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ABSTRACT

Satisfactory therapeutic strategies for septic shock are still missing. Previously we found elevated
levels of Wnt5A in patients with severe sepsis and septic shock. Wnt5A is released by activated
macrophages but knowledge of its effects in the vascular system remains scant. Here we investigate
the response of human coronary artery endothelial cells (HCAEC) to Wnt5A. We used a genome-
wide differential expression approach to define novel targets regulated by Wnt5A. Gene ontology
analysis of expression profiles revealed clusters of genes involved in actin cytoskeleton remodeling
as the predominant targets of Wnt5A. Wnt5A targeted Rho-associated protein serine/threonine
kinase (ROCK), leading to phosphorylation of LIM kinase-2 (LIMK2) and inactivation of the actin
depolymerization factor cofilin-1 (CFL1). Functional experiments recording cytoskeletal
rearrangements in living cells showed that Wnt5A enhanced stress fiber formation as a
consequence of reduced actin depolymerization. The antagonist Wnt inhibitory factor 1 (WIF1) that
specifically interferes with the WIF domain of Ryk receptors prevented actin polymerization. Wnt5A
disrupted b-catenin and VE-cadherin adherens junctions forming inter-endothelial gaps. Functional
experiments targeting the endothelial monolayer integrity and live recording of trans-endothelial
resistance revealed enhanced permeability of Wnt5A-treated HCAEC. Ryk silencing completely
prevented Wnt5A-induced endothelial hyperpermeability. Wnt5A decreased wound healing
capacity of HCAEC monolayers; this was restored by the ROCK inhibitor Y-27632. Here we show that
Wnt5A acts on the vascular endothelium causing enhanced permeability through Ryk interaction
and downstream ROCK/LIMK2/CFL1 signaling. Wnt5A/Ryk signaling might provide novel
therapeutic strategies to prevent capillary leakage in systemic inflammation and septic shock.
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Sepsis is a systemic inflammatory response of the

organism to an infection. The most serious manifesta-

tions of the disease are severe sepsis and septic shock

with organ dysfunction and profound hypotension.

The pathophysiology is highly complex and includes

deregulation of the immune response, severe coagul-

opathy and endothelial dysfunction.1 A small number

of randomized clinical trials showed improved sur-

vival in septic patients; however three of these have

been disproven in larger studies. The latest example

has been trials with activated protein C, which lead

to withdrawal of the drug from the market.2 Despite

optimized therapies with replacement of organ func-

tion using artificial systems, mortality remains high

with a rate of 40–70%.1 The clinical manifestations of

sepsis have a strong vascular component, predomi-

nantly seen as enhanced vascular leakage due to

endothelial barrier dysfunction.3,4

During systemic inflammation, activated immune

cells communicate with the vascular endothelium by

release of and response to an array of inflammatory

mediators.5 Inflammatory mediators such as tumor

necrosis factor and interleukin (IL)-1 were identified

as responsible for disturbed endothelial function with

increased leukocyte adhesion and transmigration, loss

of control of systemic vascular tone, increased pro-

coagulant activity and pronounced vascular leakage.

Therapeutic trials targeting these inflammatory medi-

ators have not been efficacious in treating human

sepsis.6-8

Recently, Wnt5A was identified as a novel chemokine

highly induced and released following Toll-like receptor

dependent inflammatory activation of human macro-

phages and was found in substantial quantities in sera of

patients with severe sepsis.9,10 Wnt5A is one of the mem-

bers of the Wnt family of secreted lipid modified
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signaling proteins. Wnt5A is capable of sustaining the

inflammatory phenotype of macrophages through an

autocrine mechanism involving Frizzled (Fzd)-5/CaM-

KII signaling. This pathway is a target for anti-inflamma-

tory interventions in human macrophages.9,11

In systemic inflammation and sepsis, inflammatory

mediators secreted by activated immune cells act para-

crinically on endothelial cells.1,12,13 Therefore, Wnt5A

secreted by activated macrophages might act in a similar

manner and contribute to endothelial dysfunction. A

recent report indicates inflammatory activation of vascu-

lar endothelial cells may occur following Wnt5A expo-

sure14 but the exact mechanism by which Wnt5A

contributes to the inflammatory response of vascular

endothelial cells still remain unclear. In the present

study, we applied a genome-wide transcriptome analysis

to define the targets and pathways of paracrine Wnt5A

signaling in our established system of primary vascular

endothelial cells, human coronary artery endothelial cells

(HCAEC).5 IL-1b, a leading inflammatory cytokine in

the vascular system,5,15 was used in parallel as a compari-

son to Wnt5A and a control for integrity and proper bio-

logical function of our HCAEC system. Our study

revealed that Wnt5A principally regulated genes

involved in cytoskeleton rearrangement. This contrasted

with IL-1b, which predominantly affected pathways and

genes associated with an immune response. We found

that Wnt5A critically affects endothelial barrier function

and cell migration. We identified the receptor Ryk and

downstream Rho-associated protein serine/threonine

kinase (ROCK)/LIM kinase-2 (LIMK2)/cofilin-1 (CFL1)

signaling as the pathway responsible for Wnt5A-induced

cytoskeletal changes in HCAEC. Targeting the Wnt5A/

Ryk interaction by either knockdown of Ryk expression

or using the Ryk specific soluble antagonist Wnt inhibi-

tory factor 1 (WIF1) abolished cytoskeletal changes and

endothelial hyperpermeability. Wnt5A/Ryk signaling

might provide novel strategies for therapeutic interven-

tion in systemic inflammation and sepsis.

Results

Differential gene expression profiling reveals that

Wnt5A predominantly affects genes involved in

cytoskeleton rearrangements

To define the genes regulated by Wnt5A treatment in

HCAEC, we performed competitive 2-color differential

gene expression profiling. The transcriptome profiles of

HCAEC treated with Wnt5A for 8 h were compared

with that of untreated cells (cultured in parallel) using

human whole genome oligomicroarrays. Transcriptome

profiling of IL-1b treated HCAEC was performed using

the same approach. The well-defined cytokine IL-1b was

used to compare its inflammatory properties with the

suspected but not elucidated effects of Wnt5A in the

HCAEC system. GeneSpring analysis of the Wnt5A tran-

scriptome in HCAEC revealed 9854 genes, of which 3317

genes were upregulated and 6537 genes were downregu-

lated. GeneSpring analyses comparing Wnt5A and IL-1b

transcriptomes showed that 3188 genes were commonly

regulated by both treatments. The presence of common

targets for Wnt5A and IL-1b points to an inflammatory

action of Wnt5A in HCAEC.

