
Cadherin epidermal growth factor and laminin-G

seven-pass G-type receptor 1 (CELSR1) is a large 35-

exon gene on human chromosome 22q13.31. It encodes a

cadherin protein with an atypical combination of a seven-

transmembrane domain coupled to a large, extracellular,

modular region containing epidermal growth factor-like

and laminin-G like domains crowned by nine protocad-

herin repeats [1]. The structure of CELSR1 enables the

molecule to self-recognize across neighboring cells in

addition to traditional ligand–receptor interactions [1].

CELSR1 is a key component of the noncanonical

Wnt/planar cell polarity (PCP) pathway, the latter criti-

cally regulating development, morphogenesis, and polar-

ity of various tissues [2, 3]. Recent evidence suggests that

the noncanonical Wnt/PCP pathway also regulates

endothelial cell proliferation and angiogenesis [4-7], yet

no studies have been carried out on the significance of

CELSR1 in angiogenesis. The initial link suggesting the

potential involvement of CELSR1 in vascular biology was

first revealed by a genome-wide association study demon-

strating CELSR1 as a susceptibility gene for ischemic

stroke (IS) in Japanese individuals [8], which was later
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Abstract—Cadherin is an epidermal growth factor and laminin-G seven-pass G-type receptor 1 (CELSR1) is a key compo-

nent of the noncanonical Wnt/planar cell polarity (PCP) pathway that critically regulates endothelial cell proliferation and

angiogenesis. In this study, we examined the biological significance of CELSR1 in endothelial cell migration and angiogen-

esis. For this, we applied both gain-of-function and loss-of-function approaches. To increase the endogenous expression of

CELSR1, we used the transcription activator-like effector (TALE) technology and constructed an artificial TALE-VP64

activator. To knock down the expression of CELSR1, we generated lentivirus containing short hairpin RNA sequences tar-

geting different regions of CELSR1 mRNA. Following up- or down-regulation of CELSR1 in human aortic endothelial

cells (HAEC), we assessed in vitro cell proliferation by MTT assay, migration by scratch and transwell migration assays, and

angiogenesis by tube formation analysis. We found that CELSR1 was endogenously expressed in human umbilical vein

endothelial cells (HUVEC) and HAEC. When focusing on HAEC, we found that upregulating CELSR1 expression signif-

icantly promoted cell growth, while knocking down CELSR1 inhibited the growth (p < 0.05). Using both scratch and tran-

swell migration assays, we observed a positive correlation between CELSR1 expression and cell migratory capability. In

addition, CELSR1 upregulation led to higher levels of tube formation in HAEC, while downregulating CELSR1 expression

decreased tube formation (p < 0.05). Mechanistically, CELSR1-regulated migration and tube formation was mediated

through disheveled segment polarity protein 3 (Dvl3). In conclusion, CELSR1 plays an important role in regulating multi-

ple phenotypes of endothelial cells, including proliferation, migration, and formation of capillary-like structures.
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confirmed in Portuguese IS patients [9] and recently by

our group among the Chinese Han population [10].

Besides being expressed in hair, inner ear, and central

nervous system [11, 12], CELSR1 expression has also

been identified in lymphatic endothelial cells in a recent

study [13]. However, it is still not clear whether CELSR1

is also expressed in other vascular endothelial cells

including arterial and venous endothelial cells and if

CELSR1 directly regulates endothelial behaviors such as

proliferation or migration and functionally modulates

angiogenesis. To address these questions, we set up in vitro

analyses to assess the role of CELSR1 in proliferation,

migration, and tubulogenesis of vascular endothelial cells.

MATERIALS AND METHODS

Cells and reagents. Human umbilical vein endothe-

lial cells (HUVEC) and human aortic endothelial cells

(HAEC) were purchased from Cascade Biologics (USA)

and cultured in M200 medium supplemented with 2%

Low Serum Growth Supplement (LSGS). The cells were

maintained as monolayer cultures at 37°C in a humidified

atmosphere of 5% CO2. Human breast carcinoma MDA-

MB231 cells and human glioma U251 cells were provided

by Dr. Li Boan (Xiamen University, Xiamen, China) and

cultured in Dulbecco’s modified Eagle’s medium

(DMEM) containing 10% fetal bovine serum (FBS).

