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Abstract

DLC1 is a RhoGAP-containing tumor suppressor that inhibits angiogenesis by repressing VEGF 

production in epithelial cells. Here we report the roles of DLC1 in endothelial cells. Silencing of 

DLC1 (siDLC1) enhances cell migration but reduces tube formation activities of human umbilical 

vein endothelial cells (HUVECs). Biochemically, RhoA activity and paxillin protein level are 

markedly increased in siDLC1 HUVECs. Although further silencing of RhoA restores the cell 

migration phenotype, the tube formation defect and up-regulated paxillin level remain unchanged. 

On the other hand, paxillin knockdown rescues tube formation and migration phenotypes but not 

the up-regulated RhoA activity. These results indicate that DLC1 regulates endothelial cell 

migration through RhoA and paxillin independently and controls tube formation mainly via 

paxillin. To further determine endothelial DLC1's function, we have generated endothelial specific 

knockout mice (DLC1-Tek). DLC1-Tek mice appear to be normal and healthy but their 

angiogenesis processes are compromised as shown in gel plug and aortic ring sprouting assays. 

Analysis of endothelial cells isolated from DLC1-Tek mice has further affirmed the cellular and 

biochemical phenotypes established in siDLC1 HUVECs. Our studies have demonstrated a 

positive regulatory role of endothelial DLC1 in angiogenesis.
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1. Introduction

Endothelial cells play a wide range of critical roles in regulating vascular development and 

function. They are essential for developing new blood vessels during embryogenesis known 
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as vasculogenesis and growing new vessels from existing ones known as angiogenesis. 

Angiogenesis is regulated by complex signaling networks within endothelial cells initiated 

by cues from other cell types and from the extracellular environment. These cues detected by 

receptors on endothelial cells initiate intracellular signaling cascades that often integrate 

with signaling pathways generated from cell adhesion interactions. Together they activate 

various processes in endothelial cells and promote cell proliferation and directional 

migration, which lead to tube formation, followed by loop formation, and eventually 

vascular stabilization. Angiogenesis is an important natural process in growth and 

development of tissues, as well as in wound healing processes. It also occurs in diseases, 

such as cancer, diabetic blindness, and rheumatoid arthritis.

Deleted in liver cancer 1 (DLC1, also known as ARHGAP7 and STARD12 in humans and 

p122RhoGAP in rats) is a RhoGAP-containing tumor suppressor [1, 2, 5, 9, 10] that is often 

down-regulated in a variety of cancers, such as those of the liver, lung, breast, stomach, 

brain, colon and prostate due to either genomic deletion or aberrant DNA methylation [5, 

10]. In addition, missense and nonsense mutations were detected in colon and prostate 

cancer patients [11]. DLC1 negatively regulates RhoA GTPase activity through its RhoGAP 

domain, which is essential for DLC1's tumor suppression function [12, 14]. Its RhoGAP 

activity is tightly regulated through phosphorylation by CDK5 [20] or ERK [15] as well as 

binding partners such as tensins [3, 18], which also recruit DLC1 to focal adhesions. On the 

other hand, not all suppression roles rely on controlling RhoA function. DLC1 negatively 

regulates angiogenesis by suppressing VEGF expression in epithelial cells [17]. This is 

accomplished by inhibiting the EGFR-MEK-HIF pathway and is independent from the 

RhoA pathway [17]. The studies also reveal a role of DLC1 in angiogenesis. Total knockout 

of DLC1 in mice results in embryonic lethality with defects in the brain, heart, and placental 

blood vessels [4, 16]. In contrast, another family member DLC2 is not required for 

embryogenesis and tissue development but plays a critical role in angiogenesis [13].

Here, we have used the human umbilical vein endothelial cell (HUVEC) system to 

understand the roles of DLC1 in endothelial cells and have further demonstrated its 

functions in endothelial-specific DLC1 knockout mice. The in vitro cell culture studies 

reveal the critical roles of DLC1 in endothelial cell migration and tube formation. While the 

mutant mice in our in vivo studies appear to be normal and healthy, their angiogenesis 

processes are compromised. Together, our studies identify the molecular mechanisms 

involving DLC1, RhoA, and paxillin in regulating endothelial cell migration and 

angiogenesis.

