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Abstract

Objective: Cerebral cavernous malformations (CCMs) can happen anywhere in the body, 

although they most commonly produce symptoms in the brain. The role of CCM genes in 

other vascular beds outside the brain and retina are not well-examined, although the 3 CCM­

associated genes (CCM1, CCM2 and CCM3) are ubiquitously expressed in all tissues. We aimed 

to determine the role of CCM gene in lymphatics.

Approach and Results: Mice with an inducible pan-endothelial cell (EC) or lymphatic 

EC deletion of Ccm3 (Pdcd10ECKO or Pdcd10LECKO) exhibit dilated lymphatic capillaries and 

collecting vessels with abnormal valve structure. Morphological alterations were correlated 

with lymphatic dysfunction in Pdcd10LECKO mice as determined by Evans blue dye and FITC­

dextran transport assays. Pdcd10LECKO lymphatics had increased vascular endothelial growth 

factor receptor-3 (VEGFR3)-ERK1/2 signaling with lymphatic hyperplasia. Mechanistic studies 

suggested that VEGFR3 is primarily regulated at a transcriptional level in Ccm3-deficient LECs, 

in a NF-κB-dependent manner. CCM3 binds to importin alpha 2/karyopherin subunit alpha 2 

(KPNA2), and a CCM3 deletion releases KPNA2 to activate NF-κB P65 by facilitating its nuclear 

translocation and P65-dependent VEGFR3 transcription. Moreover, increased VEGFR3 in LEC 

preferentially activates ERK1/2 signaling, which is critical for LEC proliferation. Importantly, 

inhibition of VEGFR3 or ERK1/2 rescued the lymphatic defects in structure and function.

Conclusion: Our data demonstrate that CCM3 deletion augments the VEGFR3-ERK1/2 

signaling in lymphatic EC that drives lymphatic hyperplasia and malformation, and warrant further 

investigation on the potential clinical relevance of lymphatic dysfunction in CCM patients.
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INTRODUCTION

Cerebral cavernous malformations (CCMs) are vascular malformations comprising closely 

clustered, enlarged capillary channels (caverns) with a single layer of endothelium without 

mature vessel wall elements or normal intervening brain parenchyma. In CCMs, capillary 

walls are thinner than normal, less elastic, and prone to leakage 1-3. CCMs are primarily 

found within the vasculature of the central nervous system (CNS, i.e., brain and spinal 

cord), where they increase the risk of stroke, seizures, and focal neurological deficits 
3. Approximately one in 200 people have a cavernoma. CCMs occur sporadically, and 

multiple occurrences of CCM are highly suggestive of a genetic origin of the disorder 
4. The concurrence of CCM and other vascular anomalies has been described previously. 

Cavernous malformations can happen anywhere in the body, but they most commonly 

produce symptoms when in the brain and spinal cord 4. Vascular lesions found outside 

the CNS are associated with multiple intracranial cavernomas (cavernous malformations), 

retinal cavernomas, cutaneous vascular malformations, liver cavernoma, and venous 

anomalies 5, 6. However, the role of CCM genes in other vascular beds and the lymphatic 

system has not been well-examined.

Most cases of familial CCM and more than half of the sporadic cases with multiple CCM 

are associated with three genes: CCM1 (or Krev/Rap1 Interacting Trapped 1, KRIT1) 
7, CCM2 (or malcavernin or osmosensing scaffold for mitogen-activated protein kinase 

kinase-3, OSM) 8 and CCM3 (or programmed cell death 10, PDCD10) 9. The primary 

defects underlying CCMs are CCM gene deficiencies in vascular ECs 10-12, but mural 

cells and astrocytes also contribute to CCM pathogenesis 13-15. Current mouse models 

inducing global-EC deletions in any one of the three Ccm genes (Ccm1, Ccm2, or Ccm3) 

cause CCM lesions in mouse brains and retinas that resemble human lesions 16-21. CCM 

proteins regulate common pathways, including RhoA-dependent EC stress fiber formation, 

TGF-β/Smad/BMP-mediated endothelial-mesenchymal transition (EndMT) signaling, and 

MEKK3-ERK5-KLF2/4-mediated matrix remodeling. Importantly, all of these pathways 

contribute to the onset and progression of CCMs 16-21. CCM1, CCM2, and CCM3 proteins 

are found in the same complex within the cell 22, 23 and regulate common downstream 

pathways 17, 24. However, CCM3 may also act separately from CCM1 and CCM2, as CCM3 
mutations in humans often result in a more severe form of the disease 25, 26. Consistent 

with human studies, mice with CCM3 loss exhibit a more severe phenotype than mice 

with CCM1 or CCM2 losses 27, 28. At the molecular level, CCM3, but not CCM1 or 

CCM2, specifically interacts with the germinal center kinases (GCKs) STK24 and STK25 
29. By interacting with GCK in ECs, CCM3 suppresses the exocytosis-mediated secretion 

of angiopoietin-2 (Angpt2) 27. Moreover, our recent study demonstrated that CCM3 also 

regulates Angpt2 receptor Tie2. Specifically, we showed that a CCM3 deletion enhances 

Tie2 trafficking and signaling in ECs via a caveolae-dependent mechanism 30. These data 

suggest that CCM3 may have broad biological functions in various tissues by regulating 
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distinct effector molecules. Reports show that CCM3 regulates vascular endothelial growth 

factor (VEGF)-VEGF receptor 2 (VEGFR2) signaling in a context-dependent manner 31, 32. 

However, the role of CCM3 in VEGFR3 signaling and lymphangiogenesis has not been 

investigated.

The vasculature contains blood vessels and lymphatic vessels, which are two 

developmentally related but functionally distinct systems. A mature lymphatic system 

consists of lymphatic capillaries and collecting lymphatic vessels. Lymphatic capillaries 

are blind-ended vessels formed from a single layer of lymphatic ECs (LECs) with very 

permeable, button-like junctions that allow the uptake of tissue fluid (lymph). In contrast, 

mature collecting lymphatic vessels are surrounded by a basement membrane, pericytes, and 

smooth muscle cells 33. Collecting lymphatic vessels also have lymphatic valves to enhance 

the unidirectional flow of lymph 34, 35. During valve formation, clusters of Prox1-positive 

lymphatic valve-covering LECs form a ring-like structure that extends and matures into 

V-shaped leaflets that can prevent lymph backflow 33, 34. Lymphatic vessels express distinct 

cellular markers such as VEGFR3, Prox1, podoplanin, and lymphatic vessel endothelial 

hyaluronan receptor-1 (LYVE1). VEGFR3 is critical for both developmental angiogenesis 

and lymphangiogenesis. It has been reported that VEGFR3 null mice die as early as 

E10.5 before the formation of the lymphatic system due to a failure in remodeling of 

the primary vascular plexus 36. When deficient in the VEGFR3 ligand VEGF-C, mouse 

embryos do not develop primitive lymph sacs or lymphatic vessels and die after E15.5 37. 

In humans, congenital hereditary lymphedema, known as Milroy disease, has been linked 

with a mutation in the tyrosine kinase domain of the VEGFR3 gene 38, 39. Similarly, 

the Chy mouse mutant, a model for congenital lymphedema that contains a heterozygous 

mutation to deactivate VEGFR3, has abnormal cutaneous lymphatic vessels and symptoms 

of lymphedema 37. Interestingly, VEGFR3 is abundant in collecting lymphatic trunks before 

valve formation but decreases after valve formation. Therefore, abnormally high VEGFR3 

in collecting lymphatics causes immature lymphatic valves and defective lymph drainage in 

mice 40-42.

