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Abstract

Background: The vascular endothelium maintains tissue-fluid homeostasis by controlling the 

passage of large molecules and fluid between the blood and interstitial space. The interaction 

of catenins and the actin cytoskeleton with vascular endothelial (VE)-cadherin is the primary 

mechanism for stabilizing adherens junctions (AJ), thereby preventing lung vascular barrier 

disruption. Here, we evaluated the role of DOCK4, an atypical Rho family GTPase guanine 

exchange factor (GEF) in vascular function.
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Methods: We generated mice deficient in DOCK4 and used DOCK4 silencing and reconstitution 

approaches in human pulmonary artery endothelial cells and used assays to evaluate protein 

localization, endothelial cell permeability and small GTPase activation.

Results: Our data show that DOCK4 deficient mice are viable. However, these mice have 

hemorrhage selectively in the lung, incomplete smooth muscle cell coverage in pulmonary vessels, 

increased basal microvascular permeability, and impaired response to sphingosine 1-phosphate 

(S1P) induced reversal of thrombin-induced permeability. Consistent with this, DOCK4 rapidly 

translocates to the cell periphery and associates with the detergent insoluble fraction following 

S1P treatment and its absence prevents S1P induced Rac-1 activation and enhancement of barrier 

function. Moreover, DOCK4-silenced pulmonary artery endothelial cells exhibit enhanced basal 

permeability in vitro that is associated with enhanced Rho GTPase activation.

Conclusions: Our findings indicate that DOCK4 maintains AJs necessary for lung vascular 

barrier function by establishing the normal balance between RhoA and Rac1-mediated actin 

cytoskeleton remodeling, a previously unappreciated function for the atypical GEF family of 

molecules. Our studies also identify S1P as a potential upstream regulator of DOCK4 activity.
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BACKGROUND

Vascular permeability is actively regulated to maintain water and protein balance between 

the extra- and intra- vascular compartments while enhanced leakage in post-capillary 

venules and capillaries is a hallmark of sterile and pathogen mediated inflammation that 

can lead to multi-organ failure 1,2. The endothelium plays a vital role in maintaining 

barrier function. The predominant pathway of endothelial permeability to macromolecules 

is through adherens junctions (AJs) that are present at cell-cell contacts. Regulation 

of vascular permeability through this paracellular route depends on actin-based systems 

that communicate with junctional molecules, such as VE-cadherin via intracellular linker 

proteins (e.g. catenins and adaptor molecules). Changes in the actin cytoskeleton are 

primarily controlled by small GTPases 3. Members of the Rho family of small GTPases 

regulate junction dynamics: Rac is required for maintaining basal permeability, Rho 

has been linked to gap formation associated with permeability-inducing proinflammatory 

agonists, thrombin, bradykinin or histamine and cdc42 is required for junctional re-closure 

following agonist induced permeability 1 .

The small GTPases cycle between an inactive GDP-bound and an active GTP-bound state 
4 . Diverse cell surface receptors control this cycle through the regulation of guanine 

nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs), which activate 

or inactivate the small GTPases, respectively. Conventional GEFs, characterized by Dbl 
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homology-pleckstrin homology domains that are critical for GDP/GTP exchange activity 

are the largest family of direct activators of Rho GTPases numbering up to 70 members 5 

and have been implicated in vascular development 6–8. For example, Tiam, Prex and Vav2 

promote endothelial barrier function by activating Rac and maintaining vascular barrier 

function after PAF-induced inflammation 6,9–12. The CDM (CED-5, Dock180, Myoblast 

city) family of GEFs, which is comprised of 11 members in humans, contain a catalytic 

DHR2 domain in their C-terminal region 13,14 that is divergent within the family. The 

more common DHR1 domain located in the N-terminus interacts with the membrane 

phospholipid, phosphatidylinositol (3,4,5)-trisphosphate to mediate signaling and membrane 

localization 15,16 of DOCK proteins, important for their effects on the cytoskeleton 17–19. 

DOCK proteins interact with ELMO proteins to form functional complexes for GTPase 

activation with the distinctive feature of activating Rac and/or Cdc42 but not Rho family 

members 20. These atypical GEFs regulate multiple processes, including lymphocyte 

migration, cell migration, apoptotic-cell engulfment, and tumor invasion 21–25. Roles for 

CDM family members in endothelial and vascular function are beginning to emerge 20. 

Dock180/Elmo1 facilitates angiogenesis by protecting endothelial cells from apoptosis via a 

Rac1/PAK/AKT signaling cascade 26 and promoting endothelial cell migration 27. A recent 

paper reports that DOCK4 deficiency results in embryonic lethality and heterozygous mice 

have altered vessel lumen size in tumor models that is attributed to a role for DOCK4 in 

interacting with the cdc42 GEF DOCK9 to promote filopodial protrusions 28.

Different GEFs coordinate the activation of endothelial small GTPases downstream of 

several extracellular stimuli, including sphingosine-1-phosphate (S1P), Angiopoietin1 and 

β-adrenergic receptor agonists, which regulate tonic endothelial barrier properties 29,30. S1P, 

a metabolic product of sphingomyelin that is present at high levels in the blood mediates 

barrier function via Rac GTPases. It signals through widely expressed G protein-coupled 

receptors (GPCR) (S1PR1- S1PR5) to regulate diverse cellular functions in the vascular 

system. Knockdown of S1P1 in cultured endothelial cells reduces expression of adhesion 

molecules such as CD31 and VE-cadherin 31. Disruption of the S1P/S1PR1 axis in mice 

results in increased vascular leakiness and mortality 32,33. Endothelial-specific S1PR1 

knockout mice exhibit vessel leakiness in several organs 34 including the lung 35,36. On 

the other hand, S1P induced S1PR1 activation rescues endothelial cell-barrier function after 

thrombin treatment 37,38.

Here, we generated mice deficient in Dock4 and used silencing approaches in human 

cultured endothelial cells to show that DOCK4 is dispensable for embryo viability and for 

tumor induced angiogenesis. On the other hand, we demonstrate that DOCK4 is critical for 

basal and S1P induced endothelial barrier function in the lung and identify dysregulation of 

Rho GTPases in the absence of DOCK4 as the underlying mechanism.

METHODS

The authors declare that all supporting data are available within the article.
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Mouse strains.

All animal studies were approved by the Institutional Animal Care and Use Committee. 

Briefly, Dock4 deficient mice were generated using a standard Cre-LoxP recombination 

strategy. The targeting vector included Exons 3 and 4 of Dock4, a 1.6 kb homology region 

upstream of Exon 3 and a 1.7 kb homology region downstream of Exon 4. A Neo cassette 

flanked by FRT sites was inserted 3′ of Exon 4 and LoxP sites were placed 5′ of Exon 

3 and 3′ of the Neo cassette. Cre recombination results in a frameshift that generates a 56-

amino acid truncated N-terminal sequence including 15 amino acids of nonsense sequence 

before a stop codon. A PGK-diphtheria toxin cassette was used for negative selection. 