2. Materials and methods

2.1 Mice

To produce endothelial-specific DLC1 knockout mouse, mice carrying the DLC1loxp/loxp 

allele established in our laboratory were crossbred with B6.Cg-Tg(Tek-cre1Ywa/J) from 

Jackson laboratory to generate DLC1-Tek mice. These mice were bred and maintained under 

specific pathogen-free conditions at the animal facility of University of California, Davis All 

the mice related manipulations were performed with protocols approved by the animal ethics 

committee at the University of California, Davis.
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2.2 Cell culture and reagents

HUVECs and primary mouse endothelial cells were cultured in endothelial cell growth 

medium (ScienCell). GenMuteTM siRNA&DNA transfection reagent (SignaGen) was used 

for transfections. DLC1, RhoA and paxillin siRNAs were purchased from Sigma-Aldrich. 

The RhoA Pull-down Activation Assay Biochem Kit and RhoA G-LISA Activation Assay 

Kit were purchased from Cytoskeleton.

2.3 Immunoblot analysis

Total cell lysates were resolved by SDS-PAGE and transferred to nitrocellulose membranes 

(Amersham Pharmacia Biotech) by electroblotting. The membranes were blocked with 5% 

non-fat milk and probed with corresponding primary and secondary antibodies. The antigen-

antibody complexes were visualized using enhanced chemiluminescence (ECL) reagents 

(Amersham Pharmacia Biotech) according to the manufacturer's instructions.

2.4 Migration assay

Endothelial cells (50,000) were added to the upper chamber of a Transwell Permeable 

Supports (8 μm pore size, Corning) with growth factor and serum free media (100μL). 

Complete endothelial cell growth medium (500 μL) was added to the lower chamber. After 6 

h, cells were fixed and stained. Cells remaining on the top of permeable surface were 

removed using a cotton swab; the cells that had migrated to the bottom surface were 

visualized microscopically (with 100× or 200× magnification), photographed, and counted.

2.5 Endothelial cell tube formation assay

Growth factor–reduced Matrigel (Corning) was used to coat the 48-well plate (150 μL/well) 

and endothelial cells (50,000 cells/well) were seeded. After 6 hours of incubation, capillary-

like structures were scored by measuring the lengths of tubules per field in each well at 100× 

magnification with ImageJ software (NIH).

2.6 Matrigel plug assay

Growth factor-reduced matrigel (250 μL) containing 60 U/ml heparin (Sigma-Aldrich) was 

subcutaneously injected into 8-week DLC1 WT or DLC-Tek mice. After 5 days, matrigel 

plugs were harvested and embedded in OCT and frozen sections were processed for 

immunohistochemical staining using CD31 antibody.

2.7 Isolation of mouse endothelial cells

Primary lung-derived endothelial cells were isolated from lung tissues of 8 to 10-week-old 

mice as described [18]. Briefly, minced lungs were digested with 1.5 mg/ml collagenase A 

(Roche) and filtered through nylon mesh into 10% FBS–DMEM media. Cells were selected 

with anti-CD31-antibody (BD Biosciences) and anti-ICAM2 antibody (BD) coated 

Dynabeads (Invitrogen) and cultured with endothelial cell medium (ScienCell). After 3 

passages, cells were immortalized using lentivirus expressing SV40 large T antigen 

(Genecopoeia).
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2.8 Aortic ring assay

Thoracic aortas from DLC1 WT or DLC-Tek mice were excised and transferred to ice-cold 

PBS. Aortas were sectioned into 1-mm-long rings and individually embedded in 300μl/well 

growth factor–reduced Matrigel in a 48-well plate. Rings were cultured with 500 μL of 

medium for 6 days, and the outgrowth of endothelial tubes was visualized microscopically, 

photographed, and counted using ImageJ software.

3 Results

3.1 Silencing of DLC1 promotes endothelial cell migration but reduces angiogenic like 
tube formation of HUVECs

To examine the role of DLC1 in endothelial cells, we have silenced DLC1 in HUVEC by 

siRNA approaches and analyzed their cell migration and tube formation activities. The 

DLC1 protein level was almost completely suppressed by the siRNA treatment while RhoA 

activity, the major target of DLC1, was significantly increased (figure 1A). Similar to 

previously reported DLC2 knockdown HUVECs [13], silencing of DLC1 (siDLC1) 

significantly promotes endothelial cell migration (figure 1B). Nonetheless, siDLC1 

HUVECs showed reduced tube formation activities (figure 1B), which is opposite to what 

we previously observed in DLC2 knockdown cells [13], suggesting that DLC1 and DLC2 

play similar roles in endothelial cell migration but different regulatory acts in angiogenesis.