The VEGFR3 protein level in LECs can be regulated at multiple levels under physiological 

settings. The transcription factors Prox1, NF-κB, Ets, and the transcription factor T-box 1 

(Tbx1) transactivate Vegfr3 gene expression by directly binding to the Vegfr3 gene promoter 
43-45. Notch can also transactivate the Vegfr3 gene 46, although some reports suggest 

negative regulation of VEGFR3 expression by Notch signaling 46. We have previously 

shown that miR-1236 binds to the 3’ untranslated region (UTR) of the Vegfr3 mRNA 

and inhibits its translation, representing a post-transcriptional mechanism for VEGFR3 

expression 47. Protein stability also regulates the VEGFR3 level. Dr. Adams’ group has 

reported a strong increase in VEGFR3 but not VEGFR2 protein in Notch-defective (Rbpj­
deletion and Dll4-deletion) angiogenic retinal vessels and lung vasculatures. However, the 

levels of VEGFR3 mRNA were not substantially increased, suggesting post-transcriptional 

regulation of VEGFR3 by Notch48. Subsequently, it was shown that VEGFR3 endocytosis­

dependent activation is mediated by DAB2, the transmembrane protein Ephrin B2, and the 

cell polarity regulator Par-3 49. We have reported that VEGFR3 surface expression and 

activation in LECs are also regulated by AIP1, a known DAB2-interacting protein (also 

DAB2IP) 50. AIP1 enhances both total VEGFR3 and surface VEGFR3 expression without 
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any effects on the VEGFR3 mRNA. Measurements of the VEGFR3 half-life in LECs by 

cycloheximide assays show that VEGFR3 half-life changed from 4 h in normal LECs to 

< 1h in AIP1-deficient LECs, suggesting that AIP1 stabilizes VEGFR3 protein 50. The 

effects of AIP1 on VEGFR3 expression and activity correlate with the association of AIP1 

with VEGFR3. In contrast, VEGFR2 stability is slightly increased by AIP1 knockdown 31, 

suggesting that VEGFR2 and VEGFR3 can be differentially regulated in LECs. On the other 

hand, another endocytic protein epsin could bind to VEGFR3 and mediate the internalization 

and degradation of VEGFR3, resulting in the termination of VEGFR3 signaling. Therefore, 

mice with lymphatic epsin-deficiency exhibit increase VEGFR3 protein and dilate lymphatic 

vessels 41.

In the present study, we aim to examine whether or not the lymphatic system is defective 

in CCM3-deficient CCM mouse models. We report that mice with an inducible pan-EC 

deletion (by Cdh5-CreERT2) (Pdcd10ECKO) and an inducible LEC-specific deletion of Ccm3 
(Pdcd10LECKO) exhibit dilated lymphatic capillaries and collecting vessels with abnormal 

valve formation. These lymphatic defects resulted from enhanced VEGFR3 transcription and 

VEGFR3-ER1/2 signaling in CCM3-depleted LECs.

MATREILAS AND METHODS

The authors declare that all supporting data are available within the article or in the Data 

Supplement or from the corresponding author on request.

Generation of tamoxifen-inducible EC-specific CCM3 deficient mice.

The Cdh5-CreERT2 mouse line and Prox1-CreERT2 mouse line was obtained from Dr. 

Ralf Adams 49 and Dr. Taija Makinen51, respectively. Pdcd10fl/fl mice were crossed with 

Cdh5-CreERT2 and Prox1-CreERT2 mice to generate Pdcd10ECKO and Pdcd10LECKO, in 

which CreERT2 recombinase expression is driven by the Cdh5 or the Prox1 promoter, 

respectively. For the in vivo tamoxifen-induced Pdcd10 deletion, tamoxifen (Cat# T5648, 

Sigma-Aldrich, St. Louis, USA) was diluted to 10 mg/mL and fed to mice at a dose of 

50 μg/day from P1-P352. For pups, littermates were randomly separated into vehicle (WT) 

and tamoxifen-fed (Pdcd10ECKO or Pdcd10LECKO) groups such that the sex ratios of mice 

in both groups were equal. We extensively analyzed lesions in both male and female pups 

at P6-P15, and our data showed that sex was not a determinant in lymphatic phenotype. 

We therefore presented data from combined sexes. Mice were housed under diet from 

Charles River Laboratory and cared for in accordance with the National Institutes of Health 

guidelines, and all procedures were approved by the Yale University Animal Care and Use 

Committee.

Treatment with the VEGFR3 inhibitor or MEK1 inhibitor in vivo.

MAZ51 (Cta# M1695, Sigma-Aldrich, St. Louis, USA) or AZD6244 (Selumetinib, Cat# 

S1008, Selleckchem, TX, USA) was dissolved in 0.5% DMSO at 1 mg/mL. For in vivo 

experiments, 10 mg/kg MAZ51, AZD6244 or vehicle was intraperitoneally injected into WT 

or Pdcd10LECKO mice from P4 to P14 daily (10 μg/g body weight). Subsequently, mice were 

analyzed at P15 or P30.
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Assessment of basal lymphatic vessel functionality in mouse models.

To determine basal lymphatic vessel function, Evans blue dye (Sigma-Aldrich; 2 mg/mL) 

was injected intradermally into the mouse foot pads. Tissues were harvested at 30 minutes 

post-dye injection and Evans blue transported to lymph nodes were measured by extracting 

the dye with formamide followed by spectrometry assay for absorbance at 610 nm as we 

previously described14, 27.

For a lymphatic backflow assay, Fluorescein isothiocyanate (FITC)-dextran (FD2000S; 

Sigma-Aldrich, St. Louis, MO, USA; 10 μL of 2 mg/mL in Saline) was injected into 

mouse mesentery lymph nodes. The FITC-dextran labeled mesentery lymph nodes and 

their lymphatic vessels were imaged using a CCD camera on a stereo Epi-Fluorescence 

microscope (Leica) at various times (0 - 30 minutes) post-injection. Mean fluorescence 

intensity (MFI) of FITC-Dextran was quantified by Image J as we previously described30.

Fluorescent whole-mount staining.

Fluorescent whole-mount staining was performed as we previously described14, 27, 30. 

Mouse tissues were collected at various ages and then fixed in 4% PFA for 2 hours on 

ice. Tissues were permeabilized in 0.5%Triton/PBS (5% normal donkey serum) overnight at 

4°C, followed by incubation with primary antibodies diluted 1:100 in 0.1% Triton/PBS (1% 

normal donkey serum) overnight at 4°C. The following day, retinas were washed in PBS 

and then incubated with fluorescein-conjugated primary antibodies against CD31, VEGFR3, 

Prox1 and/or SMA overnight at 4°C. Tissues were then washed five times with PBS and 

mounted by making four incisions in the fluorescent mounting medium. Pictures were taken 

with the same exposure and gain settings using a confocal Zeiss Airyscan 880 microscope 

(Zeiss, Germany). Vascular areas were outlined using NIH Image J software and quantified 

as the percentage of the total area of the retina analyzed.

Immunofluorescence analysis for tissue sections.

Tissue section staining was performed as we previously described14, 27, 30. Mouse tissues 

were harvested, fixed with 4% paraformaldehyde (PFA), embedded in OCT, and sectioned 

into 5-μm thick sections. Slides were washed with PBS twice to remove OCT and then 

blocked in 5% donkey serum in 0.3% TritonX-100 in PBS for 30 minutes to prevent non­

specific staining and to permeabilize the tissues. Slides were then incubated with primary 

antibodies against CD31, VEGFR3, Prox1 and/or SMA overnight at 4°C. The next day, 

slides were washed with PBS three times and then incubated with secondary antibodies 

(1:400) at room temperature for one hour. After washing in PBS three more times, slides 

were mounted with VECTASHIELD mounting medium with DAPI (Vector Laboratory). 

Images were taken under a confocal Leica SP8 STED microscope (Leica, Germany).

For cultured cells, HDLECs were fixed in 4% PFA for 20 minutes, washed with PBS, and 

permeabilized with 0.1% TritonX-100 for 2 minutes. After blocking for 30 minutes, primary 

and secondary antibodies were applied sequentially. Images were taken under a confocal 

Leica SP5 microscope (Leica, Germany).
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Gene expression.

Total RNA was isolated from tissues using the RNeasy kit with DNase I digestion (Qiagen, 

Valencia, CA). Reverse transcription was performed using standard procedures (Super 

Script first-strand synthesis system; Qiagen) with 1 μg of total RNA. Quantitative real-time 

polymerase chain reaction (qPCR) was performed using iQ SYBR Green Supermix on an 

iCycler real-time detection system (Bio-Rad Laboratories, Inc., Hercules, CA). qRT-PCR 

with specific primers (e.g., CCM3, VEGFR2, VEGFR3 and P65) was performed.

Cell Culture, transfection and growth factors.