The list of 2 hundred genes highly regulated by

Wnt5A and IL-1b is provided in Tables 1 and 2 of the

Online Supplement. Complete data sets for Wnt5A and

IL-1b are available in the NCBI GEO data repository

with accession number GSE62281.

To identify the biological processes regulated by

Wnt5A or IL-1b in HCAEC, Metacore gene ontology

(GO) analyses were conducted. Using this tool, genes

regulated at least 2-fold in their expression were clus-

tered on the basis of their function to generate statisti-

cally significant cellular pathways.

Gene ontology cluster analysis of genes regulated by

Wnt5A treatment of HCAEC were mainly associated

with cytoskeleton remodeling pathways. The “Cytoskele-

ton remodeling_TGF,WNT and cytoskeletal remodeling”

appeared as the most significant pathway for Wnt5A

Table 1. Genes regulated by both Wnt5A and IL-1b in “Cytoskeleton remodeling_TGF, WNT and cytoskeletal remodeling” and “Cell
adhesion_Chemokines and adhesion” pathways.

Regulation

Gene symbol Accession number Sequence description Wnt5A IL-1b

LIMK2�y NM_001031801 Homo sapiens LIM domain kinase 2 Down Up
LRP5� NM_001291902 Homo sapiens low density lipoprotein receptor-related protein 5 Down Down
MAPK12� NM_002969 Homo sapiens mitogen-activated protein kinase 12 Down Down
MAPK13� NM_002754 Homo sapiens mitogen-activated protein kinase 13 Down Down
MMP1y NM_002421 Homo sapiens matrix metallopeptidase 1 Up Up
PLAU�y NM_001145031 Homo sapiens plasminogen activator, urokinase Down Up
TAB1� NM_006116 Homo sapiens TGF-b activated kinase 1 Down Down

� Genes regulated in “Cytoskeleton remodeling_TGF, WNT and cytoskeletal remodeling” pathway.
y Genes regulated in “Cell adhesion_Chemokines and adhesion” pathway.
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(Fig. 1A), but appeared as only 25th out of 50 pathways

significant for IL-1b (not shown). Genes regulated by

both Wnt5A and IL-1b (Table 1), such as MAPK13 and

LIMK2, were mainly concerned with actin polymeriza-

tion and cytoskeleton remodeling. Among the genes spe-

cifically regulated by Wnt5A (Table 2), ARPC1B and

CFL1 are involved in actin polymerization, CRK is

involved in cell motility and several other genes are

involved in angiogenesis. The “Cell adhesion_Chemo-

kines and adhesion” pathway was the second most statis-

tically significant pathway for Wnt5A (Fig. 1A), but it

appeared as only 45th out of 50 pathways significant for

IL-1b (not shown). In this pathway, Wnt5A-regulated

genes were mainly associated with the cytoskeleton tar-

gets described above. Additionally, FLNA, a gene involved

in branching of actin filaments, was downregulated by

Wnt5A (Table 2).

In contrast to Wnt5A, gene ontology cluster analysis

of genes regulated by IL-1b were mainly associated with

immune response pathways. The “Immune respon-

se_HMGB1/RAGE signaling pathway” and “Immune

response_HSP60 and HSP70/TLR signaling pathway”

were the first and second most significant pathways for

IL-1b in HCAEC (Fig. 1B) which involved the upregula-

tion of NFkB (Table 3). IL-1b significantly upregulated

the expression of inflammatory mediators (IL-6, IL-8,

CCL2; Online Supplement Table 2) and cell adhesion

molecules (ICAM; Table 3) whereas the expression of

these genes was not regulated by Wnt5A. This correlates

with our qRT-PCR and flow cytometry analyses and

thereby confirms that Wnt5A does not regulate the

expression of cell adhesion molecules or proinflamma-

tory cytokines in HCAEC (Online Supplement Figs. 1

and 2).

Wnt5A receptors in HCAEC

We previously described Wnt5A/Fzd5 signaling as an

essential pathway maintaining the production of

inflammatory mediators IL-1b, IL-6 and IL-8 in human

macrophages.9 Since HCAEC did not respond to Wnt5A

stimulation with the production of these “Classical”

inflammatory molecules or adhesion molecules, and Ryk

and Ror2 are other receptors known to be involved in

Wnt signaling pathways,16 we checked which of these 3

receptors (Fzd5, Ryk or Ror2) is responsible for Wnt5A

signaling in HCAEC. Using qRT-PCR, we measured

Fzd5, Ryk and Ror2 mRNAs expressed constitutively

and upon Wnt5A or IL-1b treatment. Wnt5A treatment

did not affect the mRNA levels of Fzd5 (Fig. 2A) or Ryk

(Fig. 2B). In HCAEC treated with IL-1b, Ryk mRNA was

increased approximately 2-fold while no change was

observed in the Fzd5 mRNA level (Fig. 2A). We then

measured Fzd5 and Ryk mRNA transcripts constitutively

expressed in HCAEC. As shown in Figure 2C, Ryk

mRNA expression is greater than 6 times the expression

level of Fzd5 mRNA, the latter being very low. Ror2

mRNA expression was undetectable (data not shown).

Immunofluorescence staining was performed to cor-

roborate this finding and to verify if IL-1b upregulates

Ryk receptor protein in HCAEC. HCAEC constitutively

express substantial amounts of Ryk protein and, consis-

tent with regulation at the mRNA level, HCAEC treated

with IL-1b expressed significantly more Ryk protein

compared with the non-treated cells (Fig. 2D, upper

panel). Constitutive Fzd5 protein expression was scant

and remained unchanged with IL-1b treatment (Fig. 2D,

lower panel). CamKII, which is a downstream compo-

nent of Wnt5A signaling through Fzd receptors9,17 was

not expressed in HCAEC (data not shown).

Wnt5A phosphorylates LIMK2 and CFL1 proteins

through ROCK activation

Wnt5A mainly regulated the functional cluster of genes

involved in endothelial actin cytoskeleton remodeling

including the ROCK downstream targets LIMK2 and

CFL1. LIMK2 is a serine/threonine/tyrosine kinase

Table 2. Genes regulated only by Wnt5A in “Cytoskeleton remodeling_TGF, WNT and cytoskeletal remodeling” and “Cell adhesion_Che-
mokines and adhesion” pathways.