The construct was electroporated into JM8.N4 embryonic stem cells. A PCR strategy was 

used to screen for correct integration of the transgene cassette in embryonic stem cells 

and a clone with the desired homologous recombination was used for pronuclear injection 

into C57 Albino (B6(Cg)-Tyrc-2J/J) blastocysts. Chimeric animals were bred to C57BL/6J 

wild-type (WT) mice to determine germline transmission. Founder lines carrying the Dock4 

floxed allele were bred to VE-cadherin:tetracycline-regulated transactivator (tTA)/C57Bl/6J 

mice 39 and tet-O-cre/C57Bl/6J mice (The Jackson Laboratory, Bar Harbor, ME) for 

recombination of LoxP sites. Although VE-cadherin based CRE recombinase strategies 

are frequently used for endothelial restricted deletion 40, VE-cadherin exhibits epithelial 

cycle stage–specific expression in the Sertoli cells and in differentiating spermatids at 

stage II and elongated spermatids of mouse testes 41,42. This leads to expression of 

CRE-recombinase in the spermatids of VE-Cad/Tet-O-Cre mice and thus the generation 

of global knock-out alleles that are passed onto the offspring as we also describe in another 

conditional knock-out animal 43. Dock4 knockout (Dock4−/−) animals were viable, born 

at the expected mendelian ratios and grew without gross developmental defects. The PCR 

strategy to determine correct location of targeted allele and WT, Dock4 floxed and Dock4 

knockout mice is as follows: P1- aggccaaggaaggaaaactc, P2- cagcctgcggagaaataatc where 

P1 and P2 recognizes WT and floxed animal, 5’Rec- gctggccaggcacttgatgc and 3’Rec- 

ctgctggccacaggcttccc recognizes knock-out allele after cre, 3’F-aggaacttcatcagtcaggtaca 

and 3’R-agacaatgtgcctcctctgg recognizes correct 3’ location of targeted allele and 5’F-

gatggtgcccctgaagttgagtagc and 5’R- tacgaagttatcccgggtgtgc recognizes correct 5’ location 

of targeted allele. WT and Dock4−/− mouse colonies were generated from independent 

breedings and maintained on a C57Bl/6J background. Age matched males and females 

between 12–30 weeks old were used for all experiments except for pulmonary hemorrhage, 

where initial observations made in both sexes were confirmed and analyzed histologically 

only in females due to their availability.

Pulmonary hemorrhage.

Four-micrometer sections of formalin fixed FFPE tissue were stained with hematoxylin-

eosin by standard techniques. Individual H&E-stained sections from one intact lung of 

WT and Dock4−/− female mice were imaged at 0.23 µm/pixel (40X-equivalent resolution) 

using a Hamamatsu S360 bright field whole slide imager. Peribronchial hemorrhage was 

determined by quantifying the fraction of small bronchioles (~50–150µm in luminal 

diameter) with red blood cells within their lumen or in adjacent alveolar space. Diffuse 

hemorrhage into intra-alveolar space not adjacent to bronchi was also estimated on a scale of 

trace, 1+, 2+ and 3+.
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Lung vascular permeability.

WT and Dock4−/− mice were anesthetized with an i.p. injection of ketamine (100 mg/kg) 

and xylazine (2.5 g/kg). S1P and PAR-1 treatments were as described 38. Briefly, PAR1 

agonist peptide (TFLLRN-NH2) (1 mg/kg body weight) or control (PBS) were administered 

via the retroorbital route. After 15 minutes, 50μl of S1P (final concentration 1 μmol/L in 4% 

BSA solution) or vehicle (4% BSA) was given i.v. After an additional 45 min, the left lobe 

was excised, weighed, completely dried in a 60 °C oven overnight and then weighed again to 

determine the lung wet–dry ratio.

Lung microvessel permeability.

Evans blue–conjugated albumin (20 mg/kg) was injected retro-orbitally 30 minutes before 

sacrificing the mice to assess vascular leak. Mice from WT and Dock4−/− were perfused 

with 50mM sodium citrate, pH 3.5 to preserve Evans blue binding to albumin. Relevant 

organs were excised and rinsed with phosphate-buffered saline (PBS; 1.44 g of Na2HPO4, 

0.24 g of KH2PO4, 8.0 g of NaCl, and 0.20 g of KCl in 1 L, pH 7.4). Organs were blotted 

with tissue, and each organ was cut in half and weighed (wet weights, in g). One half of 

the tissue was dried in the oven at 60 °C overnight. The other tissue half was placed in a 

consistent volume (up to 200 µL) of formamide in a microfuge tube for 48 h (and up to 72 h) 

to extract the Evans blue. Absorbance max of Evans blue was read at OD620.

Tracer Injection Experiments.

Lung and brain tracer leakage experiments were performed as described 44,45. Mice were 

injected i.v. with Alexa Fluor 555–cadaverine (6 μg/g; Invitrogen). After 2 h, mice were 

anesthetized and perfused for 7 min with ice-cold PBS (pH 7.4), and lungs and brains were 

removed. After dissection, the left lobe and the cerebral hemispheres were weighed and 

homogenized with 1% Triton X-100 in PBS. Lysates were centrifuged at 12,000 × g for 

20 min at 4 °C, and the supernatant was used to quantify fluorescence (excitation/emission 

540/590nm; SpectraMax M2e; Molecular Devices). The relative fluorescence values were 

normalized by the lung and brain weights.

Colloidal Carbon deposition, Image acquisition and Analysis.

Lung permeability was evaluated using colloidal carbon (ink) 46. Mice were injected i.v. 

with 100 µL of waterproof ink solution (1:4 in PBS, Higgins) and 20 minutes later animals 

were sacrificed and perfused through the right ventricle with PBS containing 10mM EDTA. 

Lungs were then inflated via the trachea with 300ul of an OCT-PBS solution (1:1) and 

lung lobes were excised, embedded in OCT and snap frozen. 10µm cryostat sections were 

obtained and imaged to assess ink deposition. One unstained section of lung from each 

Dock4−/− and wild-type mouse was imaged using an Olympus BX51 brightfield microscope 

with Nomarski interference optics and a 40X objective. Colloidal carbon deposits less than 

50 µm in greatest dimension were counted in 5 randomly selected fields in each section.

Lung immunostaining.

10µm-sections of lung specimens were cut with a cryostat (Leica Microsystems) and fixed in 

cold acetone for 10 min. Sections were stained with goat anti-mouse CD31 antibody (1:100, 
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Novus Biologicals, AF3628) and FITC-conjugated alpha-smooth muscle actin antibody 

(1:100, Sigma, F3777) followed by secondary Alexa Fluor 594-conjugated antibody (1:100, 

Life Technologies, A11058) to detect CD31 antibody staining. Slides were covered with 

mounting medium containing DAPI (Vector Laboratories). One section of immunostained 

lung from each of three Dock4−/− and three wild type mice was imaged (DAPI, FITC, 

TRITC) using MiraxScan 150 (3DHISTECH) (0.46 µm/pixel) and Olympus VS120 (0.32 

µm/pixel) whole slide imagers. Blood vessels of 20–200µm in greatest cross-sectional 

dimension that stained with CD31 (Alexa-594) were selected and the coverage of each 

vessel’s perimeter by SMA (Alexa-488) was assigned visually to one of five 5 categories: 

1) 0–25%, 2) 26–50%, 3) 51–75%, 4) more than 76% but less than 100% and 5) 100%. 

Between 7 and 22 vessels were quantified from one lung of each mouse.

B16F10 tumor implants and immunostaining.