3.2 RhoA regulates DLC1-mediated endothelial cell migration but not tube formation 
activities

Since Rho activities were up-regulated in siDLC1 HUVECs, we tested whether RhoA was 

responsible for the DLC1-mediated endothelial cell migration and/or tube formation 

phenotypes. When RhoA was further silenced in siDLC1 HUVECs, cell migration was 

reduced to that of control cells (figure 2A), suggesting that DLC1 regulates endothelial cell 

migration through RhoA. However, silencing of RhoA in siDLC1 HUVECs did not restore 

the tube formation activity (figure 2A), indicating that the tube formation phenotype is not a 

result of up-regulated RhoA activity in siDLC1 HUVECs.

3.3 Silencing of DLC1 up-regulates paxillin expression that contributes to the tube 
formation and cell migration activities in HUVECs

Since the focal adhesion molecule paxillin is known to negatively regulate angiogenesis [7] 

and DLC1 is suggested to modulate the protein level of paxillin [8], we examined the effects 

of DLC1 knockdown on paxillin protein levels. Immunoblotting results showed that the 

paxillin level was markedly increased in siDLC1 HUVECs (figure 2B). We then investigated 

whether the up-regulated paxillin contributed to the decreased tube formation activity of 

siDLC1 HUVECs. Silencing of DLC1 and paxillin restored the tube formation (figure 2A) 

but not RhoA activity (figure 2C). These results demonstrate that DLC1 positively regulates 

angiogenesis by suppressing the level of paxillin protein in a RhoA-independent manner. 

Because paxillin may regulate cell migration, we further examined the effect of paxillin 

knockdown in siDLC1 HUVEC migration. Silencing of paxillin also reduced the increased 

migration of siDLC1 HUVECs (figure 2A). Since knockdown of RhoA does not affect 
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paxillin protein levels and silencing of paxillin has no effect on RhoA activity (figure 2B), 

RhoA and paxillin likely contribute to DLC1-mediated endothelial cell migration 

independently.

3.4 Endothelial DLC1 is not required for mouse embryo and tissue development

The above finding drove us to investigate the role of endothelial DLC1 in mice. Tek-Cre 

(Cre recombinase driven by the receptor tyrosine kinase Tek (aka Tie2) promoter/enhancer) 

from Jackson laboratory and DLC1loxP/loxP mice established in our laboratory (manuscript 

in preparation) were used to produce endothelial specific DLC1 knockout Tek-

Cre:DLC1loxP/loxP (named DLC1-Tek) mice. In DLC1loxP/loxP mice, wild type DLC1 exon 3 

regions are replaced with loxP-flanked exon 3 sequences. In the presence of Cre, the loxP-

flanked exon 3 (82 base pairs encoding 26 amino 

acids: 38LLFPIDIALVKREHDFLDRDAIEALC) is expected to be excised, which leads to a 

frame-shift and premature termination. Although DLC1 total knockout led to embryonic 

lethality and showed defects in vascularization [4, 16], DLC1-Tek mice were apparently 

normal and healthy (not shown). This finding indicated that endothelial DLC1 is not 

required for vasculogenesis during embryo development and for mouse survival.

3.5 Loss of DLC1 in endothelial cells reduces angiogenic responses in mice

Since silencing of DLC1 decreased HUVEC tube formation, we investigated whether 

angiogenic processes were compromised in DLC1-Tek mice by using gel plug and aorta ring 

assays. Matrigel was injected subcutaneously into mice to induce neovascularization. Five 

days post-injection, matrigel plugs were isolated and analyzed by CD31 

immunohistochemistry staining. The staining results showed that CD31-positive cells were 

markedly reduced in gel plugs from DLC1-Tek mice (figure 3A). In addition, ex vivo aorta 

ring assays showed significantly reduced sprouting in samples from DLC1-Tek (figure 3B). 

Both results suggest that the angiogenic response is compromised in DLC1-Tek mice. To 

confirm the efficiency of DLC1 deletion, primary endothelial cells isolated from the lungs of 

DLC1-Tek or wild-type control (DLC1loxP/loxP) mice were subjected to immunoblot 

analysis. The level of DLC1 protein was diminished in DLC1-Tek endothelial cells and the 

Rho-GTP level was up-regulated as expected (figure 4A). In agreement with our findings 

using siDLC1 HUVECs, DLC1-Tek cells migrated faster than DLC1loxP/loxP control cells 

and the tube formation activity was reduced in DLC1-Tek cells (figure 4B). Furthermore, 

paxillin protein levels were also upregulated in DLC1-Tek cells (figure 5A). Further 

silencing of paxillin rescued DLC1-Tek cell migration and tube formation phenotypes 