Gene symbol Accession number Sequence description Regulation

AKT2�y NM_001626 Homo sapiens v-akt murine thymoma viral oncogene homolog 2 Down
ARPC1B�y NM_005720 Homo sapiens actin related protein 2/3 complex, subunit 1B Down
CDKN1A� NM_078467 Homo sapiens cyclin-dependent kinase inhibitor 1A Down
CFL1�y NM_005507 Homo sapiens cofilin-1 Down
CRK�y NM_016823 Homo sapiens v-crk sarcoma virus CT10 oncogene homolog (avian) Down
FLNAy NM_001110556 Homo sapiens filamin A Down
MAPK3�y NM_002746 Homo sapiens mitogen-activated protein kinase 3 Down
MAPK11� NM_002751 Homo sapiens mitogen-activated protein kinase 11 Down
MAPK14� NM_139013 Homo sapiens mitogen-activated protein kinase 14 Down
TSC2� NM_000548 Homo sapiens tuberous sclerosis 2 Down

� Genes regulated in “Cytoskeleton remodeling_TGF, WNT and cytoskeletal remodeling” pathway.
y Genes regulated in “Cell adhesion_Chemokines and adhesion” pathway.
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Figure 1. Whole genome expression survey of the inflammatory response of HCAEC to Wnt5A and IL-1b. GO pathway maps of the 10
most significant processes regulated by (A) Wnt5A (250 ng/mL) and (B) IL-1b (20 U/mL). Genes are clustered according to biological pro-
cesses. Pathways represented as histograms are ranked by the –log value (P value). Length of histogram corresponds to the number of
genes associated with that specific pathway.
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which, when phosphorylated by ROCK activation, phos-

phorylates the actin depolymerization factor CFL1.18-20

As Wnt/Planar Cell Polarity signaling involves the acti-

vation of ROCK17 and Wnt5A regulated LIMK2 and

CFL1, we next checked if LIMK2 and CFL1 proteins are

phosphorylated upon treatment with Wnt5A. HCAEC

were treated with Wnt5A and the phosphorylated forms

of both endogenous LIMK2 and CFL1 were detected by

immunofluorescence staining using specific antibodies to

phosphorylated LIMK2 and CFL1. Amounts of fluores-

cent phosphorylated LIMK2 and CFL1 in cells were fur-

ther quantified using Fiji software. Compared with non-

treated cells, a substantial increase in phosphorylated

LIMK2 and CFL1 was observed in HCAEC treated with

Wnt5A for 1 h and 4 h, respectively (Fig. 3A–C).

As LIMK2 and CFL1 are phosphorylated by the acti-

vation of ROCK,18,20 we next checked if inhibiting

ROCK prevents their phosphorylation upon treatment

with Wnt5A. Wnt5A-induced phosphorylation of both

LIMK2 and CFL1 was notably suppressed when HCAEC

were treated with a combination of Wnt5A and the

ROCK-inhibitor Y-27632 (iROCK, Fig. 3A–C).

Functional experiments in living cells reveal actin

stress fiber formation upon Wnt5A treatment

Since ROCK-mediated LIMK2 and CFL1 phosphoryla-

tion causes increased actin fiber bundling and stress fiber

formation,19-21 and Wnt5A induced phosphorylation of

LIMK2 and CFL1, we next checked if Wnt5A causes

actin stress fiber formation. Changes in actin arrange-

ment and F-actin stress fiber formation were recorded in

actin-RFP transduced cells. In non-treated HCAEC, an

accumulation of non-fibrous g-actin in the perinuclear

region was obvious with few thin actin filaments present.

In contrast to this, live actin-RFP showed significantly

increased stress fiber formation in Wnt5A-treated

HCAEC. Similar changes were observed in cells treated

with IL-1b (Fig. 4A).

We then checked if Wnt5A-induced stress fiber for-

mation can be prevented by the Wnt antagonists secreted

Frizzled-related peptide (sFRP) 1 and WIF1. sFRP1, a

member of sFRP family, contains a cysteine-rich domain

homologous to the Wnt binding extracellular domain of

Fzd and Ror receptors. WIF-Wnt binding domains are

homologous to the Wnt binding extracellular domain of

Ryk.16 Treatment of HCAEC with Wnt5A in the pres-

ence of sFRP1 did not prevent Wnt5A-induced F-actin

stress fiber formation, whereas stress fiber formation was

notably decreased when HCAEC were treated with a

combination of Wnt5A and WIF1 (Fig. 4A). This sug-

gests the involvement of Ryk as an upstream receptor for

ROCK in Wnt5A-triggered cytoskeletal rearrangements

in HCAEC. Stress fiber formation induced by IL-1b

remained unaffected by the presence of sFRP1 and WIF1

(Fig. 4A).

Wnt5A disrupts adherens junction proteins

As increased stress fiber formation disrupts the assembly

of b-catenin and VE-cadherin adhesion proteins in

adherens junctions or inter-endothelial junctions,22 we

next checked if Wnt5A disrupts these adhesion proteins

in HCAEC. HCAEC monolayers were treated with

Wnt5A for 8 h and the organization of b-catenin and

VE-cadherin were examined by immunofluorescence

staining. IL-1b treatment served as a positive control in

these experiments. In non-treated cells, b-catenin and

VE-cadherin were regularly distributed along the cellular

periphery and formed tight contacts at cell borders

(Fig. 4B). Upon treatment with Wnt5A, b-catenin and

VE-cadherin were lost specifically at cell borders result-

ing in small holes and separations (gaps) between cells.

Similar effects were observed in HCAEC treated with IL-

1b (arrowheads, Fig. 4B).

Table 3. Genes regulated by IL-1b in “Immune response_HMGB1/RAGE signaling pathway” and “Immune response_HSP60 and HSP70/
TLR signaling pathway.”