B16F10 cells were cultured in vitro in DMEM/high glucose supplemented with 10% 

fetal calf serum and maintained at sub-confluent density. Mice were anesthetized with an 

intraperitoneal injection of a ketamine/xylazine cocktail (90 mg/kg ketamine, 10 mg/kg 

xylazine), shaved and injected in the flank subcutaneously with 2×105 tumor cells in 100 

ul HBSS. Tumors were measured with a caliper every 1–2 days and tumor volume was 

calculated using an ellipsoid volume formula (1/2xDxd2; height is difficult to measure) 

where “D” and “d” are the longer and shorter diameter respectively47,48. After 14 days, 

tumor implants were dissected from subcutaneous tissue and skin and paraffin blocks were 

prepared as above. Prior to immunostaining 5-μm sections on glass slides were immersed 

in a modified citrate buffer, pH 6.1 (DAKO Cat. No. S1699) in a steam environment 

for epitope retrieval. Tissue sections were permeabilized with 0.5% Tween 20 in PBS, 

blocked with 10% donkey serum in PBS and immunostained using goat anti-CD31 primary 

antibody (R & D Systems, AF3628) followed by Alexa-488-conjugated donkey anti-goat 

secondary antibody (Invitrogen A-11055). DNA was visualized with DAPI. Images (512 

× 512-pixel single image planes) of DAPI and 488 fluorescence were obtained using an 

Olympus FV1000 confocal microscope with a 20X objective (0.248 µm/pixel). One image 

was obtained from randomly selected regions of four separate tissue sections of each tumor 

implant in WT mice and Dock4 deficient mice. Fiji (2.0.0-rc-68/1.52E Build: bad6864455) 

was used to extract Tiff images from Olympus oib files and to perform the following 

steps using a macro applied to the 488 channel image data: run(“Subtract Background...”, 

“rolling=50”); run(“Median...”, “radius=2”); setAutoThreshold(“Otsu dark”); run(“Convert 

to Mask”); run(“Fill Holes”); run(“Set Measurements...”, “area perimeter shape skewness 

area_fraction redirect=None decimal=3”); run(“Analyze Particles...”, “display clear add”); 

saveAs(“Results”);

CD31-positive areas representing vascular spaces up to 500 µm2 from WT and DOCK4-

deficient mice were compared.

Plasma S1P analysis.

Plasma S1P was extracted according to Engelbrecht et al 49. Briefly, Plasma aliquots (5 

or 10 µL) were first diluted to 100 mL with TBS Buffer (50 mM Tris-HCl pH 7.5, 0.15 

M NaCl). Extraction of S1P was done by adding 100 mL precipitation solution (20 nM 
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D7-S1P in methanol) followed by 30 s of vortexing. Precipitated samples were centrifuged 

at 18,000 rpm for 5 min and supernatants were transferred to vials for LC-MS/MS analysis 

using Q Exactive mass spectrometer coupled to a Vanquish UHPLC System (Thermo Fisher 

Scientific).

Endothelial cell culture.

Human pulmonary artery endothelial cells (HPAEC) (LONZA) were cultured in a T-75 flask 

coated with 0.1% gelatin in EBM-2 medium supplemented with 10% fetal bovine serum and 

maintained at 37°C in a humidified atmosphere of 5% CO2 and 95% air until they formed a 

confluent monolayer as described 50.

Cell transfection and Lentiviral transduction.

DOCK4 siRNA sense 5’ GGAUGCAUACUAAUAUUUtt 3’ and anti-sense 5’ 

AAAUAUUUAGUAUGCAUCCca or control siRNA sequences were transduced into cells 

as described 50. Briefly, HPAEC grown to 70% confluence were trypsinized and mixed 

with 300nM of siRNA along with 100 μl of HCAEC nucleofector solution. Cells were 

electroporated with an Amaxa (LONZA) nucleofector device in accordance with the 

manufacturer’s recommended program (S-05), mixed in EBM-2 and plated on 60-mm dishes 

or coverslips for indicated experiments. HPAEC plated onto gold electrodes were transfected 

with the indicated siRNA using Santa Cruz transfection reagent in accordance with the 

manufacturer’s protocol. The cells were used after 48 h of transfection, when there was clear 

evidence of the expression of protein. Similarly, HPAEC were transduced with lentivirus 

Control or with 2 independent DOCK4 shRNA-expressing lentiviruses for 48hrs. Cells were 

allowed to rest for an additional 24hrs, and experiments were performed thereafter.

Immunoblot Analysis.

Total extracts of protein samples were separated in polyacrylamide gel and transferred on 

nitrocellulose membrane. Transferred proteins were blocked with 5% (wt/vol) skim milk 

and probed with primary antibodies against Dock4 (1:500; Bethyl, catalog no. IHC-00647), 

RhoA (1:500; Santa Cruz, sc-418), actin (1:4000; Sigma, A3853), tubulin (1:5000; Sigma, 

T5168), Phospho-myosin light chain (MLC) (Ser19) (1:1000; Cell Signaling Technologies, 

3671) and Total MLC (1:1000; Cell Signaling Technologies, 8505). Lung and Brain tissue 

samples from wt and Dock4−/− mice were homogenized in RIPA buffer using QIAGEN 

tissue homogenizer. Samples were spun for 10 min at max speed and supernatant was 

estimated for equal loading. For analysis of cell fractions, HPAEC were processed using the 

Subcellular Protein Fractionation Kit (ThermoFischer) following the manufacturer protocol. 

Briefly, HPAEC were treated with vehicle (Control) or 1 µM S1P for 1 min, lysed and spun 

to obtain cytoplasmic soluble proteins (supernatant). The resulting pellet was solubilized 

and centrifuged to obtain plasma, mitochondria and ER/Golgi membranes (supernatant). 

The pelleted insoluble material, containing the cytoskeleton and nuclei, was dissolved in 

SDS-containing gel loading buffer. Equal amounts of proteins from control and S1P-treated 

cells in each of the fractions were subjected to western blot analysis. Densitometric analysis 

was performed using ImageJ (https://imagej.nih.gov/).
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GTPase activation assays.

Confluent monolayers of HPAEC transduced with lentivirus control or lentiviruses 

expressing 2 independent DOCK4 shRNAs for 72 hours, or HPAEC transfected with 

Control or Dock4 siRNA for 48 hours, were starved in EBM-2 medium without supplements 

for 4 hours and assayed for active Rac or RhoA using G-Lisa kits (Cytoskeleton, Inc., 

Denver, CO). Active Rac and Rho (GTP-Rac and GTP-RhoA ) were used as positive 

controls.

qPCR Analysis.

Total RNA was isolated from cells using RNeasy Mini Kit (Qiagen) according to 

manufacturer’s instructions. RNA was quantified using Nanodrop and reverse transcribed 

using Applied biosystem’s universal cDNA synthesis kit. Real-Time PCR was performed 

using SYBR green master mix (Applied Biosystems). Primers used for gene expression are 

listed below (F, forward; R, reverse):

Dock4 F: 5’- GGA TAC CTA CGG AGC ACG AG -3’

R: 5’- AGC CAT CAC ACT TCT CCA GG -3’

Tiam1 F: 5’- GAT CCA CAG GAA CTC CGA AGT -3’

R: 5’- GCT CCC GAA GTC TTC TAG GGT -3’

Prex1 F: 5’- CCT TCT TCC TCT TCG ACA AC -3’

R: 5’- CCA TCT TCC ACA TTC TCC AC -3’

Prex2 F: 5’- TGG GAG GGG TCC AAC ATC A -3’

R: 5’- TCT TCA ACC GTC TGT GTT TTC TT -3’

GAPDH F: 5’- TGA TGA CAT CAA GAA GGT GG -3’

R: 5’- TTT CTT ACT CCT TGG AGG CC -3’

Trans-Endothelial Electrical Resistance.

HPAEC seeded on eight-well gold-plated electrodes (Applied Biosciences, Carlsbad, CA) 

were transfected with the indicated siRNA for 48 h. Cells were serum-deprived for 1 h, basal 

resistances were recorded, and then the cells were stimulated with 1 µM S1P as described 

previously 51. Similarly, HPAEC were infected with both control and DOCK4 shRNA for 48 

h, trypsinized and plated on electrodes. Cells were starved for an hour and stimulated with1 

µM S1P

Endothelial cell immunostaining and analysis.