Clonetics™ human dermal lymphatic microvascular ECs (HMVEC-dLys Neo or HDLECs 

in our presentation) isolated from neonatal foreskin were purchased from Lonza 

Walkersville, Inc (Cat# CC-2812, Walkersville, MD, USA), and were grown in 

Microvascular Endothelial Cell Growth Medium-2 MV (EGM2) (Lonza). HDLECs were 

verified by positive staining for lymphatic endothelial cell (LEC) markers VEGFR3, Prox1 

and podoplanin.

SVEC4–10, a lymphatic endothelial cell line derived by SV40 (strain 4A) transformation of 

endothelial cells from axillary lymph node vessels, was purchased from ATCC (CRL-2181). 

Cells were cultured in DMEM media with 10% FBS. 293T cells were transfected 

with VEGFR3 plasmid47, 53 with Lipofectamine 2000 according to the manufacturer’s 

instructions (Invitrogen).

Human recombinant VEGF-C were from R&D Systems Inc. (Minneapolis, MN) and 

used at 10 ng/mL. Small interfering RNAs (siRNAs) were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA): CCM3 siRNA (h) (sc-62084), CCM3 siRNA (m) 

(sc-62085), NF-κB P65 siRNA (h) (sc-29410), NF-κB P65 siRNA (m) (sc-29411), VEGFR2 

siRNA (h) (sc-29318), VEGFR2 siRNA (m) (sc-35390), VEGFR3 siRNA (h) (sc-35397), 

VEGFR3 siRNA (m) (sc-35398), karyopherin alpha 2 (KPNA2) siRNA (h) (sc-35741). 

siRNAs (20 μM) were transfected into cells by Oligofectamine (Life Technologies, Inc.; 

Invitrogen), following protocols provided by the manufacturer (Invitrogen). At 48 hours 

post-transfection, cells were harvested for protein analysis.

For inhibitor experiments, cells were treated by various inhibitors, including VEGFR3 

inhibitor MAZ51 (10 μM), VEGFR2 inhibitor SU5402 (10 μM), ERK1/2 upstream MEK1 

inhibitor AZD6244 (10 μM) or Angiopoietin-2 neutralization antibody (10 ng/ml). Cells 

were pretreated with inhibitors for 4 hours, followed by VEGF-C (10 ng/mL) stimulation for 

5 minutes.

EdU incorporation assays.

For EdU incorporation assay in vitro, cells were incubated with 10 μM 5-ethynyl-2′­

deoxyuridine (EdU) for 4 h prior to fixation with 4% PFA for 30 minutes at room 

temperature. Once fixed, cells were subjected to EdU assays using the Click-iT EdU kits 

(ThermoFisher Scientific).
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Protein extraction and western blot analysis.

Freshly dissected unfixed tissue was homogenized in lysis buffer. The lysates were 

centrifuged at 13000g for 10 minutes at 4°C. Supernatants were collected and determined 

with a Bradford Protein Assay kit (Bio-Rad, Hercules, CA). The cell lysates were 

subjected to SDS-PAGE followed by immunoblotting (Immobilon P; Millipore, Milford, 

MA) with specific antibodies followed by detection using an enhanced chemiluminescence 

kit (Amersham Life Science, Arlington Heights, IL).

Study Design and Statistical Analysis.

Group sizes were determined by an a priori power analysis for a 2-tailed, 2-sample Student 

t test with an α of 0.05 and power of 0.8, to detect a 10% difference in lesion size at the 

end point. Animals were grouped with no blinding but randomized during the experiments. 

Male and female animals were used in equal numbers for all experiments. No samples or 

animals were excluded from analysis. All quantifications (lesion sizes, junctional integrity, 

sprout length and lumen) were performed in a blind fashion. All figures are representative 

of at least 3 experiments unless otherwise noted. All graphs report mean ± standard error of 

mean (SEM) values of biological replicates. The normality and variance were not tested to 

determine whether the applied parametric tests were appropriate. Comparisons between two 

groups were performed by unpaired, 2 tailed Student t test, between >2 groups by 1-way 

ANOVA followed by Bonferroni post hoc or by 2-way ANOVA followed by Bonferroni’s 

post hoc using Prism 6.0 software (GraphPad). P values were 2-tailed and values <0.05 were 

considered to indicate statistical significance. P<0.05, P<0.01 and P <0.001 are designated in 

all figures with *, **, ***, respectively.

DATA AVAILABILITY STATEMENT:

All data, including data associated with main figures and Supplemental figures, are available 

within the article or in the online-only Data Supplement or from the corresponding author on 

request. Source data are provided with this paper.

RESULTS

Inducible EC-specific Ccm3 deletion (Pdcd10ECKO) causes defects in both blood and 
lymphatic vessels in various organs.

We previously created inducible pan-EC Pdcd10 knockout mice (Pdcd10ECKO) using 

the Cdh5-CreERT2 line 49. Upon tamoxifen feeding of pups at postnatal days (P) 1–3, 

Pdcd10ECKO pups develop severe CCM lesions in the brain and retina by P10 and do 

not survive beyond P15 27, 30. Examining organ structures and morphologies revealed 

that Pdcd10ECKO pups had severe vascular damage in the brain, retina, and spleen 30 

(Supplemental Fig. I A-C). We also observed hemorrhages in other organs, including the 

intestine and lymph nodes (LNs) (Supplemental Fig. I D-E). Interestingly, we observed that 

Pdcd10ECKO mice exhibited chyle fistula, i.e., chyle blood in the thoracic (pleural) and chyle 

ascites (milky peritoneal cavity) (Fig. 1A).
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We then examined lymphatic vessels in the Pdcd10ECKO mice. Imaging of perfused 

mesentery tissues showed blood-filled lymphatics in Pdcd10ECKO mice (Fig. 1B), consistent 

with leaky blood vessels in these mice. Whole-mount staining of collecting lymphatic 

vessels in the mesentery showed that pan-EC deletion of Ccm3 caused enlarged and 

irregular lymphatic vessels (Fig. 1C). Of interest, collecting lymphatic vessels were 

abnormally patterned, with alternating areas of vessel ectasia and constrictions, a phenotype 

that has been observed in Foxc2-deficient mice 54. Quantitative analyses showed that 

Ccm3 deletion significantly reduced the percentages of V-shaped valve numbers (Fig. 

1D) and induced enlargement of the lumen in the collecting lymphatic vessels (Fig. 

1E). Immunostaining of intestinal wall and villi with CD31 and VEGFR3 indicated that 

both blood capillaries and lymphatic capillaries (called lacteal in villi) were dilated in 

Pdcd10ECKO mice compared to wildtype (WT) (Fig. 1F-K). Together these observations 

suggest that mice with inducible pan-EC Ccm3 deletion (Pdcd10ECKO) exhibit blood 

vascular leakage and lymphatic defects in various organs.

Inducible Ccm3 deletion in lymphatic EC (Pdcd10LECKO) induces lymphatic dysfunction 
without blood vascular leakage.

To specifically define the role of CCM3 in LECs, we generated inducible LEC-specific 

Ccm3 knockout mice (Pdcd10LECKO) by crossing Pdcd10lox/lox with Prox1-CreERT2 

mice51. In contrast to Pdcd10ECKO mice, Pdcd10LECKO mice did not die perinatally, as 

did Pdcd10ECKO mice, and Pdcd10LECKO mice survived up to 2 months. Pdcd10LECKO mice 

did not exhibit CCM lesions in the brain, and no blood-filled mesenteries were detected 

(Supplemental Fig. II). Of note, Pdcd10LECKO mice had reduced fat tissues surrounding the 

mesentery compared to WT mice, highlighting the role of lymphatics in adipose and lipid 

metabolism 55, 56.

We directly measured lymphatic function by dye uptake assays. Tail vein injection of 

Evans blue dye (EBD) followed by visualization of EBD uptake in the sciatic and 

iliac LNs detected strong EBD deposition in WT mice. However, EBD uptake in both 

ischiatic and lumbar LNs was significantly reduced in Pdcd10LECKO mice compared to WT 

mice (Fig. 2A with quantifications in 2B-C), indicating attenuated lymphatic function in 

Pdcd10LECKO mice. Lymphatic drainage was further measured by injecting FITC-dextran 

into the mesentery LNs. As expected, FITC-dextran was transported to the thoracic ducts 

in WT mice without backflow. In contrast, Pdcd10LECKO mice had dye outflow in multiple 

afferent collecting lymphatic vessel branches, indicating lymph backflow (Fig. 2D-E).