Gene symbol Accession number Sequence description Regulation

ATF2y NM_001880 Homo sapiens activating transcription factor 2 Up
CCL4� NM_002984 Homo sapiens chemokine (C-C motif) ligand 4 Up
ICAM1�y NM_000201 Homo sapiens intercellular adhesion molecule 1 Up
IL-1a� NM_000575 Homo sapiens interleukin 1, a Up
MAP2K6�y NM_002758 Homo sapiens mitogen-activated protein kinase kinase 6 Down
NFkB1�y NM_003998 Homo sapiens nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 Up
NFkB2�y NM_001077493 Homo sapiens nuclear factor of kappa light polypeptide gene enhancer in B-cells 2 Up
NFkBIA�y NM_020529 Homo sapiens nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, a Up
NFkBIE�y NM_004556 Homo sapiens nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, epsilon Up
SERPINE1� NM_000602 Homo sapiens serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor type 1), member 1 Up
TLR2�y NM_003264 Homo sapiens toll-like receptor 2 Up

� Genes regulated in “Immune response_HMGB1/RAGE signaling pathway”.
y Genes regulated in “Immune response_HSP60 and HSP70/TLR signaling pathway”.
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Functional experiments targeting the monolayer

integrity by live recording of trans-endothelial

resistance reveal enhanced permeability through

Wnt5A/Ryk signaling

Since Wnt5A disrupted inter-endothelial adherens junc-

tions and induced the formation of intercellular gaps, we

proposed that Wnt5A could impair the barrier functions

and increase the permeability of an endothelial mono-

layer. To prove this, HCAEC monolayers cultured in

8W10EC electrode arrays were treated with Wnt5A and

changes in trans-endothelial electrical resistance of the

endothelial monolayer were recorded in real time by

Electric Cell-substrate Impedance Sensing (ECIS). Upon

treatment with Wnt5A, there was a significant decrease

in the resistance of HCAEC monolayers to alternating

current. The Wnt5A-induced changes in electrical resis-

tivity became significantly evident after 3 h after the

addition of Wnt5A and lasted for more than 10 h. Like-

wise, treatment with IL-1b significantly decreased the

Figure 2. Expression of Fzd5 and Ryk receptors in HCAEC. Expression of mRNA levels of (A) Fzd5 and (B) Ryk in HCAEC treated with
Wnt5A and IL-1b (IL-1b) for 8 h as outlined in Methods. Data were obtained from 3 independent qRT-PCR experiments with duplicate
samples and expressed as the mean § SEM. ��P < 0.01, IL-1b versus untreated. (C) Quantitative ratio of constitutive levels of Fzd5 and
Ryk mRNAs in HCAEC. ���P < 0.001, Ryk vs. Fzd5 by Student’s t-test. (D) Protein expression of Fzd5 and Ryk receptors in HCAEC either
untreated (left panel) or treated with IL-1b (IL-1) for 24 h. Images show immunofluorescence staining using specific antibodies for Fzd5
and Ryk (red), F-actin (phalloidin, green) and nuclei (DAPI, blue). Zeiss Axioskope, original magnification 200x.
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resistance of HCAEC monolayers (Fig. 5A). Our data

indicate that inflammatory activation of HCAEC with

Wnt5A or IL-1b affects endothelial barrier function and

increases monolayer permeability.

Since HCAEC express constitutively high levels of Ryk,

and the Ryk specific Wnt antagonist WIF1 diminished

Wnt5A-induced endothelial stress fiber formation, we

checked if silencing Ryk expression would prevent Wnt5A

induced hyperpermeability of HCAEC monolayers. To

silence Ryk expression, HCAEC were transfected with

Ryk-specific siRNA. Additionally, HCAEC were trans-

fected with highly validated negative control siRNA to

detect off target effects caused by siRNA or transfection

reagents. To prove the efficiency of Ryk knockdown, Ryk

mRNA expression was compared by qRT-PCR in cells

transfected with Ryk-siRNA and in cells transfected with

negative control siRNA. Ryk mRNA expression was

approximately 70% lower in cells transfected with Ryk-

siRNA than in cells transfected with negative control

siRNA (Online Supplement Fig. 3A). Immunofluorescence

staining further confirmed that Ryk-siRNA transfected

HCAEC expressed significantly lower amounts of Ryk

receptor compared with cells transfected with negative

control siRNA (Online Supplement Fig. 3B, 3C). These

results prove that efficient and specific silencing of Ryk

was achieved in HCAEC.

Next, Ryk-silenced HCAEC were seeded onto

8W10EC electrode arrays, treated with Wnt5A or IL-1b

Figure 3. Effects of ROCK inhibition on Wnt5A-induced phosphorylation of LIMK2 and CFL1. Immunofluorescence staining of (A) phos-
phorylated LIMK2 and (B) phosphorylated CFL1 (both in red) and nuclei (blue) in HCAEC treated with either Wnt5A alone or in combina-
tion with the ROCK inhibitor Y-27632 (iROCK) for 1 h and 4 h respectively. Zeiss Axioskope, original magnification 200x. (C) Mean cellular
fluorescent intensities of phosphorylated LIMK2 and CFL1 quantified by ImageJ based Fiji software. pLIMK2, phosphorylated LIMK2;
pCF1, phosphorylated CFL1. ���P < 0.001, Wnt5A versus none and Wnt5A combined with iROCK vs. Wnt5A alone.
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and changes in trans-endothelial electrical resistance were

measured in real time by ECIS. Treatment with Wnt5A

did not alter the resistance of Ryk-silenced HCAEC. In

contrast, IL-1b significantly decreased the resistance of

Ryk-silenced HCAEC (Fig. 5B). This result confirms that

Wnt5A specifically signals through Ryk in HCAEC.

Wnt5A-impaired motility of endothelial cells is

restored by ROCK inhibition

Since Wnt5A induced stress fiber formation and

impaired the barrier function of endothelial mono-

layers, we hypothesized that Wnt5A could also affect

the motility of endothelial cells. An ECIS assisted

wounding assay was used to investigate whether

Wnt5A influences the motility of HCAEC. HCAEC

monolayers on single electrode (8W1E) arrays were

treated with Wnt5A and subjected to electric current

that killed cells in a defined area of the electrode and

created a wound of standard size. The migration of

viable cells to the wounded area was recorded in real

time by ECIS. Treatment with Wnt5A significantly

reduced the number of cells migrating to the

wounded area (indicated by a significant decrease in

impedance) resulting in delayed wound closure. A

similar effect was observed in HCAEC treated with

Figure 4. Actin stress fiber formation and adherens junction disruption in HCAEC in response to Wnt5A and IL-1b. (A) Actin stress fibers
stained by live actin-RFP in HCAEC either untreated (left panel) or treated with Wnt5A (middle panel) or IL-1b (IL-1, right panel), in the
absence or presence of sFRP1 or WIF. Stained cells were captured at 8 h after treatment using a Zeiss Axio Observer.Z1, original magnifi-
cation 400x. (B) Immunofluorescence staining for b-catenin and VE-cadherin (red) in HCAEC treated with either Wnt5A or IL-1b (IL-1) for
8 h. Nuclei are stained blue. Arrowheads point to inter-endothelial gaps. Zeiss Axioskope, original magnification 400x.
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IL-1b whereby cell migration and subsequent wound

closure were significantly affected (Fig. 6A).