Plasmids. Upregulation of CELSR1 expression was

achieved using the artificial transcription activator-like

effector (TALE) technology [14], where a construct

(TALE-CELSR1) containing TALE repeats fused to a

nuclease (TALEN) domain that specifically targets the

sequence TTCTGAAAGCTCTAAGGT within human

CELSR1 promoter, a heterologous transcriptional activa-

tion domain VP64, and a puromycin-resistant gene, was

custom-designed by and obtained from Viewsolid Biotech

(China). To stably enhance the endogenous expression of

CELSR1, TALE-CELSR1 was transfected into HAEC

using Lipofectamine 2000 (Invitrogen, USA) following

the manufacturer’s instructions. Transfection was fol-

lowed by selection using puromycin (1 µg/ml) for two to

seven days. Cells transfected with the blank vector were

used as controls.

Two short hairpin RNA molecules (shRNA) specifi-

cally targeting human CELSR1 (shRNA1: CCGGAG-

GAGGTGCAACCTGTATATACTCGAGTATAT-

ACAGGTTGCACCTCCTTTTTTG, shRNA2: CCG-

GACAACGGCATCCCGCAGAAATCTCGAGATTT-

CTGCGGGATGCCGTTGTTTTTTG) and a LacZ-

specific shRNA molecule (control, CCGGCGTACGC-

GGAATACTTCGACTCGAGTCGAAGTATTC-

CGCGTACGTTTTTG) were subcloned into the pLKO.1

lentiviral RNA interference (RNAi) vector.

The disheveled segment polarity protein 3 (Dvl3)-

expressing vector was kindly provided by Dr. Lin Li, and

the lentiviral vector expressing Dvl3 shRNA was pur-

chased from GeneChem (China).

Lentivirus production and infection of HAEC. The

lentiviral vector containing either CELSR1-specific (LV-

CELSR1 shRNA) or LacZ-specific (LV-LacZ shRNA)

shRNA was cotransfected with packaging vectors pHR

and pVSV-G into 293T using Lipofectamine 2000. At

48 h after cotransfection, the virus-containing super-

natant was collected and added together with 10 µg/ml

Polybrene onto HAECs at 50 to 70% confluence for 24 h.

The medium was then replaced with fresh HAEC growth

medium for another 48 h before puromycin was added at

1 µg/ml for seven days.

Quantitative reverse transcription PCR (RT-qPCR).

Total RNA was extracted from HAEC using Trizol

reagent (Invitrogen) and reverse transcribed into cDNAs

using a ReverTra Ace qPCR RT kit (Toyobo, Japan).

Real-time PCR was performed using the following

primers: CELSR1 forward, 5′-CGCTTCCACTTCAC-

CATCTCCCT-3′; CELSR1 reverse, 5′-GCCACG-

GTCGTTGTTGTCTCG-3′; 18S RNA forward, 5′-

GCGGCTTAATTTGACTCAACAC-3′; and 18S RNA

reverse, 5′-GGCCTCACTAAACCATCCAATC-3′. The

expression levels of CELSR1 mRNA were normalized

against 18S RNA levels, and the results were calculated

using the 2–∆∆CT method as previously described [15].

Western blot. Cells were lysed in RIPA buffer con-

taining the protease inhibitor phenylmethylsulfonyl fluo-

ride (PMSF) at a final concentration of 1 mM. Total pro-

tein concentration was measured using the BCA assay

(Thermo Scientific, USA). A 30-µg total protein sample

was run through SDS-PAGE gel and subsequently trans-

ferred onto PVDF membrane. After blocking with 5%

milk in phosphate buffered saline with Tween (PBST),

membranes were incubated with anti-CELSR1 antibody

(Santa Cruz, USA) or anti-β-actin (internal control)

(Sigma Aldrich, USA) at 4°C overnight, followed by a 1 h

incubation with HRP-conjugated goat-anti-mouse IgG

at room temperature (Pierce Biotechnology, USA). ECL

substrate reagents were used for signal development.