Lymphatic vessels were then visualized by co-immunostaining with various markers, 

including CD31, VEGFR3, and LYVE1. Immunostaining of lumbar LNs indicated that 

CD31+VEGFR3+LYVE+ but SMA− lymphatic capillaries were dilated in Pdcd10ECKO mice 

compared to WT (Fig. 2F-G). Whole-mount staining of mesentery tissues with CD31 and 

VEGFR3 indicated that lymphatic vessels were drastically enlarged with non-V-shape valves 

in Pdcd10LECKO mice compared to those in WT mice (Fig. 2H-J). Further staining with 

CD31 and SMA distinguished aortas, veins, and lymphatics with strong, moderate, and weak 

SMA staining, respectively (Fig. 2K). Quantifications indicated that lymphatics, but not 

aortas or veins, were significantly enlarged in Pdcd10LECKO mice (Fig. 2L). Consistent with 
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reduced-fat tissues surrounding the mesentery in Pdcd10LECKO mice, a reduced capillary 

network in the mesentery was observed.

Pdcd10LECKO mice exhibit lymphatic hyperplasia with increased VEGFR3-ERK1/2 
signaling.

Recent studies suggest that dilated blood capillaries in CCM result from hyper-proliferation 
57, 58. To determine if dilated lymphatics contained more LECs, mesentery tissues were 

whole-mount stained with CD31 and Prox1 to visualize LEC nuclei. The number of 

lymphatic branches was increased in Pdcd10LECKO mice compared to WT mice as 

visualized by Prox1+ vessels. Moreover, Prox1+ LECs per vessel and Prox1+ cells per 

vascular area (mm2) were also significantly increased in Pdcd10LECKO mice (Fig. 3A-C). 

These analyses suggest that Pdcd10LECKO exhibited lymphatic hyperplasia.

VEGFR3 expression and activity have been closely associated with lymphatic growth 

and maturation. Deletion of VEGFR3 induces lymphatic hypoplasia, whereas increased 

VEGFR3 expression/activity causes lymphatic hyperplasia 40, 41. Therefore, we examined 

VEGFR3 expression and activation in Pdcd10LECKO mice. Although phosphorylation of 

both VEGFR2 and VEGFR3 increased in the Pdcd10LECKO mesentery tissues, only the 

total VEGFR3 protein level was significantly upregulated. Interestingly, phosphorylation 

of ERK1/2, but not p-Akt, was increased in Pdcd10LECKO mesentery tissues (Fig. 3D). 

Moreover, VEGFR3-ERK1/2 signaling was upregulated in the mesentery and spleen but not 

in the retina tissues (Fig. 3E), suggesting the increased VEGFR3-ERK1/2 signaling could be 

VEGFR3+ lymphatics-specific. We further detected co-staining of p-ERK1/2 with VEGFR3 

in the lymphatic vessels of mesentery tissue and lumbar LNs (Fig. 3F-G with quantifications 

in 3H-I). These data indicate that Pdcd10LECKO mice exhibit lymphatic hyperplasia with 

increased VEGFR3-ERK1/2 signaling.

Regulation of VEGFR3 signaling regulation in lymphatic ECs.

In vivo data suggested that VEGFR3 expression and VEGFR3-ERK1/2 signaling were 

increased in lymphatic vessels. To determine if this is LEC-autonomous, we examined the 

effects of CCM3 silencing on VEGFR3 signaling in cultured human dermal microvascular 

lymphatic ECs (HDLECs)47, 53. Consistent with the in vivo observations, expression 

of VEGFR3, but not VEGFR2, was increased by CCM3 silencing. VEGF-C induces 

phosphorylation of VEGFR3 at Y1063/68 within the kinase activation loop essential for 

VEGFR3 kinase activity 59, 60. siCCM3 enhanced p-VEGFR3 and p-ERK1/2 but not 

p-VEGFR2 or p-Akt in LECs (Fig. 4A). To determine if the VEGFR3-ERK1/2 signaling 

is responsible for the lymphatic hyperplasia observed in vivo, we tested the effect of 

inhibition of VEGFR3/ERK1/2 on HDLEC proliferation in vitro. Silencing of CCM3 

augmented LEC proliferation as determined by an EdU incorporation assay. Inhibition of 

VEGFR3 or ERK1/2, but not of VEGFR2 or Angpt2, attenuated CCM3 silencing-induced 

LEC proliferation (Fig. 4B-C). Much weak effects of these inhibitors were observed 

on the proliferation of controls cells (Supplemental Fig. III). These data suggest that 

augmented VEGFR3-ERK1/2 signaling is critical for increased LEC proliferation by the 

CCM3 deletion. Previous reports suggest that VEGFR3 homodimer activates ERK1/2, while 

VEGFR2/VEGFR3 heterodimer preferentially activates Akt 48, 61, 62. We reasoned that 
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increased VEGFR3 abundance and the resulting increase in the VEGFR3/VEGFR2 ratio in 

LECs could be responsible for enhanced ERK1/2 signaling, and silencing VEGFR2 would 

enhance ERK1/2 activation in LECs. Indeed, silencing of VEGFR2 by siRNA, but not 

inhibition of VEGFR2 kinase by a pharmacological inhibitor, augmented VEGF-C-induced 

p-VEGFR3 and p-ERK1/2 in both siCtrl and siCCM3 LECs (Fig. 4D). These data indicated 

that the VEGFR3 abundance or VEGFR3/VEGFR2 ratio determines ERK1/2 signaling in 

LECs.

We compared expression of VEGFR2 and VEGFR3 between HDLEC and SVEC4-10, 

a mouse LEC line. While HDLEC expressed both VEGFR2 and VEGFR3, SVEC4-10 

expressed more VEGFR3 protein but lacked VEGFR2 protein expression compared to 

HDLECs. Moreover, the three bands of VEGFR3 (195, 175, and 135 kDa) 48 were 

more readily detected in SVEC4-10 than HDLEC (Fig. 4E), providing a better system 

to investigate the role of CCM3 in VEGFR3 signaling. Silencing of Ccm3 in SVEC4-10 

increased both mRNA and protein levels of VEGFR3 (Fig. 4E-H). We also examined 

the half-life (t1/2) of VEGFR3 in ECs in the presence of the protein synthesis inhibitor 

cycloheximide. Notably, the top two bands (175 and 159 kDa) of VEGFR3 were very 

unstable, and the t1/2 was ~20 min, similar to VEGFR2, as we previously reported 50. In 

contrast, the 135 kDa band was relatively stable with a t1/2 of ~9 h. Importantly, the Ccm3 

deletion had no effect on the stability of the three VEGFR3 bands compared to the control 

cells (Fig. 4I-J). Similar to the results observed in lymphatic vessels and HDLECs, ERK1/2 

but not Akt was augmented in siCCM3 SVEC4-10 (Fig. 4K). Moreover, the silencing of 

CCM3 drastically increased phosphorylation of all three VEGFR3 bands due to increased 

VEGFR3 expression, as the ratio of p-VEGFR3:VEGFR3 was similar between the control 

and CCM3-depleted cells (Fig. 4K). Altogether, our data suggest that VEGFR3 expression 

in LECs is primarily regulated at the transcriptional level.

CCM3 regulates NF-κB nuclear translocation and NF-κB-dependent VEGFR3 transcription 
in LEC.

Because VEGFR3 expression in LECs is primarily regulated at the transcriptional level, 

we determined potential transcriptional factor(s) responsible for VEGFR3 expression. 

Transcriptional factors, including Notch, Prox1, and NF-κB, are known to regulate VEGFR3 

expression 43-45. We first examined the expression and activation of these transcriptional 

factors in the lymphatic tissues. Among these, only NF-κB activation, as determined by 

phosphorylation of P65 (p-P65), peaked at P5 as VEGFR3 expression increased in Ccm3­

deficient mice. IκBα, an inhibitor of NF-κB signaling, was at lower levels at P15 compared 

to P5 and P30, correcting the NF-κB activity. However, there was no differences between 

WT and Ccm3-deficient mice (Fig. 5A). Notch activation detected by cleaved Notch and 

expression of Prox1 were on at P5 and peaked at P15 (Fig. 5A), likely reflecting increased 

lymphatic vessels. Moreover, the mRNA level of Vegf3, but not of Vegfr2 or P65, was 

increased by Ccm3 deficiency in mesentery tissues (Supplemental Fig. IV A). Because 

the kinetics of NF-κB activity and VEGFR3 expression were tightly correlated, we further 

investigated if P65 was required for CCM3-deletion-induced VEGFR3 mRNA expression. 