HPAEC were electroporated using nucleofector kit (LONZA) with ctl and DOCK4 siRNA 

(300nM) and plated on 0.1% gelatin coated coverslips for 24hrs. Complete EBM2 (lonza) 

media was added for another 24 hours. Cells were starved for 6 hours and stimulated with 
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1µM S1P for the indicated times. Cells were washed and fixed with 2% paraformaldehyde 

in PBS and stained with Dock4 antibody (Bethyl) for 1h room temperature. Anti-rabbit 568 

secondary antibody was used to detect Dock4. Similarly, cells were either stained with VE-

cad (sc-9989) or phalloidin for 45min at room temperature. Anti-mouse secondary antibody 

was used to detect VE-cad. Coverslips were mounted using Invitrogen mounting solution 

containing DAPI (Prolong antifade) and observed under the microscope. CellProfiler 

(www.cellprofiler.org) 52 was used to quantify Phalloidin staining. Nuclei identified by 

DAPI staining were used as seeds for identifying cells by analyzing Phalloidin staining. 

Analysis used a modification of the ExampleFly pipeline that is available online (using an 

adaptive strategy, a propagation segmentation algorithm and the Otsu thresholding method). 

The mean Phalloidin staining intensity per µm2 in each cell was calculated and compared 

between experimental conditions. Representative images and the CellProfiler pipeline used 

for analysis are included in online Supplemental Information.

Statistical analysis.

Graphs were generated using GraphPad Prism (GraphPad Software, La Jolla, CA). 

Graphical presentation of the data shown in Figure 1G was done using the ggplot2 package 

v3.3.3 53. Comparisons between experimental groups were made using either one-way 

ANOVA or two-way ANOVA with multiple comparison t-test, using Mann Whitney test, 

or using Student’s t-test as described in the figure legends. Normality tests were performed 

using GraphPad Prism Software. Significance values are shown by *p < 0.05, **p < 0.01, 

***p < 0.001, ****p<0.0001. Comparisons of CD31 immunostaining results in B16F10 

tumors between experimental groups were made using the Wilcoxon Rank Sum Test and the 

Clustered Wilcoxon Rank Sum Test 54. Variance was not tested to determine whether the 

applied parametric tests were appropriate.

RESULTS

DOCK4 is required to maintain vascular barrier function in the lung

To evaluate the physiological role of DOCK4, we generated C57Bl/6J Dock4 knockout 

(Dock4−/−) mice using a standard Cre-loxP targeted homologous recombination strategy 

that removes Exon 3 and Exon 4, which encode for 31 amino acids including 26 residues 

of the N-terminal SH3 domain (Fig. 1A-C). Cre recombination is predicted to result in a 

frameshift that generates a 56-amino acid truncated N-terminal SH3 domain that includes 

16 amino acid nonsense sequence before a stop codon. Dock4−/− mice were viable and 

fertile and DOCK4 deficiency was confirmed at the protein level using antibodies to the 

N- and C-terminal ends of the protein (Fig. 1D and E). A recent paper that generated a 

Dock4 knockout using a gene-trap approach in mice on a mixed strain, reported embryonic 

lethality in these mice and a role for DOCK4 in lumen formation in heterozygous mice that 

were implanted intracranially with a syngeneic breast cancer cell line and in a xenograft 

tumor model following DOCK4 shRNA transduction of the vascular compartment 28. We 

found that the subcutaneous implantation of B16F10 cells in adult wild-type and Dock4−/− 

mice resulted in the appearance of tumors in both WT and Dock4−/− mice with similar size 

(data not shown) and no significant differences in vessel density or size in these highly 

vascularized tumors (Fig. 1F and G).
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Despite the absence of gross abnormalities in the vasculature of Dock4 null animals, the 

lungs of 12-week old Dock4−/− mice revealed hemorrhage (Fig. 2A) both in peribronchial 

regions and diffusely within alveoli (Fig. 2B). To determine if this might reflect blood vessel 

fragility secondary to diminished interaction with perivascular support cells in Dock4−/− 

mice we determined the anatomic relationship between CD31-positive blood vessels and 

alpha smooth muscle actin (SMA)-expressing cells that include vascular smooth muscle 

cells and pericytes 55. Dock4−/− mice showed a smaller fraction of pulmonary blood vessels 

with 100% SMA coverage compared to wild type mice (Fig. 2C), which could result in 

vessel fragility and contribute to the observed hemorrhage (Fig. 2A, B). The fractions of 

these blood vessels with lesser degrees of SMA coverage were not statistically different 

between Dock4−/− and wild type mice (Fig. 2C). Next, we used 3 approaches to assess 

whether DOCK4 plays a role in regulating basal permeability in the lung. First, we i.v.-

injected 1-Kd fluorescent tracer into WT and Dock4−/− mice and quantified the extravasated 

dye. Dock4−/− mice exhibited increased dye extravasation compared to control animals (Fig. 

2D). Second, we examined lung edema by determining transvascular albumin influx and 

lung wet-to-dry weight ratio (Fig. 2E). Both were significantly increased in Dock4−/− mouse 

lungs compared to wild-type counterparts. Third, we assessed extravasation of i.v.-injected 

Evans Blue, which rapidly binds serum albumin, followed by lung perfusion to remove 

intravascular dye. The lungs of Dock4−/− animals showed extravasated Evans Blue indicative 

of barrier disruption that was not observed in the lungs of control animals (Fig. 2F). A 

similar analysis in the brain of Dock4−/− animals demonstrated barrier disruption as assessed 

by extravasation of a 1-Kd fluorescent tracer while Evans Blue leakage and wet-to-dry 

weight ratio analyses did not reveal significant differences (Fig. 2G). Vascular permeability 

was also not evident in the kidneys of Dock4−/− animals (Fig. 2H). The reduction in SMA 

coverage (Fig. 2C) known to support endothelial integrity and the observed hemorrhage 

in larger vessels could contribute to the overall higher Evan’s blue leakage in the lung 

of DOCK4 versus wild-type mice (Fig. 2F). Therefore, to specifically elucidate whether 

lung microvascular permeability occurs in the absence of DOCK4, we perfused mice with 

colloidal carbon that accumulates in open intercellular junctions and is retained within 

the walls of leaky vessels 56, and evaluated its deposition microscopically. Significantly 

higher deposition of colloidal carbon was observed in lung capillaries and the smallest 

other pulmonary vessels of DOCK4 deficient mice compared to wild-type controls (Fig. 2I), 

suggesting that DOCK4 deficiency specifically leads to impaired microvascular endothelial 

barrier function. Together, these data suggest that DOCK4 deficiency results in barrier 

breach for small-molecular-mass tracers in the brain, and in the lung, is important in 

maintaining large vessel integrity and microvascular barrier function.