MTT assay. The 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay was performed

as previously described [16]. Briefly, cells in exponential

growth phase were seeded in triplicate into 96-well plates

at 5000 cells/well. Cells were cultured in complete growth

media for one to four days. To measure the number of liv-

ing cells, 20 µl of MTT solution (5 mg/ml) was added to

each well and incubated in the dark at 37°C for 4 h. The

supernatant was then removed, and dimethyl sulfoxide

(DMSO) (150 µl/well) was added to dissolve formazan

crystals. The optical density (OD) in each well was then

measured at 490 nm. The growth inhibition (%) was cal-

culated as (1 – ODtreated/ODcontrol) × 100%. Three inde-

pendent experiments were performed for each condition.

Scratch assay. For endothelial migration experi-

ments, 5·105 cells were seeded in a 35-mm cell culture dish
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with lines marked at the plate bottom. When cells became

confluent after overnight culture, a scratch was made in

the confluent cell monolayer using pipet tips (0.2-10 µl)

followed by PBS wash. Cells were cultured in media at

37°C without serum, and cell migration into the scratched

area was documented after 10 h. Images were taken at

indicated time points on the scratched positions, and

three images from each plate were analyzed. Three inde-

pendent experiments were performed for each condition.

Migration assay. The transwell migration assay was

performed as previously described [17]. Briefly, 2·105 cells

were loaded on top of the filter membrane of the transwell

insert. Growth medium supplemented with 2% LSGS

was added to the lower well. After a 7-h incubation at

37°C with 5% CO2, the transwell insert was removed from

the plate. A cotton-tipped applicator was used to careful-

ly remove the medium and non-migrating cells from the

top of the membrane without damaging it. The transwell

insert with migrated cells was placed into methanol for

10 min to fix the cells. After methanol evaporation at

room temperature, the transwell insert was placed into

0.1% Crystal violet for 30 min. After removing excessive

Crystal violet, the migrated cells were imaged under an

inverted microscope (100×), and the number of cells from

five different fields (upper, lower, right, left, and center)

of view was quantified to get an average sum of cells that

migrated through the membrane. Three independent

experiments were performed for each condition.

Tube formation assay. The Matrigel tube formation

assay was performed following the instructions provided

by BD Biosciences (USA). Briefly, 0.1 ml growth factor-

reduced Matrigel (BD Biosciences) was seeded into 96-

well plate and solidified at 37°C for 1 h. Cells from differ-

ent groups were then seeded at 20,000 cells/well on top of

the Matrigel in complete HAEC growth medium. After

18 h of incubation at 37°C, images of each well were taken

at 4× magnification using a LEICA DMIL LED micro-

scope with a Leica DFC295 camera (Leica Microsystems,

USA). Each condition was assessed in triplicate. Tube for-

mation was quantified using Wimasis Image Analysis

(http://www.wimasis.com), which measured the total tube

length (pixels, px), and the total number of tubes, loops,

and branching points.

RESULTS

CELSR1 expression is detectable in vascular

endothelial cells. The endogenous expression of CELSR1

has been detected in different human cell types including

lymphatic endothelial cells, but not yet in other vascular

endothelial cells [11, 13]. In this study, we first examined

the expression of CELSR1 in HAEC and HUVEC.

Western blot analysis indicated that CELSR1 is expressed

in HAEC and HUVEC at a level comparable to that in the

positive control MDA-MB231 cells and significantly

higher than in the negative control U251 cells (Fig. 1). In

addition to the full-length CELSR1 protein at 400 kDa,

there was an approximately 85-kDa protein recognized

by the anti-CELSR1 antibody, which is consistent with a

previous report that this 85-kDa fragment was generated

by an unknown proteolytic event of the full-length

CELSR1 on the cell surface [1].