To this end, HDLECs were silenced with siCCM3 in the absence or presence of P65 

siRNAs, and VEGFR3 mRNA and protein were determined by qRT-PCR and Western 
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blotting. siCCM3-induced upregulation of VEGFR3 mRNA (Supplemental Fig. IV B) 

and protein was diminished by P65 siRNA (Fig. 5B). We then determined how CCM3 

depletion augmented NF-κB signaling. Silencing of CCM3 in HDLECs enhanced basal and 

LPS-induced p-P65 without obvious effects on the total levels of P65 and P50. Of note, 

siCCM3 did not alter basal or LPS-induced IκBα degradation (Fig. 5C).

To determine whether the observed lymphatic phenotypes reflect loss of CCM complex 

function or loss of CCM3-specific function, we compared knockdown of CCM1 (KRIT1) 

or CCM2 to that for CCM3 on the VEGFR3 expression in lymphatic ECs. Our results 

indicated that silencing of CCM3 increased VEGFR3 expression and VEGF-C-induced 

VEGFR3 phosphorylation in human LECs. Interestingly, silencing of CCM2, but not of 

CCM1, also increased VEGFR3 expression and activity. In contrast, silencing of CCM1, 

CCM2 or CCM3 reduced VEGFR2 expression (Supplemental Fig. V A). Since CCM2 and 

CCM3 form complex in ECs 22, 23, we tested if CCM2 knockdown also affected the NF-κB 

signaling. While silencing of CCM3 augmented LPS-induced P65 phosphorylation without 

effects on IκBα degradation, knockdown of CCM2 had no such effects (Supplemental Fig. 

V B). These data indicate that CCM3 specifically regulates the NF-κB-VEGFR3 axis in 

LECs.

IκBα is a protein inhibitor associated with P65 in the cytosol and prevents P65 nuclear 

translocation; IκBα phosphorylation and degradation release P65 followed by P65 nuclear 

translocation and phosphorylation by specific kinases63. We examined if CCM3 deletion 

affected P65 nuclear translocation by detecting P65 in the cytosolic and nuclear fractions. 

Silencing of CCM3 in HDLECs increased nuclear accumulation of P65 protein at basal 

and at 5-15 min post-LPS treatment compared to siCtrl cells. Nuclear protein upstream 

stimulating factor-2 (USF-2) was not altered by CCM3 depletion (Fig. 5D). Notably, CCM3 

could be detected in both the cytosol and nucleus as previously reported 64. These data 

suggested that CCM3 depletion in HDLECs facilitated P65 nuclear translocation. To define 

the mechanism by which CCM3 restrained P65 nuclear translocation, we searched for 

CCM3-associated proteins in Flag-CCM3 stable expression HeLa cells; CCM3-associated 

proteins were separated using an anti-Flag column followed by mass-spectrometry. Among 

10 prominent proteins detected in the mass-spectrometry, 6 were nuclear/nuclear membrane 

proteins, including nucleophosmin, spindlin-1, spindlin-2, and importin alpha-subunit (aka 

KPNA2). Importin alpha subunits bind specifically and directly to substrates containing 

either a simple or bipartite nuclear localization signal (NLS) motif. KPNA2 together 

with importin beta-subunit dock substrates to the nuclear pore complex (NPC) for 

subsequent nuclear translocation 65. Among the six members of the importin alpha family, 

it has been shown that KPNA2 is pivotal to the P65 nuclear import64. Therefore, we 

investigated if CCM3-KPNA2 association regulated NF-κB activation. We hypothesized 

that CCM3, by binding to KPNA, regulates KPNA-mediated NF-κB nuclear translocation 

and NF-κB-dependent gene expression. We first confirmed the CCM3-KPNA2 interaction 

in HDLECs by co-immunoprecipitation assays. Association of CCM3 with KPNA2 in 

HDLEC was evident under basal conditions, and this association gradually declined upon 

LPS stimulation. KPNA2 was not detected in immunoprecipitations of lysates from the 

CCM3-knockdown cells (Fig. 5E). We then examined how CCM3 regulated KPNA2-P65 

interactions. An association between PKNA2 and P65 in siCtrl cells was not detected under 
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the basal condition and was induced upon LPS stimulation at 15 min followed by a decline 

at 30 min. In contrast, the KPNA2-P65 complex was readily formed at basal followed by 

a decline upon LPS treatment, suggesting that CCM3 deletion enhanced the KPNA2-P65 

complex formation (Fig. 5F). Indeed, nuclear P65 was increased in response to LPS in 

control cells. However, silencing of KPNA2 drastically diminished the LPS-induced p65 

nuclear translocation (Fig. 5G), highlighting the critical role of KPNA2 for P65 nuclear 

import. Finally, we determined the functional significance of KPNA2 in CCM3 deletion­

induced VEGFR3 expression. To this end, CCM3 in HDLECs was silenced by siRNA in the 

absence or presence of siKPNA2. VEGFR3 was upregulated by CCM3 silencing, but this 

upregulation of VEGFR3 was diminished by co-silencing of KPNA2 (Fig. 5H). Together, 

these data suggest that CCM3 associates with KPNA2 in control cells to prevent the binding 

of KPNA2 to P65, and CCM3 depletion frees PKNA2 for the P65 interaction, leading to 

enhanced P65 nuclear import and subsequent VEGFR3 transcription.

Inhibition of VEGFR3-ERK1/2 signaling rescues the lymphatic hyperplasia in Pdcd10LECKO 

mice.

To determine if inhibition of VEGFR3-ERK1/2 could rescue lymphatic dysfunction in 

Pdcd10BECKO mice, we tested the effects of specific inhibitors of VEGFR3 and ERK1/2 

in the mouse models. To this end, we intraperitoneally injected VEGFR3-specific inhibitor 

MAZ51 into WT and Pdcd10LECKO mice at 5 μg/g body weight daily from P2-P14 and 

mesentery tissues were harvested at P15 (Fig. 6A for MAZ protocol). MAZ attenuated 

p-VEGFR3 and its downstream signaling without effects on p-VEGFR2 (Fig. 6B). Whole­

mount staining of mesentery tissues with CD31 with VEGFR3 showed that MAZ had no 

evident effect on WT lymphatics. However, MAZ drastically reversed the dilated lymphatic 

vessels with flat-shape valves in Pdcd10LECKO mice to normal lymphatics with V-shape 

valves (Fig. 6C-D). Similar rescue effects were observed with AZD6244, an inhibitor 

specific to the ERK1/2 upstream activator MEK1, on mesentery lymphatics (Supplemental 

Fig. VI). Furthermore, MAZ diminished lymphatic hyperplasia in mesentery tissues as 

measured by whole-mount staining with CD31 and Prox1, as evident by attenuated Prox1+ 

LEC/lymphatic vessel and Prox1+ cells/lymphatic vessel area (mm2) upon MAZ treatment 

in Pdcd10LECKO mice (Fig. 6E-F). These analyses suggest that MAZ diminished the 

lymphatic hyperplasia in Pdcd10LECKO mice.

We then determined if MAZ normalized lymphatic function in Pdcd10LECKO mice by dye 

uptake/transport assays. Tail vein injection of EBD followed by visualization of EBD uptake 

in the sciatic LN detected strong EVB deposition in WT mice, and MAZ had no effects on 

EBD uptake. While EBD uptake was not detected in Pdcd10LECKO mice, MAZ significantly 

increased EBD accumulation in the sciatic LN (Fig. 6G-H). Injection of FITC-dextran 

into the mesentery LN followed by fluorescence imaging indicated that untreated and 

MAZ-treated WT mice had no backflow. Pdcd10LECKO mice exhibited lymph backflow 

as indicated by dye outflow in multiple afferent collecting lymphatic vessel branches, and 

MAZ significantly attenuated the backflow (Fig. 6I-J). These data suggest that increased 

VEGFR3-ERK1/2 signaling contributes to the lymphatic hyperplasia in Pdcd10LECKO mice.
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DISCUSSION

The role of CCM3 in VEGFR3 signaling and lymphangiogenesis has not been investigated. 