Sphingosine 1-phosphate (S1P), a lysosphingolipid has been shown to contribute to 

maintenance of baseline permeability in vitro and in vivo 29,38. The majority of plasma 

S1P is bound to circulating macromolecules 57–59. The interactions are complex and varied 
59–61 with the result that most plasma S1P is not directly available for cell surface receptor 

binding. Under homeostasis, S1PR1 signaling is minimal, as determined by the GFP signal 

in reporter mice. However, a bolus injection of an S1PR1 agonist results in a significant 

increase in the concentration of free agonist in blood that binds and activates the receptor 

in vascular endothelial cells of organs, including the lung 62,63. Thus, a bolus intravenous 
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injection of 1 µM S1P (50 µl) is expected to lead to significant activation of the receptor in 

the lung endothelium. Endothelial treatment with the protease-activated receptor-1 (PAR1)-

activating peptide, which is a surrogate for thrombin, disrupts endothelial barrier integrity 

that can be reversed by the barrier protective action of S1P 38. The i.v. injection of PAR-1 

agonist peptide induced an increase in lung permeability, as previously described 38,50, in 

both WT and Dock4−/− mice as assessed by lung wet/dry weight ratio. 1 µM S1P treatment 

of WT mice prevented PAR-1 induced endothelial disruption while this was not observed 

in Dock4−/− mice (Fig. 2J). Differences in the levels of circulating, endogenous S1P were 

not responsible for the observed increase in baseline permeability as Dock4 deficiency did 

not affect S1P generation (Fig. 2K). Together, these data indicate that DOCK4 is essential 

for regulating basal lung barrier function and for S1P mediated reversal of thrombin-induced 

barrier disruption.

DOCK4 promotes S1P induced enhancement of endothelial barrier properties and Rac1 
activation.

To evaluate the role of DOCK4 in human endothelial cell permeability and gain a 

mechanistic understanding of DOCK4’s role in barrier function, we silenced DOCK4 in 

HPAEC with siRNAs. DOCK4 silencing in HPAEC resulted in decreased transendothelial 

electrical resistance (TEER) across the monolayer compared to Control siRNA cells 

indicating a defect in the maintenance of basal barrier function (Fig. 3A and B). Importantly, 

S1P failed to increase TEER in DOCK4 compared to control siRNA cells. The defects in 

the response to S1P were not due to decreased expression of S1PR1 in DOCK4 knockdown 

cells (Fig. 3C) and occurred despite the presence of canonical GEFs (Fig. 3D) that have been 

well-described to link S1P to Rac activation in endothelial cells 64. Thus, as observed in 
vivo, DOCK4 plays an important role in maintaining endothelial barrier function in vitro and 

is required for its enhancement after S1P stimulation.

S1P induced Rac activation increases actin polymerization in the periphery of endothelial 

cells and lamellipodia formation, both of which contribute to barrier enhancement 65,66. 

S1P induced GTP loading on Rac was observed within 2 min of treatment in Control 

siRNA cells albeit this was modest as reported by others 67. Notably, this increase failed 

to occur in similarly treated DOCK4 siRNA cells (Fig. 3E). Immunofluorescence analysis 

of DOCK4 in endothelial cells showed cytoplasmic staining in untreated cells while S1P 

stimulation resulted in DOCK4 staining in the cell periphery (Fig. 3F). The submembranous 

cytoskeleton, together with the peripheral actin ring, are important determinants of the 

endothelial barrier integrity 68. S1P treatment of HPAEC resulted in an increase in DOCK4 

protein in the detergent-insoluble compartment that includes the cytoskeleton (Fig. 3G). 

Since the cytosolic and membrane fractions contained the majority of DOCK4 (>90%), the 

increase in the insoluble compartment is not reflected as a significant decrease in the other 

fractions This mobilization of DOCK4 may facilitate its interaction with adaptor molecules 

necessary for its function and could localize Rac activation to mediate S1P effects at cortical 

sites 69.
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A role for DOCK4 in regulating Rho GTPases activation in endothelial cells

Endothelial cytoskeleton dynamics play an important role in maintenance of barrier function 

with the formation of stress fibers and activation of the myosin contraction system resulting 

in increased endothelial permeability 70,71. To evaluate the role of DOCK4 in regulating 

the endothelial cytoskeleton, we performed immunofluorescence analysis of F-actin in 

HPAEC transduced with control lentivirus or two independent DOCK4 targeting shRNA 

lentiviruses. DOCK4shRNA resulted in a significant increase in actin stress fibers, cell 

retraction with increased intercellular gap formation and reduced VE-cadherin at cell-cell 

junctions compared to control cells (Fig. 4A). Activation of Rho GTPases promote stress 

fiber formation leading to endothelial barrier disruption 1. Knock-down of DOCK4 (Fig. 

4B) resulted in an increase in RhoA GTP loading (Fig. 4C) compared to control cells 

despite comparable total Rho A levels (Fig. 4B) while a 10 min treatment of the DOCK 

shRNA cells with an inhibitor of Rho associated protein kinase (ROCK), a key Rho 

effector and regulator of the cytoskeleton 72–74, decreased actin stress fibers to levels 

observed in control cells (Fig. 4D). Inactivation of myosin light-chain phosphatase through 

phosphorylation by Rho kinase results in increased net phosphorylation of myosin-light 

chain thus enhancing actomyosin contractility and endothelial permeability 75. DOCK4 

shRNA cells have increased levels of MLC phosphorylation compared to control cells 

(Fig. 4E), which is consistent with the enhanced RhoA GTP loading and actin stress 

fibers in these cells. The effect of Dock4 knockdown on Rac activation downstream of 

S1P was also evaluated using the two independent DOCK4 shRNA lentiviruses. With this 

independent approach, DOCK4 deficiency prevented S1P-induced Rac activation (Fig. 4F). 

This recapitulates the results using siRNA (Fig. 3A), and more importantly, together with the 

demonstrated activation of Rho and its downstream pathway, the imbalance of Rac and Rho 

in the absence of DOCK4.

To exclude the possibility of off-target effects of the shRNAs, we re-expressed wild-type 

DOCK4 or LacZ in DOCK4 shRNA cells using an adenoviral approach that reconstituted 

DOCK4 (Fig. 5A) due to the transient increase in DOCK4 transcription that escapes 

the shRNA-mediated mRNA degradation. DOCK4 reconstitution was associated with a 

dramatic reduction in the inter-endothelial gap formation and the restoration of VE-cadherin 

to cell-cell contacts that was comparable to that observed in control shRNA cells (Fig. 5B). 

Similarly, while LacZ adenovirus transduction did not rescue the observed increase in basal 

permeability in DOCK4 deficient cells, WT DOCK4 reconstitution of DOCK4 shRNA cells 

restored the basal barrier function in these cells (Fig. 5C) and, importantly, the ability of S1P 

to enhance barrier function (Fig. 5D).

CONCLUSIONS

Rho GTPases play a major role in coordinating signals from cell surface receptors that 

regulate focal adhesion and cytoskeletal dynamics, thereby controlling cell-cell and cell-

matrix interactions in response to external signals. Endothelial barrier integrity critically 

relies on the cooperative signaling balance between Rac1 and RhoA GTPases. In vivo, 

endothelial deletion of Rac1 results in lethality at E9.5, due to defects in vasculogenesis 

and sprouting angiogenesis 76, deletion at E10 results in a reduction in vascular density and 
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hemorrhage in the skin and post-natal deletion results in abnormal retinal angiogenesis 77. 

Rac1 deletion in primary endothelial cells in vitro interferes with endothelial cell migration, 

tubulogenesis, adhesion, and permeability in response to sphingosine‐1‐phosphate (S1P), 

which is attributed to the inability of Rac1‐deficient endothelial cells to form lamellipodial 

structures and focal adhesions, and to remodel their cell‐cell contacts 77,78. Global 

deficiency of RhoA results in embryonic lethality 79 while conditional, endothelial restricted 

deletion of RhoA does not lead to gross vascular abnormalities 80. Here, we demonstrate 

that global deletion of DOCK4 does not impair embryo viability but does disrupt tonic 

barrier function in vessels in vivo and in endothelial cells in vitro that is associated with 

a large induction of Rho activation and associated stress fibers and unresponsiveness to a 

Rac activator, S1P. Together, these data suggest that an atypical GEF, DOCK4 plays an 

important role in balanced signaling through Rac and Rho GTPases. The surface receptors 

that regulate DOCK4 activity and therefore the role of this protein in specific endothelial 

signaling pathways remain largely unknown 81. Our study demonstrating that S1P induces 

the relocation of DOCK4 to the cell periphery with increased translocation to a detergent-

insoluble compartment and that DOCK4 is required for S1P induced Rac activation and 

enhancement of barrier function suggests that DOCK4 participates in endothelial S1PRs’ 

signaling to Rac GTPases, a fruitful area for additional studies.