CELSR1 is successfully upregulated by TALE-

CELSR1 and inhibited by shRNA. To evaluate the biolog-

ical significance of CELSR1 in angiogenesis, we focused

on HAEC cells and adopted both loss-of-function and

gain-of-function approaches. For loss-of-function, we

generated lentivirus expressing shRNA specifically tar-

geting the CELSR1 gene. For the gain-of-function, we

upregulated the endogenous expression of CELSR1 using

TALE technology [14]. RT-qPCR analysis of HAEC sta-

bly infected with lentivirus expressing CELSR1 shRNA1

and CELSR1 shRNA2 demonstrated a significant

decrease in the steady-state mRNA level of CELSR1

(CELSR1 shRNA1, (0.32 ± 0.03)-fold; CELSR1

shRNA2, (0.40 ± 0.03)-fold) compared to shControl (p <

0.05) (Fig. 2a). Western blot analysis of CELSR1

shRNA1 and CELSR1 shRNA2 from stably transfected

HAEC also confirmed a significant decrease in CELSR1

protein level (Fig. 2b). In contrast, compared to the

HAEC transfected with control vector (OverControl),

TALE-CELSR1 significantly increased CELSR1 expres-

sion at both the mRNA level ((3.19 ± 0.10)-fold; p < 0.05)

compared to OverControl, and the protein level (p < 0.05)

(Figs. 2c and 2d, respectively).

CELSR1 is an essential regulator of HAEC prolifera-

tion. Endothelial proliferation and migration are integral

processes for angiogenesis. Therefore, we focused on

these two processes to assess the significance of CELSR1

Fig. 1. CELSR1 is expressed in vascular endothelial cells HAEC

and HUVEC. The expression of CELSR1 in HAEC and HUVEC

was detected by Western blot, and MDA-MB231 and U251 cells

were used as positive and negative control for CELSR1 expres-

sion, respectively. The expression of β-actin was used as internal

control.

HUVEC      HAEC       MB231     U251

CELSR1

400 kD

85 kD

β-actin
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for angiogenesis. Using the MTT assay, we found that

CELSR1 is necessary and sufficient to drive HAEC pro-

liferation (Fig. 3). When the CELSR1 level was reduced

by shRNA1 and shRNA2, HAEC proliferation decreased

(0.40 ± 0.05 and 0.57 ± 0.06, respectively; p < 0.05), rela-

tive to shControl cells. In contrast, upregulating CELSR1

promoted proliferation ((2.37 ± 0.29)-fold; p < 0.05,

compared to OverControl cells).

CELSR1 is a critical regulator for HAEC migration.

To determine the effects of altering CELSR1 on endothe-

lial cell migration, we applied both scratch assay and tran-

swell migration analyses. The scratch assay showed that

reducing CELSR1 level in HAEC significantly slowed

migration, while overexpressing CELSR1 dramatically

enhanced migration of the endothelial cells compared to

the corresponding control cells (p < 0.001; Fig. 4).

Similar results were obtained using the transwell migra-

tion analysis (Fig. 5). These data suggests that CELSR1 is

a critical regulator of HAEC migration.

CELSR1 promotes endothelial tube formation. We

investigated HAEC tubulogenesis on the extracellular

matrix as a functional consequence of endothelial prolif-

eration and migration. The shControl and OverControl

cells showed similar levels of tube formation as represent-

ed by total tube length in pixels and total number of

branching points, loops, and tubes after 18 h growth on

Matrigel. This suggests that infection with lentivirus or

transfection with TALE vector did not affect tube forma-

Fig. 2. Upregulation and downregulation of endogenous CELSR1 level was successfully achieved in HAEC. The expression of CELSR1 in

HAEC infected with lentivirus expressing LacZshRNA (shControl) or CELSR1 shRNA (CELSR1 shRNA1 and shRNA2) (a, b) or transfect-

ed with OverControl or TALE-CELSR1 (c, d) was measured by real-time PCR (a, c) and Western blot (b, d). The expression of β-actin was

used as internal control. Three independent experiments were performed; * p < 0.05, compared to the corresponding control cells.
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tion in the endothelial cells. The knockdown of CELSR1

in HAEC, however, significantly reduced tubulogenesis

compared to shControl cells, while upregulating

CELSR1 expression in HAEC dramatically stimulated

tubulogenesis compared to the OverControl cells (p <

0.05; Fig. 6, a and b).