Here we report that mice with an inducible deletion of Ccm3, specifically in LECs 

(Pdcd10LECKO), exhibited enlarged lymphatic capillaries and dilated collecting vessels 

with malformed valve structure. In vivo, functional assays indicate that lymphatic 

vessels in Pdcd10LECKO mice are defective in drainage. Our in vivo and in vitro 

analyses suggest that VEGFR3 expression, and therefore VEGFR3-ERK1/2 signaling, are 

drastically increased and sustained in the Pdcd10LECKO lymphatics. CCM3, by binding 

to the NF-κB P65 nuclear import regulator KPNA2, regulates NF-κB activation and 

NF-κB-dependent VEGFR3 transcription in LECs; loss of CCM3 releases KPNA2 and 

augments NF-κB P65 nuclear translocation and VEGFR3 transcription, leading to lymphatic 

ectasia and dysfunction. More importantly, pharmacological inhibition of VEGFR3-ERK1/2 

signaling normalizes lymphatic structure and ameliorates lymphatic vessel dysfunction in 

Pdcd10LECKO mice. Our study uncovers a novel function of CCM3 in VEGFR3 signaling 

and lymphangiogenesis (Fig. 7: A model for CCM3 regulated VEGFR3 expression and 

lymphatic function).

Distinct from these previous findings on VEGFR3 regulation, our current study has 

uncovered a novel mechanism for VEGFR3 regulation at a transcriptional level without 

effects on intracellular trafficking or the protein stability of VEGFR3. In particular, our 

study defines a novel mechanism by which CCM3 regulates NF-κB signaling and NF-

κB-mediated VEGFR3 transcription in LECs. By examining expression and activation of 

the critical transcriptional factors for VEGFR3 expression in the lymphatic tissues, we 

found that increased VEGFR3 expression coincides with the kinetics of NF-κB activation 

in Pdcd10LECKO mice; NF-κB activation precedes increased Notch activation and Prox1 

expression in lymphatics. Moreover, silencing of NF-κB P65 diminished the augmented 

VEGFR3 mRNA expression in CCM3-deficient LECs. We provide four pieces of strong 

evidence that CCM3 controls the nuclear import of NF-κB P65 in the regulation of 

VEGFR3 expression. 1) Silencing of CCM3 does not alter basal or LPS-induced IκBα 
phosphorylation and degradation, a process that precedes the P65 nuclear translocation and 

gene transcriptions. 2) Silencing of CCM3 in LECs enhances both basal and LPS-induced 

nuclear accumulation and phosphorylation of NF-κB P65. 3) By mass-spectrometry, we 

identified a new CCM3-binding partner importin alpha-1 subunit (aka KPNA2), a critical 

factor for P65 nuclear translocation 64. We show that CCM3 normally associates with 

KPNA2 in HDLECs, but CCM3 depletion releases KPNA2 to facilitate KPNA2-P65 

interactions and P65 nuclear transport under basal conditions and in response to LPS. 

4) Silencing of KPNA2 drastically attenuates P65 nuclear translocation and VEGFR3 

expression in LECs. Altogether, our study supports the model that CCM3 restrains 

P65 nuclear import by interaction with KPNA2, and CCM3 loss facilitates P65 nuclear 

translocation and subsequent VEGFR3 expression (Fig. 7). Of clinical relevance, it is known 

that circulating LPS from gram-negative bacteria, via binding to its receptor TLR4 on the 

brain endothelium, accelerates the growth of CCM lesions in the brain of Pdcd10ECKO 

mice28, 66. It will be interesting to explore if LPS from gram-negative bacteria that reside 

in the gut microbiome augments NF-κB-dependent VEGFR3 expression in lymphatic 
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endothelium and aggravates the lymphatic defects of Ccm3-deficient mice. By comparing 

knockdown of CCM1 (KRIT1) or CCM2 to that for CCM3 on the NF-κB-VEGFR3 

signaling in lymphatic ECs, our data indicate that CCM3 specifically regulates the NF-κB­

VEGFR3 axis. Although in vitro silencing of CCM2 increases VEGFR3 expression in 

LECs, it needs to further determine how CCM2 regulates VEGFR3 expression, and more 

importantly the lymphatic phenotype in Ccm2-deficient mice.

All three forms of VEGFR3 (195-, 175- and 135-kDa) increased upon CCM3 depletion 

in LECs. We observed that all three VEGFR3 forms are glycosylated and can be 

phosphorylated in response to VEGF-C. However, they are differentially regulated in 

response to VEGF-C. Specifically, both the 195 kDa and the 135 kDa (but not the 175 kDa) 

forms are localized on the LEC membrane and undergo endocytosis in response to VEGF­

C. Of note, the glycosylation, membrane localization, and VEGF-C induced intracellular 

trafficking of VEGFR3 are not altered by CCM3 depletion in LECs. However, CCM3 

loss shifts VEGFR3 toward the ERK1/2 axis from the Akt axis. VEGF-C strongly induces 

activation of VEGFR3 and downstream Akt signaling with weak ERK1/2 activation 53. 

It has been proposed that VEGFR2/VEGFR3 heterodimers present in LECs preferentially 

activate Akt while VEGFR3 homodimers activate ERK1/2 in LECs 62. Our data support the 

model that VEGFR3 abundance and the VEGFR3/VEGFR2 ratio in the LECs determines 

the outcome of VEGF-C-VEGFR3 signaling. First, silencing of CCM3 in human LECs 

increases VEGFR3 expression and thus strongly augments both basal and VEGF-C-induced 

ERK1/2 activation without evident effects on Akt. Second, silencing of VEGFR2 in 

HDLECs enhances VEGF-C-induced ERK1/2 activation. Third, the lymphatic cell line 

SVEC4-10, which has much higher VEGFR3 and lower VEGFR2 expression (thus with a 

higher VEGFR3/VEGFR2 ratio) compared to HDLECs, exhibits readily detectable ERK1/2 

signaling in response to VEGF-C. The exact mechanism by which VEGFR3 activates 

ERK1/2 is not completely understood in part due to the lack of identified adaptor proteins 

directly linking VEGFR3 to ERK1/2 activation, despite Shc/GRB2 being implicated in 

both ERK1/2 and Akt activation 59, 60. Five phosphotyrosine sites have been identified on 

VEGFR3 in response to VEGF-C. However, only three of the five sites were detected on 

VEGFR3 upon formation of VEGFR3/VEGFR2 heterodimers with the two most carboxyl­

terminal tyrosine residues inaccessible to the VEGFR2 kinase 48, 61. It is plausible that these 

two most C-terminal phosphotyrosine residues are critical for ERK1/2 signaling with yet­

to-be-identified adaptors. We have previously shown that bone marrow tyrosine kinase on 

chromosome X (BMX) binds to and directly phosphorylates VEGFR3 at the C-terminal tail 

outside the kinase domain for PI3K recruitment, leading to PI3K-Akt signaling. Silencing of 

BMX reveals complete inhibition of VEGF-C induced Akt activation 53. One possible model 

is that CCM3 deletion, by increasing VEGFR3 abundance and also therefore VEGFR3 

homodimers, reduces the recruitment of Akt-activating adaptors (such as BMX) while 

augmenting the binding of ERK1/2-activating adaptors to VEGFR3, leading to increased 

EKR1/2 signaling.

Of clinical relevance, the lack of increased PI3-Akt signaling by loss of CCM3 is consistent 

with recent reports that CCM lesion progression needs additional activated PI3K-Akt 

signaling 12. In humans and mouse models, CCM loss-of-function (LOF) mutation and 

PI3KAC gain-of-function (GOF) mutations exhibit synergistic effects in CCM lesion 

Qin et al. Page 14

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



formation12. However, the imbalanced VEGFR3 toward ERK1/2 signaling appears to be 

sufficient to induce LEC proliferation and the lymphatic ectasia observed in our study. 