The hemorrhage observed in the lungs of DOCK4 deficient mice was associated with 

fewer pulmonary blood vessels showing complete coverage by SMA-expressing cells than 

in wild type mice. Interrupted support by perivascular cells is associated with blood vessel 

fragility and hemorrhage and is observed as a result of numerous mutations that affect blood 

vessel development and in pathophysiologic settings including Hereditary Haemorrhagic 

Telangiectasia, CADASIL and cerebral cavernous malformations 82,83. The endothelium 

promotes SMC recruitment and proliferation during tubulogenesis with SMC reciprocating 

with cues that promote endothelial and vascular function 84. S1PR1-deficient mice die 

around embryonic 13.5 with incomplete vascular smooth muscle coverage around the 

developing dorsal aorta, which results in ectopic sprouting 85,86. A similar phenotype was 

reported in endothelial cell-specific S1PR1 knock-out mice 87. Analysis of post-natal retinal 

vascular development did not observe the incomplete vascular smooth muscle and pericyte 

recruitment defects 34,88,89. However, in tumor vessels, endothelial cell S1PR1 is needed 

for pericyte and vascular smooth muscle coverage 90. Thus, S1PR1 regulation of mural cell 

coverage is vessel type and context dependent. As DOCK4 contributes to endothelial S1P 

signaling, we speculate that DOCK4 deficiency in the endothelium contributes to defects in 

SMC coverage in a pathophysiological context specific manner.

DOCK4 deficient mice exhibit microvascular permeability specifically in lung while only 

permeability to small molecular weight tracers was observed in the brain, and kidneys 

showed no increase in albumin leakage. The hemorrhage was associated with decreased 

perivascular coverage in vessels of DOCK4 deficient mice. Increased microvascular 

permeability in the lung in DOCK4 deficient animals was also detected by increased 

deposition of colloidal carbon in the pulmonary microvasculature, which delineates leaky 

vessels. The selectivity in permeability may be due to differences in vascular beds. For 

instance, coronary, pulmonary, brain, splanchnic, and skeletal muscle are composed of 

continuous non-fenestrated endothelium that forms a restrictive barrier 91. Organs such 
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as liver, kidney, and lymphatics are formed from discontinuous and highly permeable 

endothelial monolayers 92. The increased permeability to only small molecular weight 

tracers in the brain and the observed trend of vascular edema in this organ may be interesting 

to follow-up as these results partially recapitulate the phenotypes of S1PR1 deficient mice 
93. Interestingly, even knockout of the major TJ molecule Claudin 5 results in a selective 

defect in small but not large molecular tracers 94. Despite the high levels of Dock4 mRNA 

in the lung and brain, particularly in the endothelium in these organs (proteinatlas.org, 

bgee.org), it is plausible that the observed effects in vivo arise from DOCK4 deficiency in 

more than one cell type as DOCK4 mRNA is widely expressed. Nonetheless, the phenotypes 

in DOCK4 null mouse lungs were recapitulated in endothelial cells in vitro. Depletion of 

DOCK4 in endothelial cells, the well-recognized gatekeepers of vascular permeability in 
vivo 95, both reduced basal barrier function and rendered the endothelium resistant to S1P 

induced barrier enhancement. The lack of recovery of S1P induced barrier function after 

acute PAR1 challenge supports the involvement of DOCK4 in regulating endothelial barrier 

properties in vivo. The viability and normal angiogenesis observed in DOCK4 deficient 

mice suggest that DOCK4 may be redundant with other GEFs required for S1PR1 functions. 

For example, the GEF Tiam1 has been shown to mediate tumor angiogenesis downstream of 

S1PR1 in cooperation with VEGFR2 96.

Several studies have shown that cooperation among the Rho GTPases is required 

for balancing signaling and related cytoskeletal reorganization, which are essential for 

maintaining the stability of the mature endothelium including the integrity of AJs. 

Activation of RhoA by permeability-increasing mediators regulates stress fiber formation 

and disruption of AJs 97–99. Activation of Rac1 can promote AJ assembly by suppressing 

RhoA activity at the junction level 100 as the structural basis for Rho regulation is 

the sequestration of GEFs for RhoA by AJ and TJ. For example, Rac1 inhibition of 

p190RhoGAP, which localizes to AJs via p120-catenin leads to inhibition of RhoA 101. 

Active Rac1 also promotes cortical actin assembly and re-annealing of endothelial AJ in part 

by inhibiting VE-cadherin disassembly from junctions 100,102. In addition to AJs, integrin 

mediated adhesion and focal adhesion complexes at the cell-substrate interface can lead 

to Rac activation, and cross-talk between AJ and integrins is known to coordinate barrier 

function 3,103. Interestingly, the conditional loss of endothelial focal adhesion kinase results 

in RhoA hyperactivation, which in turn antagonizes Rac1 activity and subsequent loss of 

lung vascular barrier function 103. The concept that RhoA can downregulate Rac1 activity is 

supported by recent findings that RhoA suppresses Rac1 activity by activating FILGAP, 

a specific GTPase for Rac1 104. Our studies suggest that in the resting endothelium, 

the absence of DOCK4 leads to insufficient Rac activation-induced AJ stabilization that 

in turn causes RhoA activation or defective integrin mediated adhesion and subsequent 

RhoA hyperactivation. This not only has direct consequences for basal barrier maintenance 

through stress fiber-mediated cell retraction but, coupled with the resulting inadequate 

Rac activation provides a feed-forward loop with deleterious effects on endothelial barrier 

homeostasis. The restoration of VE-cadherin at contact sites and the normalization of 

the actin cytoskeleton after inhibition of the Rho effector Rho Kinase indicates that the 

interruption of this loop is sufficient to restore basal barrier properties in DOCK4 deficient 

cells.
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Upstream regulators of DOCK4 remain largely unknown. The binary DOCK−ELMO 

complexes adopt a closed auto-inhibited conformation, while in the ternary complex of 

DOCK-ELMO-Rac proteins, the DOCK-ELMO complex adopts an active state that is 

induced by conformational changes of ELMO. This allows for the interaction of DOCK4’s 

DHR2 domain with Rac to promote GTP loading 81. Interaction of upstream regulators with 

ELMO, including brain-specific angiogenesis inhibitor (BAI) and RHOG could contribute to 

the open conformation 105. Alternatively, phosphorylation of DOCK proteins 106,107 and/or 

ELMO 108 in the binary complex could promote the active/open state while subsequent 

interactions of ELMO with membrane proteins, such as RHOG, could recruit the complex to 

membrane compartments that allow Rac interaction and GTP loading 81. Several ELMO 

interacting proteins have been shown to regulate DOCK4-mediated Rac activation in 

different cell types. These include BOC, the Shh receptor, that regulates axonal growth 

turning 109 and RhoG which recruits ELMO2 and Dock4 to form a complex with EphAs 

in migrating breast cancer cells 110. In endothelial cells, a role for DOCK4 has been 

demonstrated downstream of the scavenger receptor class B type 1 (SR-B1) that mediates 

the delivery of LDL into arteries thereby promoting atherosclerosis 111. Endothelial DOCK4 

has also been placed downstream of VEGF to activate Rac and formation of filopodia that 

is important for lumen morphogenesis while in the same study, targeted DOCK4 deletion 

resulted in embryonic lethality that is associated with alterations in vessel density and 

lumen size 28. However, in our viable DOCK4 deficient mice, vessel size and density under 

basal conditions and in a melanoma model showed no significant differences compared 

to WT animals. The discrepancy in results with Abraham et al. 28 may potentially be 

related to the different genetic backgrounds studied (C57BL/6J vs. CD-1/C57Bl/6) and/or 

the different genetic interventions used to generate mutant DOCK4 alleles (gene targeting 

by homologous recombination vs. gene trap). Mutant alleles may inadvertently produce 

DOCK4 protein fragments, which cannot be evaluated in Abraham et al. 28 as DOCK4 

protein levels were not reported.