We have shown that Wnt5A-induced phosphoryla-

tion of LIMK2 and CFL1 could be suppressed by

inhibiting ROCK. ROCK is involved in a variety of

cellular processes including cell motility, actin cyto-

skeleton rearrangements and cell adhesion.20 There-

fore, we investigated whether inhibiting ROCK

prevents Wnt5A-induced impairment of HCAEC

motility in an ECIS assisted wounding assay. HCAEC

treated with a combination of Wnt5A and the ROCK

inhibitor Y-27632 showed significant increase in cell

motility and faster wound closure compared with

HCAEC treated with Wnt5A in the absence of ROCK

inhibitor. Similar effects were observed in HCAEC

treated with a combination of IL-1b and Y-27632

Figure 5. ECIS barrier function assays in HCAEC. Uniform conflu-
ent monolayers of HCAEC cultured in stabilized and collagen
coated 8W10EC ECIS culture chambers (see Methods and Figure 5
of Online Supplement) were treated with Wnt5A and IL-1b. Resis-
tance of HCAEC monolayers was continuously recorded in Ohms
every 5 min at multiple frequencies ranging from 62.6 Hz to
64 kHz, normalized to its value at time zero, and plotted with
respect to time. Resistance measured from duplicate wells were
grouped and averaged to plot as a single curve with error bars
representing the SD. Data shown are the resistance measure-
ments conducted at 4000 Hz from 4 independent experiments.
(A) Un transfected HCAEC. Black, Untreated; Green, Wnt5A; Pur-
ple, IL-1b. (B) Ryk siRNA transfected HCAEC. Black, Untreated;
Green, Wnt5A; Purple, IL-1b.

Figure 6. ECIS assisted wound healing assay. Uniform conflu-
ent monolayers of HCAEC cultured in stabilized and collagen
coated single electrode 8W1E ECIS culture chambers (Meth-
ods) were treated with Wnt5A and IL-1b either alone or in
combination with the ROCK inhibitor Y-27632 for 3 h. At
time 0 h, a defined wound with a diameter of 250 mm was
created in each of the 8 wells by applying an elevated elec-
tric field at 1400 mA, 60 kHz for 20 sec. Immediately after
wounding, impedance of HCAEC was continuously recorded
in Ohms every 5 min at multiple frequencies ranging from
62.6 Hz to 64 kHz and plotted with respect to time. Data
shown represent the measurements conducted at 4000 Hz
from 4 independent experiments. (A) HCAEC without ROCK
inhibition. Red, Untreated; Purple, Wnt5A; Green, IL-1b. (B)
HCAEC with ROCK inhibition. Black, Control with Y-27632;
Red, Wnt5ACY-27632; Green IL-1bCY-27632.
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(Fig. 6B). This data further indicate that ROCK is

involved in Wnt5A/Ryk signaling in HCAEC.

Discussion

Using a genome-wide expression survey, we character-

ized the targets and determined the biological function

of paracrine inflammatory Wnt5A signaling in a tightly

controlled system of adult human vascular endothelial

cells. Our study reveals that Wnt5A primarily regulates

genes involved in actin cytoskeleton rearrangements in

endothelial cells. We have identified a novel Wnt5A/Ryk

signaling mechanism that targets the ROCK/LIMK2/

CFL1 axis to induce cytoskeleton remodeling and barrier

dysfunction in vascular endothelial cells. Gene expres-

sion profiling of IL-1b performed in parallel showed that

IL-1b mainly regulates genes and pathways associated

with immune responses, thereby confirming previous

findings.5 The response to IL-1b proves the integrity of

biological functions in our HCAEC system.

Our previous study revealed that Wnt5A signals

through Fzd5 to cause inflammatory activation of human

macrophages.9 In this study, we found that HCAEC con-

stitutively express high levels of Ryk, and only trace

amounts of Fzd5 (Fig. 2C and D), thereby suggesting

that Wnt5A could exert its function without upregulat-

ing the level of endogenous Ryk receptors. We further

found that Wnt5A-induced stress fiber formation can be

prevented by WIF1, thereby pointing to the involvement

of Ryk as the receptor for Wnt5A-mediated cytoskeleton

remodeling in HCAEC (Fig. 4A). Additionally, the tran-

scriptome analysis of the current study shows that

Wnt5A downregulates the expression of LRP5 (Table 1).