ERK1/2 has been implicated in LEC junctional organization and lymphatic permeability 
67, 68. Consistently, we show that inhibition of ERK1/2 attenuates LEC hyperproliferation in 

vitro and hyperplasia in the Pdcd10LECKO mouse models, supporting that ERK1/2-mediated 

effects contribute to the lymphatic phenotype observed in the Pdcd10LECKO mice. Thus 

far, there is no clinical reports on lymphatic defects in CCM3 disease patients. However, 

our current study warrants further detailed analyses on the edema and potential lymphatic 

dysfunction in the CCM patients.
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NON-STANDARD ABBREVIATIONS:

CCM cerebral cavernous malformation

CNS central nervous system

DAPI 4′,6-diamidino-2-phenylindole

CSPG4 chondroitin sulfate proteoglycan 4

EBD Evans blue dye

EC endothelial cell

FITC-dextran fluorescein isothiocyanate-dextran

HBMVEC human dermal microvascular ECs

H&E hematoxylin and eosin

KO knockout

KRIT1 Krev/Rap1 Interacting Trapped 1

LEC lymphatic endothelial cell

LN lymph node
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OSM osmosensing scaffold for mitogen-activated protein kinase 

kinase-3

P postnatal day

PBS phosphate-buffered saline

PDCD10 programmed cell death 10

PFA paraformaldehyde

PE phenylephrine

siRNA small interfering RNA

SMA smooth muscle cell actin

SMC smooth muscle cells

VEGF Vascular endothelial growth factor

VEGFR3 VEGF receptor-3

WT wildtype
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HIGHLIGHTS

• CCM3 loss of lymphatic endothelial cells induces lymphatic hyperplasia and 

malformation in mouse models.

• CCM3 deletion augments NF-κB nuclear translocation and NF-κB-mediated 

VEGFR3 expression in lymphatic endothelial cells.

• Inhibition of VEGFR3 rescues the lymphatic defects in structure and function 

in the CCM3-deficient mouse models, uncovering a novel function of CCM3 

in lymphatics.
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Fig. 1. Inducible EC-specific Pdcd10 deletion (Pdcd10ECKO) causes defects in both blood and 
lymphatic vessels in various organs.
A. Gross images of abdominal cavity and heart of Pdcd10fl/fl (WT) and Pdcd10ECKO mice 

at P15. Chyle blood in the thoracic (pleural) and chyle ascites (milky peritoneal cavity) 

in Pdcd10ECKO are indicated by arrows while normal heart and cavity by arrowheads 

in WT. Higher magnifications of images within the boxes are shown. Arrowheads and 

arrows point vessels with normal blood in WT and vessels with chyle blood vessel in 

Pdcd10ECKO mice, respectively. B. Images of mesentery lymphatics with dilation and blood 

infusion in Ccm3ECKO mice. Arrowheads indicate normal lymphatics while arrows indicate 

blood-filled lymphatics. C. Immunofluorescence staining with CD31 and VEGFR3 for 

mesentery lymphatics at P15. Arrowheads indicate V-shaped valves while arrows indicate 

abnormal valves. Asterisks indicate dilated lymphatics. D. Quantification of percentages of 

V-shaped valve numbers in P15 mesentery. 10 vessels per mouse were counted. E. Average 

diameters of collecting lymphatics in P15 mesentery. 10 vessels per mouse were counted. 

F-K. immunofluorescence staining for microvessels and lymphatics by CD31 and VEGFR3 

in the intestine wall (F) and villi (I) at P15. Quantifications of capillary and lymphatic 

circumferences in intestine walls (G-H) and villi (J-K). A: artery; V: vein; C: capillary; L: 
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lymphatics/lacteals; LN: lymph node. All values are mean ± SEM. n=6 mice per group; 3 

sections from each mouse and 5 fields per section were quantified. P values are indicated, 

using by unpaired, two tailed Student’s t-test. Scale bar: 2 mm (A, pleural); 3 mm (A, 

abdominal cavity); 500 μm (B); 100 μm (C); 50 μm (F, I).
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Fig. 2. Inducible Pdcd10 deletion in lymphatic EC (Pdcd10LECKO) induces lymphatic 
dysfunction without blood vascular leakage.
A-C. Lymphatic transport function. A. Representative images of isciatic and lumbar 

lymph nodes (arrows) after Evans blue injection into hind foot pads of P30 wild-type 

and Pdcd10LECKO mice. B-C. Quantification of Evans blue dye (relative EBD/mg dry 

tissue) in the isciatic and lumbar LNs (n=6 mice per group). D-E. Backflow assay. D. 

Representative images of mesentery lymphatic drainage after FITC-Dextran injection in P30 

WT and Pdcd10LECKO mice. Arrows indicate the FITC-dextran transported up to thoracic 

ducts. Brackets indicate a backflow in Pdcd10LECKO but was not detected in WT mice. 

E. Quantification of FITC-Dextran (mean fluorescence intensity) at various times after 

injection, by taking WT 5 min as 1.0 (n=6 mice per group). F-G. Lumbar lymphatics. F. A 

serial sections were immunostained with various markers as indicated. Arrowheads indicate 

normal lymphatics while asterisks indicate dilated lymphatics. Arrows indicate individual 

LYVE1+ lymphatic ECs or macrophages. n=6 mice per group; LV capillary circumferences 

were quantified from 3 sections of each mouse and 5 fields per section. H-J. P15 mesentery 

whole mount staining with CD31 and VEGFR3. H. Arrowheads indicate V-shaped valves 

while arrows indicate abnormal valves. I. Quantification of percentages of V-shaped valve 
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numbers in P15 mesentery. J. Average diameters of collecting lymphatics. n=6 mice per 

group. K-L. P15 mesentery whole mount staining with CD31/SMA. Brighter images of 

SMA are presented at the right panels (K). L. Quantifications of artery diameters. 10 vessels 

per mouse were counted. A: artery; V: vein; C: capillary; L: lymphatics/lacteals; LN: lymph 

node. Data are means ± SEM. P values are indicated, using unpaired, two-tailed Student’s 

t-test except 2E with two-way ANOVA followed by Sidak’s multiple comparisons test. ns: 

non-significant. Scale bar: 2 mm (A); 500 μm (D); 100 μm (H, K). 50 μm (F).

Qin et al. Page 25

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3: Pdcd10LECKO exhibit lymphatic hyperplasia with increased VEGFR3-ERK1/2 signaling.
A-C. Lymphatic hyperplasia. A. P30 mesentery tissues were subjected to whole mount 

staining with CD31 and Prox1. B. High power images are shown. Arrowheads indicate V­

shaped valves while arrows indicate abnormal valves. C. Prox1+ LEC/lymphatic vessel and 

Prox1+ cells/mm2 lymphatic vessel area were quantified. n=6 mice per group. 10 vessels per 

mouse were counted. D. Time course of VEGFR3-ERK1/2 in mesentery. P5, P15 and P30 

mesentery tissue lysates were subjected to Western blot with respective antibodies. Protein 

levels and phospho- /total protein ratios were quantified and presented as fold changes 

by taking WT P5 as 1.0. n=3 mice per group. E. VEGFR3 signaling in tissues. Tissues 

lysates of P15 spleen, mesentery and retina were subjected to Western blot with respective 

antibodies. Protein levels and phospho- /total protein ratios were quantified and presented 

as fold changes by taking WT P5 as 1.0. n=3 mice per group. F-I. VEGFR3-ERK1/2 

activation in mesentery lymphatics (F) and lumbar LN (G) by immunostaining. Solid 

arrowheads indicate VEGFR3+pERK+ LECs Pdcd10LECKO mice while open arrowheads 

for VEGFR3+pERK− LEC in WT. H-I. Quantifications of VEGFR3+pERK+ LECs/field. 

n=6 mice per group; 3 sections from each mouse and 5 fields per section were quantified. A: 
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artery; V: vein; L: lymphatics/lacteals. Data are means ± SEM. P values are indicated, using 

unpaired, two-tailed Student’s t-test. Scale bar: 100 μm (A, B); 50 μm (F, G).
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Fig. 4. Regulation of VEGFR3 signaling regulation in lymphatic ECs.
A. Increased VEGFR3-ERK1/2 signaling by CCM3 silencing in HDMEC. HDMECs were 

transfected with siCtrl or siCCM3 for 36 h followed by serum starvation for 12 h. The cells 

were treated with VEGF-C (50 ng/ml) for indicated times and cell lysates were subjected 

to Western blotting for the VEGFRs signaling. Protein levels and phospho- /total protein 

ratios were quantified and presented as fold changes by taking siCtrl 0 min as 1.0. n=3 

from three independent experiments. B-C. Role of VEGFR3-ERK1/2 in LEC proliferation 

in vitro. HDMEC were transfected with control or CCM3 siRNAs for 36 h. Cells were 

treated by various inhibitors (VEGFR3 inhibitor MAZ51, VEGFR2 inhibitor SU5402, 

ERK1/2 upstream MEK1 inhibitor AZD6244 or Angiopoietin-2 neutralization antibody) 

as indicated for 12 h and LEC proliferation was determined by an EdU incorporation 

assay. Representative images are presented in (B) and % EdU+ LEC are quantified in (C). 

n=6 replicates from two independent experiments. Scale bar: 50 μm (B). D. Effects of 

VEGFR2 depletion on VEGFR3-ERK1/2 activation in LECs. HDMEC were transfected 

with control or CCM3 siRNAs in the presence of Vegfr2 siRNA or VEGFR2 kinase inhibitor 

SU5402. The cells were treated with VEGF-C for 5 min and cell lysates were subjected 

to Western blotting for the VEGFRs signaling. Protein levels and phospho- /total protein 

ratios were quantified and presented as fold changes by taking untreated siCtrl as 1.0. n=3. 