Our studies suggest that S1P may link to Rac via DOCK4 as the absence of DOCK4 

prevents S1P induced Rac activation and barrier enhancement and S1P treatment leads 

to DOCK4 translocation to cell borders. S1P signals through widely expressed GPCRs 

(S1PR1- S1PR5). Of these, S1PR1 is primarily implicated in barrier strengthening by 

stimulating the G-protein Gαi, which in turn induces intracellular Ca2+ transients, activation 

of the small GTPases Rac1 and Cdc42, phosphatidylinositol 3-kinase (PI3K), and ERK 
64,102,112,113. DOCK family members have been implicated downstream of GPCRs, as 

ELMO proteins directly interact with the receptors, such as the brain-specific angiogenesis 

inhibitor (BAI), or the associated G proteins 114. In other cases, indirect activation of DOCK 

proteins by GPCRs has been documented. Engagement of the Met-Leu-Phe receptor in 

neutrophils activates RHOG that in turn recruits DOCK2 to the membrane leading to Rac 

activation 115 while GPCR activation of PI3K results in the recruitment of DOCK2 via its 

DHR1 domain to PIP3 at the membrane 116. Our data indicating translocation of DOCK4 to 

the cell periphery and increased association with a cytoskeletal-rich insoluble compartment 

places DOCK4 downstream of SIPR activation. Elucidating the molecular mechanism of 

DOCK4 activation by S1PR remains an interesting area for future studies.
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In summary, we show that DOCK4 maintains lung vascular barrier function by balancing 

the activation of RhoA and Rac1GTPases. Loss of pulmonary endothelial barrier function 

that occurs as a consequence of various types lung injury is associated with an overall ~40% 

mortality in affected patients and pulmonary hypertension 2,117. It would be of interest to 

determine whether DOCK4 downregulation is associated with enhanced susceptibility to 

lung edema in the context of sterile and pathogenic stimuli.
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Non-standard Abbreviations and Acronyms

AJs adherens Junctions

Dock4−/−, D4−/− Dock4 knock-out

GPCR G-protein coupled receptor

GEF guanine-Exchange Factor

HPAEC human pulmonary artery endothelial cells

MLC myosin light chain

S1P sphingosine 1-phosphate

VE-cadherin vascular-endothelial cadherin

WT, wt wild-type
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HIGHLIGHTS

Mice deficient in DOCK4, an unconventional guanine exchange factor for Rho GTPases 

have increased basal microvascular permeability.

DOCK4 deficiency leads to hemorrhage in the lung and decreased smooth muscle cell 

coverage of large pulmonary vessels

DOCK4 deficiency prevents sphingosine-1-phosphate-mediated reversal of thrombin-

induced barrier leakage in the lung

DOCK4 silencing in endothelial cells prevents sphingosine-1-phosphate induced Rac-1 

GTPase activation and enhancement of barrier function

DOCK4 silencing in endothelial cells increases basal permeability that is associated with 

enhanced Rho GTPase activation
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SIGNIFICANCE STATEMENT

The endothelial monolayer plays a critical role in regulating vascular permeability both 

under homeostasis and following exposure to edemagenic agonists. Members of the Rho 

family of GTPases and conventional guanine exchange factors of these GTPases have 

been demonstrated to play important roles in regulating endothelial permeability. We 

provide in vitro and in vivo evidence that DOCK4, a member of the CDM (CED-5, 

Dock180, Myoblast city) family of unconventional guanine exchange factors for Rho 

GTPases, plays a key role in regulating vascular permeability in the lung and identify an 

imbalance of endothelial Rho and Rac GTPase activation in the absence of DOCK4 as 

the primary mechanism.
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Figure 1. Generation and Characterization of DOCK4 deficient mice.
A. Schematic of Dock4 genomic locus and targeting vector. Red triangles: LoxP sites. 

Blue ellipses: Frt sites. PCR with primer sets 5’F/5’R and 3’F/3’R was used to evaluate 

integration in ES cells. PCR reactions showing the expected DNA fragments in one positive 

ES cell clone are shown. B. Genotyping of Dock4 deficient mice using P1/P2 primer set. 

Primer locations are indicated. Expected DNA fragment sizes are shown for Wild-type 

(wt), heterozygous (wt/flx) and floxed animals (flx/flx). C. Schematic of Dock4 targeted 

allele after Cre recombination. PCR using 5’Rec/3’Rec primer set shows the presence of 

the recombined allele in a Dock4 deficient mouse. D. Western blot showing the absence 

of Dock4 band in Dock4−/− (D4−/−) mouse brain using N (left) and C (right) terminus 

antibodies against Dock4. E. Western blot analysis of Dock4−/− (D4−/−) lungs. F&G. 
CD31 staining and vessel quantification of tumors from wt and Dock4−/− (D4−/−) mice. 

F. B16F10 tumor implants were immunostained for CD31 (visualized with Alexa 488) and 
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for nuclei (DAPI) (left panels). CD31 masks (right panels) representing vascular structures 

were identified by image analysis as described in Methods. The scale bar shown as a 

white rectangle in the left-most panel represents 100 µm and applies to all panels. G. The 

cross-sectional area of each CD31-expressing vessel in B16F10 tumors was quantified from 

CD31 masks, such as those illustrated in Fig. 1F, by image analysis as described in Methods. 

Frequency: the frequency of vessels in bins of 103 µm2 identified in each mouse relative to 

the total number of vessels identified in the same mouse. Cumulative: the fraction of vessels 

identified in each mouse with cross-sectional areas that were smaller than or equal to the bin 

values on the X axis. Individual data points are shown for each animal studied and box plots 

represent the 25th, 50th and 75th percentiles for the vessels in each bin from mice of each 

genotype.
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Figure 2. Enhanced vascular permeability in Dock4 deficient mice.
A. A representative image of buffered perfused lungs harvested from wild-type (wt) 

and Dock4 deficient (D4−/−) mice. B. Assessment of lung hemorrhage score (left). Plot 

shows fraction of bronchioles with peribronchial hemorrhage (top) and diffuse hemorrhage 

(bottom) score. Data are mean ± SEM; Student t-test. Representative images of hematoxylin 

and eosin (H&E)-stained lung sections from wt and D4−/− mice showing peribronchial 

hemorrhage (top panels) and diffuse hemorrhage (bottom panels). Bar= 250μm. C. CD31 

and SMA immunofluorescent staining of wild-type (wt) and Dock4 deficient (D4−/−) lung 

to assess pericyte coverage. The fractional coverage by SMA of CD31-expressing blood 

vessels between 20–200μm in greatest diameter in lungs from D4−/− and wt mice was 

determined. Representative images are shown of pulmonary blood vessels with 0–25%, 