Dvl3 is a critical regulator for CELSR1-modulated

endothelial cell behaviors. To explore the molecular

mechanism underlying CELSR1-modulated endothelial

behavior, we focused on Dvl3, a key regulator in

Wnt/PCP signaling [1]. When we knocked down Dvl3 in

OverCELSR1 cells, there was decreased cell migration

and tubulogenesis. In contrast, overexpression of Dvl3 in

CELSR1shRNA cells significantly boosted migration and

tubulogenesis (Fig. 7), suggesting that Dvl3 is a critical

mediator for CELSR1-modulated endothelial cell migra-

tion and tubulogenesis.

Fig. 3. CELSR1 is necessary and sufficient for HAEC proliferation.

The proliferation of HAEC with altered CELSR1 expression was

examined by MTT assay. Three independent experiments were per-

formed; * p < 0.05, compared to the corresponding control cells.
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DISCUSSION

In this study, we have demonstrated for the first time

that CELSR1, a seven-transmembrane cadherin protein,

is a critical and positive regulator of proliferation, migra-

tion, and tubulogenesis in vascular endothelial cells in

vitro.

The noncanonical Wnt/PCP pathway controls cell

morphology, polarized cell movements, and tissue mor-

phogenesis [18-20]. Recent studies by several groups

point to the importance of the Wnt/PCP pathway in

endothelial cell proliferation and angiogenesis [4-7]. As

a core component of the noncanonical Wnt/PCP path-

way, CELSR1 orchestrates the establishment of polar-

ized cell–cell junctions across proximodistal cell

boundaries by recruiting an asymmetric complex con-

sisting of Strabismus/Van Gogh-like (Vangl) and

Frizzled to the membrane [21, 22]. However, CELSR1

has not been studied in the context of vascular endothe-

lial cells concerning its regulation of angiogenesis, a

precisely engineered process coordinated by endothelial

cell differentiation, proliferation, migration, and apop-

tosis. In this study, we provide the first evidence that

CELSR1 is essential for in vitro vascular network forma-

tion.

As the initial step to study the correlation between

CELSR1 and vascular endothelial cells, we first examined

CELSR1 expression in vascular endothelial cells. We

detected positive and comparable expression of CELSR1

in both arterial endothelial cells (HAEC) and venous

endothelial cells (HUVEC). These data suggest a poten-

tial functional involvement of CELSR1 in both HAEC

and HUVEC. In both cell lines, CELSR1 was detected as

two isoforms, a full-length 400-kDa protein and a proteo-

lytic 85-kDa product. A previous study showed that the

400- and 85-kDa isoforms are both present at the cell sur-

face, yet the exact generating mechanism and functional

significance for the smaller CELSR1 isoform remain

unknown [1].

With the confirmation of positive CELSR1 expres-

sion in vascular endothelial cells, we altered the endoge-

nous level of CELSR1 with either TALE technology (for

upregulation) or shRNA (for downregulation). CELSR1

cDNA is approximately 9 kb in length, which is chal-

lenging for cloning and expression studies. In contrast,

TALE is a newly developed tool for targeted genome

engineering. TALE is easy to use and has been widely

applied for a wide variety of genome engineering appli-

cations including transcriptional modulation and

genome editing [14, 23]. Traditional ectopic expression

involves subcloning a target cDNA into a plasmid and

transfecting the plasmid into cells, which can result in

plasmid insertion into random locations within the cellu-

lar genome and is often associated with overexpression at

Fig. 5. CELSR1 is an essential regulator of HAEC migration as detected by the transwell migration assay. The migratory behavior of HAEC