Since LRP5 acts as a co-receptor for Fzd5 in b-catenin

dependent signaling,17,23 the canonical Wnt/b-catenin

pathway involving Fzd receptors could be repressed by

Wnt5A in HCAEC. This is supported by our finding that

b-catenin remains sequestered on the plasma membrane

of HCAEC after Wnt5A treatment and is not trans-

ported to the nucleus (Fig. 4B) to signal via the b-catenin

pathway. The subsequent functional experiments dem-

onstrate that Wnt5A-induced HCAEC barrier

impairment can be prevented by silencing Ryk expres-

sion, thereby providing direct evidence that Wnt5A sig-

nals through Ryk (Fig. 5). Thus, the present study

identifies a novel b-catenin independent non-canonical

Wnt5A/Ryk signaling mechanism that targets the

ROCK/LIMK2/CFL1 axis to impair barrier function in

human vascular endothelial cells. Ryk is a member of the

family of atypical receptor tyrosine-protein kinases. It

comprises an extracellular Wnt binding domain, a PDZ

binding motif and an intracellular atypical kinase

domain lacking tyrosine kinase activity. Wnt5A/Ryk

signaling has been functionally demonstrated in adult rat

corticospinal axons.24 Moreover, Derailed, a member of

the Ryk family of receptors in Drosophila, has been

described as acting as a receptor for Wnt5A in axon

guidance.25 Furthermore, abundant expression of the

Ryk gene was reported in mouse pulmonary capillary

endothelial cells.26 Data obtained in the present study

indicate that Wnt5A signaling via ROCK activation

induces actin cytoskeletal rearrangements and disrupts

VE-cadherin-mediated intercellular adhesion. The

involvement of Ryk but not other known Wnt receptors

such as Fzd or Ror is further evident from the observa-

tion that Wnt5A-induced actin stress fiber formation

was prevented by the Ryk specific antagonist WIF1,

while sFRP1 was uneffective (Fig. 4A). Previous studies

have already established that inactivation of ROCK and

RhoA prevents endothelial hyperpermeability.27,28

Our study reveals that Wnt5A decreases the motility

of HCAEC and combining Wnt5A with the ROCK

inhibitor Y-27632 restores the migratory capacity of

HCAEC (Fig. 6). This is in full accordance with the pro-

posed model of Wnt5A/Ryk signaling. The reduction in

endothelial cell motility caused by Wnt5A is due to actin

cytoskeleton rearrangements and increased stress fiber

formation (Fig. 4A) induced by ROCK mediated phos-

phorylation of LIMK2 and CFL proteins (iROCK,

Fig. 3A–C).

Our present study further proves that Wnt5A, unlike

IL-1b, does not induce a cytokine storm (IL-6, IL-8,

CCL2; Online Supplement Fig. 1) or cell adhesion mole-

cules (ICAM-1, VCAM-1; Online Supplement Fig. 2) in

endothelial cells as has been reported previously.14 Data

from our genome-wide transcriptome analysis and func-

tional studies indicate that Wnt5A/Ryk signaling in

HCAEC is independent of the induction of any other

inflammatory mediators. The biological integrity of the

cells in our system is proven by the typical inflammatory

response to IL-1b (Online Supplement Figs. 1 and 2). An

interesting observation during the present study is the

induction of Wnt5A by IL-1b on transcriptional and

translational level (Online Supplement Fig. 4). That IL-

1b triggers endogenous Wnt5A production in HCAEC is

in accordance with the concept of immunovascular com-

munication between leukocytes and vascular target cells.

Wnt5A and IL-1b, both produced by inflammatory acti-

vated monocytes and present in serum in systemic

inflammation and sepsis, might act independently and

complementarily to each other on vascular endothelial

cells. This important observation needs to be further

investigated. Wnt5A expression is elevated in sepsis9 and

our present study finds Wnt5A as a critical mediator of

endothelial hyperpermeablity. This warrants further

studies to determine the correlation of Wnt5A levels
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with vascular leakage in appropriate septic animal mod-

els. However, current sepsis animal models fail to mimic

the human disease for a number of reasons, and most of

the highly successful trials in animal models did not

improve patient survival when translated to clinical

settings.12,29

In conclusion, the present study shows for the first

time that Wnt5A/Ryk signaling impairs the barrier func-

tions and affects the wound healing of a damaged mono-

layer of human vascular endothelial cells. This suggests

that Wnt5A, secreted by activated macrophages during a

systemic inflammatory response, could cause capillary

leakage and subsequent edema in severe sepsis. Restoring

vascular integrity along with reducing edema is an estab-

lished factor that improves the prognosis of septic shock.

Considering the essential role for Rho/ROCK in Wnt5A

signaling in adult human vascular endothelial cells, ther-

apeutic approaches targeting the Wnt5A/Ryk/ROCK sig-

naling pathway would probably improve the prognosis

of sepsis.

Materials and methods

Cell culture

HCAEC (Clonetics, Lonza) were propagated in EBM-2

medium (Clonetics, Lonza) supplemented with EGM-

2MV Single Quots with 5% FBS (Clonetics, Lonza) as

described.5 Cells were cultured under standard condi-

tions (37�C, 5% CO2, 80% humidity) in a Class 100

HEPA air filtered system (SteriCult, Fisher Scientific). To

avoid masked low-level contamination in cultures, cul-

ture medium without antibiotics was used throughout

the study. In experimental settings, cells from passages 3

to 6 were used and serum concentration of the medium

was reduced to 2% FBS. HCAEC were treated with

recombinant human/mouse Wnt5A (250 ng/mL; CHO-

derived Gln38-Lys380, purity > 80%, endotoxin level <

1.0 EU/mg of protein; Cat. No. 645-WN, R&D systems),

recombinant human IL-1b (20 U/mL; purity > 98%;

PeproTech), recombinant human secreted Frizzled-

related peptide (sFRP) 1 (10 mg/mL; purity > 95%; Cat.

No.1384-SF, R&D systems), recombinant human WIF1

(15 mg/mL; purity > 97%; Cat. No. 1341-WF-050, R&D

systems). For all pipetting steps, Biopure ep Dualfilter T.

I.P.S. sterile filter tips (Eppendorf) were used.

RNA isolation and quantitative Real Time-PCR

(qRT-PCR) analyses

RNA isolation and qRT-PCR were performed as

described9 with the following modifications and primers.

RNA was reverse transcribed into cDNA using

TaqMan� Kit (Applied Biosystems). qRT-PCR was per-

formed using Fast SYBR� Green Master Mix and a 7500

Fast Real-Time PCR System (Applied Biosystems). Rela-

tive quantification analyses were performed with HPRT

gene as endogenous control using RQ Study SDS soft-

ware v1.4 (Applied Biosystems). Sequence specific PCR

detection primers used for Wnt5A, IL-6, IL-8, HPRT,

MCP-1, ICAM-1, Ryk and Fzd5 are as follows: Wnt5A

forward, 50-AGT TGC CTA CCC TAG C-30; Wnt5A

reverse, 50-GTG CCT TCG TGC CTA T-30; IL-6 for-

ward, 50-CCT GAC CCA ACC ACA AA-30; IL-6 reverse,

50-AGT GTC CTA ACG CTC ATA C-30; IL-8 forward,

50-AGA CAG CAG AGC ACA CAA GC-30; IL-8 reverse,

50-ATG GTT CCT TCC GGT GGT-30; HPRT forward,

50-CCA GTC AAC AGG GGA CAT AAA-30; HPRT

reverse, 50-CAC AAT CAA GAC ATT CTT TCC AGT-

30; MCP-1 forward, 50-CAG CCA GAT GCA ATC AAT

GC-30; MCP-1 reverse, 50-GTG GTC CT GGA ATC

CTG AA-30; ICAM-1 forward, 50-TTG GAA GCC TCA

TCC G-30; ICAM-1 reverse, 50-CAA TGT TGC GAG

ACC C-30; Ryk forward, 50-TGC CCT CTC CAG AGA

CTT GT-30; Ryk reverse, 50-CAT CTC GAA GGG GTC

AAT GT-30; Fzd5 forward, 50-CT CGA CAT GGA ACG

C-30; Fzd5 reverse, 50-CGT GAT GGA CTT GAC GC-30.