26–50%, 51–75% 76–99% and 100% coverage by SMA-expressing cells (green), of CD31-

expressing blood vessels (red) in lung. The fraction of blood vessels in each category was 
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calculated for each mouse and these values were compared between D4−/− and wt mice 

using a Student’s t-test. The white scale bar in the 0–25% panel is 20μm and applies 

to all panels. D. Quantification of extravasated 1-kDa Alexa Fluor 555–cadaverine shows 

increased tracer extravasation into the lung of D4−/− compared to wt mice. Data are mean 

± SEM; Mann Whitney t-test. E. Lung edema assessed by wet-to- dry ratio shows that 

Dock4 deletion increases micro- vascular permeability in the lungs. Plot is mean ± SEM; 

n=10mice/group (unpaired Welch’s t test), F. Permeability in lung as assessed by Evan’s 

blue dye leakage (left). Data are mean ± SEM; Welch’s t test. Representative image of 

Evan’s blue in lungs of wt and D4−/− mice (right). G. Quantification of extravasated 1-kDa 

Alexa Fluor 555–cadaverine (left), wet-dry-ratio (middle) and Evan’s blue dye leak (right) in 

brains of wt and D4−/− mice. Plot shows mean ± SEM; Welch’s t-test. H. Similar analysis 

as in G. in kidneys of wt and D4−/− mice. I. Assessment of colloidal carbon deposition in 

wt and D4−/− lung. Deposits of colloidal carbon, injected i.v. into mice were examined in 

lungs. Representative images are shown. The black scale bar in the wt panel is 20 μm and 

applies to both panels. Data are mean ± SEM of the number of colloidal carbon deposits 

counted/40 X field of lung tissue from each mouse; Student t-test. J. Mice were treated 

with either PBS or PAR-1 peptide followed 15 mins later by S1P. Lungs were removed after 

an additional 45 minutes, and vascular permeability was determined by quantifying lung 

wet/dry weight ratio. S1P failed to prevent PAR-1–induced lung microvascular permeability 

in D4−/− mice. Data are mean ± SEM; Two-way ANOVA with Tukey’s multiple comparison 

test. K. Assessment of plasma S1P levels in wt and D4−/− mice. Data are mean ± SEM; 

Mann Whitney t-test.
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Figure 3. DOCK4 silencing in human lung endothelial cells increases basal permeability.
A. HPAEC were electroporated with control (Ctrl) or DOCK4 siRNA and seeded on gold-

plated electrodes for 48 hrs. Cells were serum starved for 2 h after which endothelial barrier 

function was determined by measuring transendothelial electrical resistance (TEER) over 

time (in hours) before and after addition of 1 µM S1P. Data are mean ± SEM; Two-way 

ANOVA multiple comparison (Bonferroni). B. Western blot of DOCK4 in siRNA cells. C. 
mRNA levels of S1PR1 (left) and DOCK4 (right) in DOCK4 knockdown HPAEC using 

two independent DOCK4 shRNAs. Data are mean fold increase versus levels in HPAEC 

transduced with shRNA control lentivirus (Ctrl); Welch’s t test. D. mRNA levels of indicated 

guanine exchange factors in HPAEC. Data are mean ± SEM.; one-way ANOVA, Tukey’s 

multiple comparisons. E. HPAEC electroporated with Ctrl or DOCK4 siRNA were plated 

on 6 well plate. After 48 hrs, cells were starved for 5 hrs, stimulated with 1µM S1P 

for different times and lysates were used to assess Rac1 activity. Data are mean ± SEM; 

two-way ANOVA, Tukey’s multiple comparisons. F. HPAEC transfected with Ctrl and 

DOCK4 siRNA were plated on glass coverslips for 48hrs. Cells were serum starved for 4 hrs 

followed by treatment with 1 µM S1P for the indicated times in minutes. Cells were fixed 

and stained for DOCK4 (Green) (n=3). Bar = 20 µm. G. HPAEC were treated with S1P or 
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vehicle control for 1 min and DOCK4 levels in equal amounts of protein from each of the 

obtained fractions (cytosolic, membrane and insoluble cytoskeletal/nuclear) were analyzed 

by western blot (left). Western blot quantification of DOCK4 levels after S1P treatment 

(right). Data are mean fold increase in S1P treated vs. control cells ± SD; Mann-Whitney 

test.
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Figure 4. DOCK4 maintains the balance between Rho/Rac1 GTPases.
A. DOCK4 depletion induces actin stress fibers. HPAEC were transduced with Control 

(Cntrl) shRNA or two DOCK4 D4(1) and D4(2) shRNA clones for 72hrs. Cells were 

fixed and stained with phalloidin 568 and mean phalloidin intensity was measured. Data 

are mean ± SEM; One-way ANOVA, Tukey’s multiple comparisons. B. Representative 

western blot of DOCK4 and RhoA in shRNA cells. C. HPAE cells transduced with Cntrl, 

and D4 shRNAs for 72hrs were starved for 4–5 hours and lysates were used to assess 

RhoA GTPase activity using an ELISA assay. Data are mean ± SEM; One-way ANOVA, 

Tukey’s multiple comparisons (n=4). D. Cntrl and DOCK4 shRNA HPAEC treated with 

vehicle or ROCK inhibitor (Y27632) 10µM for 10 min were fixed, stained with Phalloidin 

Alexa 568 and quantified for mean phalloidin intensity. Data are mean ± SEM; Two-way 

ANOVA, Tukey’s multiple comparisons. E. Dock4 deficiency results in increased MLC 

phosphorylation. HPAEC were transduced with control or DOCK4 shRNA lentiviruses as 
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in A. After 72 hours, the levels of phosphorylated MLC were assessed by western blot 

analysis. Total MLC and actin served as loading controls. Data are mean ± SD; One-way 

ANOVA and Tukey’s multiple comparisons. F. HPAEC were transduced with control or 

DOCK4 ShRNA lentiviruses as in A. After 72 hrs, cells were starved for 4 hours and Rac 

activity was measured after treatment with 1 uM S1P at the indicated times using an ELISA 

assay. Data are mean ± SD; Two-way ANOVA and Tukey’s multiple comparisons.
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Figure 5. DOCK4 expression in DOCK4 depleted endothelial cells restores barrier function.
A. Transduction of Control (Cntrl) or D4 shRNA endothelial monolayers with wild-type 

DOCK4 or LacZ adenovirus as indicated. Monolayers transduced with DOCK4 resulted in 

DOCK4 protein expression. Representative western blot is shown B. VE-cadherin staining 

(arrow) of Cntrl and D4 shRNA cells transduced with LacZ or DOCK4 adenovirus as 

indicated. C. HPAEC were transduced with Cntrl or DOCK4 shRNA clones for 48hrs. 

Cells were trypsinized and plated on electrodes to allow monolayers to form. Wells were 

then transduced with LacZ or DOCK4 adenovirus for 24hrs. Basal resistance was measured 

after 72hrs. Data are mean ± SEM; Two-way ANOVA with Tukey’s multiple comparisons. 

D. Cntrl or DOCK4 shRNA cells, as in Fig. 5C, were transduced with LacZ or DOCK4 

adenovirus respectively. After 24hrs, cells were starved for 2 hrs and TEER was examined 

before and after stimulation with 1 µM S1P. Each experimental sample was normalized (N) 
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to its own baseline (-S1P). Data are mean ± SEM; Two-way ANOVA with Tukey’s multiple 

comparisons.
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