with downregulated or upregulated CELSR1 level was examined by the transwell migration assay. Representative images of the transwell insert

from each group after migration are shown on the left (a), and the quantification of the number of migrated cells per field from three inde-

pendent experiments is shown on the right (b). ** p < 0.001, compared to the corresponding control cells.
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non-physiological high levels. The TALE technique is

more specific and will only introduce a transcriptional

activator into the endogenous promoter of a target gene

and alter the target expression within the physiological

range. Consistently, we found that upregulation of

CELSR1 following TALE-CELSR1 was approximately

fourfold higher than control cells. By upregulating and

downregulating CELSR1 in HAEC, we noticed that both

the 400- and 85-kDa isoforms were altered to similar

extents. Therefore, the functional readouts from this

study represent those from altering both isoforms in the

same direction.

The formation of new vessels requires both endothe-

lial cell proliferation and migration to enable sprout

growth and the formation of a branched network. Here

we demonstrated that reducing the expression of endoge-

nous CELSR1 dramatically mitigated HAEC prolifera-

tion, migration, and endothelial tube formation, where-

as increasing the endogenous CELSR1 expression

enhanced the proliferative, migratory, and vascular net-

work-forming capability of HAEC. These observations,

although all obtained from in vitro analyses, strongly sup-

port CELSR1 as an essential regulator of angiogenesis in

vivo.

Recent studies demonstrated a role of PCP in

endothelial cell proliferation and angiogenesis [4-7].

Genetic approaches have previously shown that Dvl3 is

involved in PCP signaling during gastrulation and that it has

a functionally redundant role during development [4-7].

Interestingly, Dvl3 mutants exhibited craniorachischisis,

which is often associated with PCP signaling disruption.

Using in vitro assays, we report that cooperation of CELSR1

with Dvl3 is required for endothelial cell migration and tube

formation in the Wnt/PCP signaling pathway. Our data fur-

ther demonstrate that CELSR1 may be a major component

of the Wnt/PCP pathway in angiogenesis.

In summary, the present study provides the first evi-

dence of an active angiogenic role for CELSR1 in human

vascular endothelial cells. We found that CELSR1 pro-

motes the in vitro proliferation, migration, and tubuloge-

nesis of HAEC, suggesting its functional significance in

endothelial biology.

Fig. 6. CELSR1 critically regulates in vitro endothelial tube formation. The capability of HAEC with altered CELSR1 expression to form a

tubular network was measured by a tubulogenesis assay on Matrigel. a) Representative images for endothelial tubes formed from indicated

groups of cells. b) Quantification of total tube length in pixels (px), total number of branching points, total number of loops, and total num-

ber of tubes from three independent experiments were compared between different groups; * p < 0.05, ** p < 0.01, *** p < 0.001, compared to

the corresponding control cells.
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Fig. 7. Dvl3 mediates CELSR1-regulated endothelial migration and tube formation. a, b) Migration of indicated cells was measured by tran-

swell migration assay, with represented images of the transwell insert from each group after the migration shown in (a) and the quantification

of the number of migrated cells per field from three independent experiments shown in (b). Knockdown of Dvl3 abolished the migration of

HAEC induced by CELSR1 overexpression, while ectopically expressing Dvl3 in CELSR1shRNA cells significantly boosted the migration.

c, d) Tube formation of indicated cells was examined by tubulogenesis assay on Matrigel, with representative images of tube formation from

each group shown in (c) and the quantification of total tube length in pixels (px), total number of branching points, total number of loops,

and total number of tubes from three independent experiments shown in (d). shDvl3 reduced tubulogenesis in OverCELSR1 cells, while Dvl3

expression significantly increased tube formation in CELSR1-shRNA cells. * p < 0.05, ** p < 0.01, *** p < 0.001, compared to the correspon-

ding control cells.
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