Temperature cycling conditions of the PCR were as fol-

lows; an initial denaturation step (10 min, 95�C) fol-

lowed by 40 cycles of denaturation (15 sec, 95�C),

annealing (30 sec, 55�C), and extension (30 sec, 72�C).

Constitutively expressed mRNA levels of Fzd5 and

Ryk in HCAEC were calculated by the 1/DCt method

and values were given as arbitrary units.

Microarray based differential gene expression

profiling

Gene expression profiling by competitive 2-color hybrid-

ization of cRNA probes onto 4 £ 44K Human Whole

Genome Oligonucleotide microarrays (Agilent Technol-

ogies) was performed as described.30 Briefly, total RNA

was isolated using RNeasy Mini Kit (Qiagen). Total

RNA was quantified by Nanodrop spectrophotometry

and RNA integrity was confirmed using the Agilent 2100

Bioanalyzer System (Agilent Tech.). Only RNA samples

with a RNA integrity number (RIN) >9 were used for

microarray experiments. From each sample, 500 ng of

total RNA was reverse transcribed and labeled with Cy3-

and Cy5-CTP using the 2-color Quick Amp Labeling Kit

(Agilent Tech.), containing internal control probes and

spike in’s (labeled Spike A mix with Cy-3 and Spike B

mix with Cy-5) for control of reaction performance and

background normalization of arrays. cRNA fragmenta-

tion and hybridization onto the Human GE 4£44K V2

Microarray chips were performed as per the Quick Amp
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Labeling protocol (Agilent Techno., version 5.7, 2008).

To avoid ozone-induced deterioration of cyanine dyes,

array chips were washed with stabilization and drying

solution (Agilent Tech.).

Microarray data analyses

Scanning, feature extraction and preprocessing including

data normalization of the microarrays were done by

Microarray Scanner and Feature Extraction Software

10.7 (Agilent Tech. Inc.) with default settings for Agilent

4 £ 44 K 2-color arrays. The preprocessed data was fur-

ther analyzed using GeneSpring GX 9.0 Software (Agi-

lent Tech. Inc.) with default settings for 2-color arrays

using fold change cutoff of 1.5. Gene ontology analysis

was performed using Metacore GeneGO software

(Thomson Reuters, http://portal.genego.com). Genes

regulated � 2-fold in their expression and satisfying a P

value < 0.05 were grouped into pathways according to

their biological functions and gene ontology classes.

Immunofluorescence staining

HCAEC were cultured in 4-chamber culture slides

coated with rat tail collagen type I (diluted 0.01% in ster-

ile pyrogen-free water; BD Biosciences). To stain for the

adherens junction proteins b-catenin and VE-cadherin,

HCAEC were grown to a confluent monolayer. After

treatment with the stimuli indicated, cells were fixed

with 4% formalin in PBS (in case of detecting adherens

junction proteins) for 20 min or with a mixture of ace-

tone and methanol (1:1) for 5 min (in case of Fzd5, Ryk

and Wnt5A detection). Slides were washed 3 times with

PBS (pH 7.4) at room temperature (RT). Slides were

treated with blocking solution containing 10% goat

serum and 1% BSA in PBS for 1 h at RT in case of sec-

ondary antibodies derived from goat. Rabbit blocking

solution (10% rabbit serum and 1% BSA in PBS) was

used in case of secondary antibodies derived from rabbit.

Slides were again washed with PBS at RT and incubated

with primary antibodies diluted in blocking solution at

4�C overnight. The following antibodies were used for

immunofluorescence: goat-anti-Wnt5A (1:50; Cat. No.

AF645, R&D Systems), rabbit-anti-Ryk (1:500; Product

No. Ab5518, Abcam), rabbit-anti-Fzd5 (1:100; Product

No. Ab14475, Abcam), rabbit-anti-b-catenin (1:150;

Product No. 9562, Cell Signaling Technology), rabbit-

anti-VE-cadherin (1:100; Product No. 2158, Cell Signal-

ing Technology), rabbit-anti-phosphorylated LIMK2

(1:300; pT505; Product No. Ab131343, Abcam), rabbit-

anti-phosphorylated CFL1 (1:500; pS3; Product No.

Ab100836, Abcam). After three washes with PBS at RT,

slides were incubated with Alexa 568 labeled goat anti-

rabbit or rabbit anti-goat secondary antibodies (1:2000;

Molecular Probes, Invitrogen) depending on the first

antibody’s species. Incubations with secondary antibod-

ies were combined with Alexa Fluor 488 Phalloidin

(1:80; Molecular Probes, Invitrogen) for 1 h at RT in the

dark. After three washes with PBS at RT, slides were

counterstained with 10 mg/mL diamidino-phenylindole

(DAPI; Sigma-Aldrich) and mounted using ProLong

Gold AntifadeR (Life Technologies). Images were cap-

tured by Axioskope microscope equipped with an Axio-

Cam MRm digital camera using AxioVision Rel.4.6 soft-

ware (Carl Zeiss). The intensity of cellular fluorescent

signals was quantified from 5 different positions (areas;

20 cells/area) of the respective fluorescent images cover-

ing approx. 90% of total cells in the field using ImageJ

based Fiji software (Fiji is Just ImageJ) and corrected for

background fluorescence.

Live cell imaging of actin

HCAEC grown in rat tail collagen type I coated optical

96 microwell culture plates (Thermoscientific) were

transduced with CellLight Actin-RFP probe (Cat. No.

