and LGR4-ECD segments of LCA (n = 6–7 mice). (P) Dil fluorescence in plasma of mice 4, 8, and 24 h af-
ter Dil-LDL injection (n = 10 mice). (Q) Representative fluorescent images showing Dil fluorescence in the LCA sections of control and LGR4-
ECD-treated mice 24 h after Dil-LDL injection. Dil (red) and Hoechst 33342 (blue). Enlarged images of insets are also shown (upper panels, 10�,
scale bar 100mm; lower panels, 40�, scale bar 20mm). Bar graph represents mean Dil fluorescence (n = 5 mice; 4 sections/mice). (R) Quantified
data showing Dil fluorescence in skin-draining inguinal LN and LCA-draining deep cervical LN as a measure of LDL efflux from atherosclerotic LCA
via lymphatic vessels 24 h after Dil-LDL injection (n = 10 mice). Statistical analyses were performed using a two-tailed unpaired t-test (B, F–I, K–M,
O, and Q) and two-way ANOVA (C, P, and R). Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. ECD, extracellular do-
main; H&E, haematoxylin and eosin; LCA, left carotid artery; LN, lymph node; LYVE-1, lymphatic vessel endothelial hyaluronan receptor-1; ORO,
Oil Red O; RCA, right carotid artery.
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.
study identified NO as a regulator of canonical Wnt-b-catenin signal-
ling.64 Our findings demonstrated that RSPO2 treatment reduces the
nuclear translocation of b-catenin in LEC via NO-mediated path-
ways. We speculate that attenuated Wnt-b-catenin signalling may
lead to reduced expression of FOXC2 and GATA2 in LEC, which
are necessary for LV formation.48 As RSPO2 deficiency in mice
(Rspo2-/-) is postnatally lethal,65 we did not perform genetic studies
to evaluate the role of RSPO2 in atherosclerosis. Moreover, no
prior studies have investigated lymphatic function or lymphangiogen-
esis in Rspo2-/- embryos or postnatally, to examine RSPO2’s role in
LV formation during development. Future studies using LEC-specific
LGR4 knockout mice are expected to provide important information
on RSPO-mediated LGR4 activation in the regulation of
lymphangiogenesis.66

Prompted by our findings that human and mouse atherosclerotic pla-
ques have increased RSPO2 expression and RSPO2 attenuates lymphan-
giogenesis via LGR4-dependent mechanisms, we determined whether
blockade of RSPO-mediated LGR4 activation protects mice from athero-
sclerosis. After partial ligation of LCA branches in ApoE-/- mice, we surgi-
cally disconnected the periadventitial lymphatic network from the LCA-
draining LN and perivascularly applied pluronic gel to inhibit LGR4 signal-
ling in the adventitial layer. LGR4-ECD treatment enhanced LYVE-1 posi-
tive staining in the adventitia, increased arterial cholesterol efflux to LCA-
draining LN, but not to skin-draining inguinal LN, and attenuated athero-
sclerotic lesion area. Consistently, LCA of LGR4-ECD-treated mice
had attenuated DiI-LDL levels compared with controls. Furthermore,
atherosclerotic lesions in LGR4-ECD-treated mice had lower macro-
phage accumulation and higher collagen content, which are hallmarks
of stable plaques.67 These data suggest the therapeutic potential of tar-
geted LGR4 inhibition in the treatment of atherosclerosis.
Nonetheless, whether LGR4 blockade-induced protection against ath-
erosclerosis exclusively through lymphatics remains to be determined.
For example, it is possible that the periarterial blockade of LGR4 sig-
nalling regulates the density or structure of vasa vasorum and inhibits
the infiltration of inflammatory cells into the arterial wall. Therefore,
future studies investigating LV density/function and atherosclerosis in
mice with LEC-specific deletion of LGR4 are required. All four RSPO
vary in their functions regardless of their binding affinities to similar
cell surface receptors. However, it remains to be investigated whether
an RSPO protein can regulate the expression of other RSPO and af-
fect downstream signalling.

In summary, the present study suggests that the matrix protein
RSPO2 limits LV formation via LGR4-dependent mechanisms, and con-
sequently attenuates lymphatic drainage of LDL cholesterol from the ar-
terial wall, leading to atherosclerosis development. These findings
indicate that inhibition of anti-lymphangiogenic signalling may be a poten-
tial therapeutic strategy to improve the lymphatic drainage of lipopro-
teins, promote resolution of inflammation via removal of inflammatory
cytokines and immune cells from the inflamed area, and restore tissue
homeostasis. However, in cancerous settings, inhibition of anti-
lymphangiogenic pathways should be performed cautiously and with lo-
cal treatment so that there is no tumour progression and metastasis due
to a generalized increase in lymphangiogenesis.
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Translational perspective
Atherosclerotic cardiovascular disease is the leading cause of death worldwide. Thus, attenuation of atherosclerotic lesion formation and prevention
of its cardiovascular complications is an urgent medical need. The findings of the present study may provide a framework from which novel thera-
peutic strategies to augment lymphatic vessel density and reduce atherosclerotic lesion formation can be developed. These results may also have im-
portant implications in other pathological conditions associated with lymphatic dysfunction, such as lymphedema, obesity, hypertension, and
impaired wound healing.
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