E. Expressions of VEGFR3 in mouse LEC line SVEC4-10. Cell lysates were subjected 
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to Western blot for VEGFRs expression. 293T lysate with VEGFR3 overexpression from 

a plasmid was used as a control. Three bands of VEGFR3 (195, 175 and 135 kDa) were 

indicated. F-H. Effects of CCM3 silencing on VEGFR3 mRNA in SVEC4-10. SVEC4-10 

were transfected with siCtrl or siCCM3. CCM3, VEGFR2 and VEGFR3 mRNAs were 

determined by qRT-PCR. Relative mRNA was presented by taking siCtrl as 1.0. n=6. I-J. 

Half-life of VEGFR3 protein in SVEC4-10. SVEC4-10s were incubated in the presence of 

cycloheximide for indicated times and VEGFR3 protein was determined. Protein levels and 

phospho- /total protein ratios were quantified and presented as fold changes by taking siCtrl 

0 min as 1.0. n=3 from three independent experiments. K. Increased VEGFR3-ERK1/2 

signaling by siCCM3 in SVEC cells. SVEC4-10 were transfected with siCtrl or siCCM3 for 

36 h. Cells were serum-starved for 12 h followed by VEGF-C treatment for indicated times. 

VEGFRs signaling was determined, and protein levels and phospho- /total protein ratios 

were quantified and presented as fold changes by taking untreated siCtrl as 1.0. n=3 from 

three independent experiments. P values are indicated, using one-way ANOVA followed 

by Bonferroni’s post-hoc test (C) or unpaired, two-tailed Student’s t-test (F, G, H). ns: 

non-significant.
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Fig. 5. CCM3 regulates NF-κB nuclear translocation and NF-κB-dependent VEGFR3 
transcription in LEC.
A. Expression and activation of transcriptional factors involved in VEGFR3 expression. 

Mesentery lysates were subjected to Western blotting with respective antibodies. Protein 

levels and phospho- /total protein ratios were quantified and quantified as fold changes 

by taking WT P5 as 1.0. n=3 mice per group. B. Role of P65 in VEGFR3 expression. 

HDMECs were transfected with siCtrl or siCCM3 in the absence or presence of P65 

siRNAs, and VEGFR3 protein was determined by Western blotting. Relative protein levels 

and phospho- /total protein ratios were quantified by taking WT as 1.0. n=3 from three 

independent experiments. C. CCM3 in NFκB signaling. siCtrl and siCCM3-transfected 

HDMECs were treated with LPS (10 ng/ml) for indicated times. NFκB signaling was 

determined with respective antibodies. Relative protein levels and phospho- /total protein 

ratios were quantified by taking untreated siCtrl as 1.0. n=3 from three independent 

experiments. D. P65 nuclear translocation. siCtrl and siCCM3-transfected HDMECs were 

treated with LPS for indicated times. Cytosolic and nuclear fractions were prepared and 

P65 protein was determined. A nuclear protein USF2 and cytosolic CCM3 were used 

as controls. (−): undetectable. Relative protein levels were quantified by taking untreated 
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siCtrl as 1.0. n=3 from three independent experiments. E. CCM3-KPNA2 interactions. 

siCtrl and siCCM3 HDMECs lysates (input) were subjected to co-immunoprecipitation with 

anti-CCM3 (rabbit) followed by Western blot with anit-KPNA2 or anti-CCM3 (mouse). 

Relative protein levels were quantified by taking untreated siCtrl as 1.0. n=3 from three 

independent experiments. (−): undetectable. F. CCM3 regulates KPNA2-P65 interactions. 

siCtrl and siCCM3-transfected HDMECs were treated with LPS for indicated times. 

HDMECs lysates (input) were subjected to co-immunoprecipitation with anti-KPNA2 

followed by Western blot with anit-P65. (+) and (−) indicate positive and negative in the 

KPNA2-P65 binding, respectively. n=3 from three independent experiments. G. KPNA2 

in P65 nuclear translocation. siCtrl (−) and siKPNA2-transfected HDMECs were untreated 

or treated with LPS (10 ng/ml for 30 min). Total and nuclear lysates were subjected to 

Western blot. Relative P65 protein levels were quantified by taking siCtrl as 1.0. n=3 from 

three independent experiments. H. Role of KPNA2 in VEGFR3 expression. HDMECs were 

transfected with siCtrl (−) or siCCM3 in the presence of siKPNA2 or siP65. Protein levels 

were determined by Western blot with respective antibodies and quantified by taking siCtrl 

as 1.0. n=3 from three independent experiments.
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Fig. 6. Inhibition of VEGFR3-ERK1/2 signaling rescues the lymphatic hyperplasia in 
Pdcd10LECKO mice.
A. A diagram for the VEGFR3 inhibitor protocol. WT and Pdcd10LECKO mice were 

received intraperitoneal injection of vehicle or VEGFR3 inhibitor MAZ51 compound at 

5 μg/g body weight daily from P2-P14. Mice were subjected to analyses at P15-P30. B. 

P15 mesentery tissue lysates were subjected to Western blotting with respective antibodies. 

Protein levels and phospho- /total protein ratios were quantified and presented as fold 

changes by taking WT vehicle as 1.0. n=3 mice per group. C. Mesentery tissues were 

subjected to whole mount staining with CD31 and VEGFR3. Arrowheads indicate V-shaped 

valves while arrows indicate abnormal valves. D. Quantifications of % V-shaped valves. 

n=6 mice per group. 10 vessels per mouse were counted. E. Mesentery tissues were 

subjected to whole mount staining with CD31 with Prox1. F. Prox1+ LEC/lymphatic 

vessel and Prox1+ cells/lymphatic vessel area (mm2) were quantified. n=6 mice per group. 

G-J. Lymphatic function assays in P30 mice. G-H. Lymphatic transport function. G. 

Representative images of isciatic lymph nodes (arrows) after Evans blue injection into hind 

foot pads of P30 wild-type and Pdcd10LECKO mice. H. Quantification of Evans blue dye 

(relative EBD/mg dry tissue) in the isciatic LNs (n=6 mice per group). I-J. Backflow assay. 
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I. Representative images of mesentery lymphatic drainage after FITC-Dextran injection 

in P30 WT and Pdcd10LECKO mice. Arrows indicate the FITC-dextran transported up to 

thoracic ducts. Brackets indicate a backflow in Pdcd10LECKO but was not detected in WT 

mice. J. Quantification of FITC-Dextran (mean fluorescence intensity) at various times 

after injection, by taking WT 5 min as 1.0 (n=6 mice per group). A: artery; V: vein; L: 

lymphatics/lacteals. Data are means ± SEM. P values are indicated, using one-way ANOVA 

followed by Bonferroni’s post-hoc test (D, F, H, J). Scale bar: 100 μm (C, E); 2 mm (G); 500 

μm (I).
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Fig.7: A model for CCM3 regulated VEGFR3 expression and lymphatic function.
CCM3 in lymphatic ECs (LECs) binds to KPNA2, limiting NF-κB nuclear translocation. 

CCM3 loss in LECs releases KPNA2 and causes nuclear accumulation of NF-κB 

and VEGFR3 expression. Augmented VEGFR3-ERK signaling induces LEC hyper­

proliferation, valve malformation and lymphatic dysfunction. Blockade of VEGFR3 or ERK 

ameliorates lymphatic defects in the mouse models.
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