C10583, Life Technologies) as per manufacturer’s

instructions. Cells were treated with Wnt5A or IL-1b

alone or in combination with either sFRP1 or WIF1 for

8 h. Images of the cultures were captured with an Axio

Observer.Z1 inverted microscope equipped with Axio-

Cam MRm digital camera using ZEN 2012 software

(Carl Zeiss).

Endothelial barrier function assays

The response of endothelial barrier to a particular stimu-

lus can be assessed non-invasively in a fully standardized

manner by continuously recording changes in trans-

endothelial electric resistance using Electric Cell-sub-

strate Impedance Sensing (ECIS).31,32 Endothelial barrier

function was recorded in real-time using the ECIS Z

Theta system (Applied Biophysics) with associated soft-

ware v.1.2.126 PC, as described33 with the following

modifications. 8W10EC electrode chamber arrays were

equilibrated with EBM-2 basal medium (Clonetics,

Lonza) for 24 h and coated with rat tail collagen type I

(diluted 0.01% in sterile pyrogen-free water; BD Bio-

sciences) for 12 h. Then HCAEC in EGM2MV complete

medium (Clonetics, Lonza) were added to the wells with

a density of 80,000- 90,000 cells/well and grown up to

24 h to form dense monolayers (Supplemental Fig. 5).

Treatments were then conducted by replacing the

medium with fresh medium without or with stimuli

(Wnt5A, IL-1b). Measurements were conducted at mul-

tiple frequencies ranging from 62.6 Hz to 64 kHz.
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8W10EC contains 40 electrodes per each of its 8 wells

that traced the cells at 40 different locations in each well

and averaged the measurements.

ECIS assisted cell migration assay

Motility/wound healing assays were performed in ECIS

single electrode arrays as described34 with the following

modifications. 8W1E single electrode chambers were

equilibrated with EBM-2 basal medium (Clonetics,

Lonza) for 24 h and coated with rat tail collagen type I

(BD Biosciences) for 12 h. HCAEC in EGM2MV com-

plete medium (Clonetics, Lonza) were added to the wells

with a cell density of 80,000-90,000 cells/well. To attain

confluent HCAEC monolayers, single electrode array

chambers were further incubated for up to 24 h. Stimuli

were then added as described above for barrier function

assays. 3 h after stimulation, wounding was activated

with default conditions for 8W1E arrays (1400 mA,

60000 Hz, for 20 sec). This fully standardized method

produces a highly reproducible wound with an exact

diameter of 250 mm surrounded by undamaged living

cells in 8W1E chambers. After wounding, impedance

was continuously recorded to observe the migration of

cells and formation of confluent monolayer within the

defined wounded area.

Ryk silencing

Specific and functionally validated small interfering RNA

(siRNA) against human Ryk (Hs-RYK-9, Cat No.

SI02223074) was obtained from Qiagen. To control for

“off target” effects of siRNAs, validated AllStars negative

control siRNA (Qiagen) with no homology to any mam-

malian gene was used. For knockdown of Ryk expres-

sion, transfection complexes formed of Ryk-siRNA

(5 nM) and 6 mL/mL HiPerFect Transfection reagent

(Qiagen) in EBM-2 basal medium were added to 80%

confluent cultures of HCAEC in 24-well plates in a total

volume of 500 mL/well. After 24 h of incubation, trans-

fected cells were split using Trypsin EDTA, seeded onto

collagen coated 6 well plates, retransfected for a second

round as above and incubated until the cells attained

90% confluency. At this stage, cells were either stimu-

lated with Wnt5A or IL-1b for 8 h and lysed (for qRT-

PCR analyses) or trypsinized and transferred into colla-

gen-coated 8W10EC arrays (for ECIS barrier function

measurements). Alternatively, HCAEC after one round

of Ryk-siRNA transfection were harvested by trypsiniza-

tion and seeded into collagen-coated BD Falcon 4 cham-

ber culture slides (BD Biosciences). There, a second

round of Ryk-siRNA transfection was performed as in

24-well plates. After growing to a confluent monolayer,

cells were fixed for immunostainings. Stimulations were

carried out in complete EGM medium with 2% FBS

devoid of transfection complexes.

ROCK inhibition

To inhibit ROCK activity, Y-27632 (Cat. No. 688000,

Calbiochem; Millipore) was used35 at an optimal concen-

tration for this system of 10 mmol/L. HCAEC were incu-

bated in medium containing Y-27632 (10 mmol/L) alone

or in combination with either Wnt5A or IL-1b for 1 h

and 4 h.

Flow cytometry

HCAEC stimulated with Wnt5A, IL-1b or combination

of these 2 agents for 24 h were trypsinized and resus-

pended in PBS supplemented with 0.1% BSA (sample

buffer) such that cell density did not exceed more than

105 cells/tube. Cells were incubated on ice with directly

labeled mouse antibodies against human VCAM-1

(CD106, fluorescein isothiocyanate label, BD pharmin-

gen), ICAM-1 (CD54, phycoerithrin labeled, BD phar-

mingen), E selectins (CD62E, allophycocyanin label, BD

pharmingen) and human integrin b1 chain (CD29, allo-

phycocyanin label, BD pharmingen) at a final concentra-

tion of 2 mg/ml. Isotype controls were performed using

mouse IgG polyclonal antibodies. After washing twice

with FACS buffer, samples were analyzed using FACS

CantoII cell sorting system (BD Biosciences, Allschwil,

Switzerland). Cells were gated according to their forward

and sidescatter pattern, at least 10’000 gated events were

acquired for analysis. The fluorescence intensity of corre-

sponding samples labeled with the isotype control anti-

body was used to set the individual threshold of antigen

positivity. Data were analyzed using FlowJo 7.2.5

software.

Statistical analysis

Data were analyzed using GraphPad Prism software ver-

sion 5.04 (GraphPad Software, San Diego, CA). An

unpaired 2-tailed Student’s t-test or for comparison of

data among groups, 1-way ANOVA followed by the

Newman-Keuls test was used and differences were con-

sidered statistically significant at P < 0.05.

Abbreviations

CFL1 cofilin-1

ECIS Electric Cell-substrate Impedance Sensing
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Fzd Frizzled

HCAEC human coronary artery endothelial cells

IL interleukin

LIMK2 LIM kinase-2

qRT-PCR quantitative Real Time-PCR

ROCK Rho-associated protein serine/threonine

kinases

sFRP secreted Frizzled-related peptide

WIF1 Wnt inhibitory factor 1
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