(figure 5B), although less completely than those in siDLC1 HUVECs (figure 2A). This 

probably was due to lower paxillin knockdown efficiency in primary mouse endothelial cells 

as evident by immunoblotting (figure 5B). On the other hand, silencing of RhoA reduced 

DLC1-Tek cell migration but had no effect on the tube formation activity (figure 5B). These 

data indicate that endothelial DLC1 contributes to angiogenesis in mice and mechanistically, 

DLC1 regulates endothelial cell migration through RhoA and paxillin independently and 

tube formation mainly through paxillin signaling (figure 5C).
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4. Discussion

Previous studies have demonstrated that DLC1 total knockout in mice leads to embryonic 

lethality with severe defects in the neural tube, heart, and vasculature of placenta [4, 16]. 

Our current studies on DLC1-Tek endothelial-specific knockout mice have shown that 

endothelial DLC1 is not required for appropriate vasculogenesis and have suggested that 

abnormalities from several cell types and microenvironments may coordinately contribute to 

vascular defects in total knockouts. On the other hand, DLC2 total knockout mice are 

apparently normal [13]. It would be interesting for future studies to generate DLC1/DLC2 

double endothelial specific knockout mice to reveal the function of DLC in vasculogenesis.

The role of DLC1 in cell migration is intriguing. Our previous studies showed a positive role 

of DLC1 in epithelial cell migration because silencing of DLC1 in prostate epithelial cells 

reduces cell migration mainly due to upregulation of plasminogen activator inhibitor 1 

(PAI-1) [19]. In the endothelial cells, knockout or knockdown of DLC1 promotes migration 

through two independent routes - the RhoA pathway and paxillin signaling. These findings 

suggest that DLC1 may regulate cellular activities through different mechanisms that are cell 

type dependent.

The finding that lack of endothelial DLC1 reduces angiogenesis is somewhat surprising, 

because our previous report [13] showed that total knockout of DLC2 in mice enhances 

angiogenic responses and silencing of DLC2 in HUVECs increases tube formation in a 

RhoA-dependent manner. Although down-regulation of DLC1 or DLC2 both lead to up-

regulation of RhoA activities, it appears that RhoA activity is more relevant to DLC2-

mediated angiogenesis since knockdown of RhoA does not change the tube formation 

phenotype in DLC1-Tek or siDLC1 cells. RhoA is a known positive regulator of tube 

formation [21] and is upregulated in DLC1-Tek and siDLC1 cells, indicating that lack of 

DLC1 elicits a negative regulation that overcomes or bypasses the positive effect of RhoA. 

To this end, we found that paxillin is up-regulated in the absence of DLC1. Up-regulated 

paxillin appears to be responsible for the observed tube formation reduction because 

silencing of paxillin restores the tube formation activity without altering RhoA activity in 

DLC1-Tek or siDLC1 cells. This result is in agreement with the finding that paxillin 

negatively controls angiogenesis by altering neurophilin 2 (NRP2) expression [7]. NRP2 is a 

non-kinase receptor that binds to VEGFR-2 and regulates endothelial cell functions, such as 

survival and migration [6]. Our studies have placed DLC1 at the upstream of the paxillin-

NRP2 pathway in regulating angiogenesis. Now the question is how DLC1 suppresses 

paxillin protein levels. One possibility is that paxillin protein is more stable in the absence of 

DLC1. This is supported by the report that DLC1 down-regulates paxillin in spread 

fibroblasts and that this process does not require DLC1's RhoGAP activity [8], which is 

consistent with our finding that silencing of RhoA does not affect the up-regulation of 

paxllin in DLC1-Tek or siDLC1 cells. In addition, it is shown that the LD motif of DLC1 

binds to the talin R8 domain, which also interacts with the paxillin LD1 and LD2 motifs 

[23]. Therefore, DLC1 and paxillin are competing for the same binding site on talin. It is 

likely that talin-bound paxillin is more stable in the absence of DLC1 in a cell. On the other 

hand, DLC1 may suppress paxillin expression at the transcriptional stage. These possibilities 

require further investigation in the future.
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DLC1 is known as a tumor suppressor and is down-regulated in numerous types of cancer, 

including hepatocellular carcinoma (HCC). Our previous findings demonstrate that down-

regulation of DLC1 in epithelial cells promotes angiogenesis by releasing more VEGF [17]. 

This is not observed in current studies since endothelial cells are generally not known to 

express VEGF and we fail to detect it in HUVECs and our mouse endothelial cells (not 

shown). Nonetheless, our current studies show that reduction of DLC1 in endothelial cells 

impairs angiogenesis, which is not favorable for tumor development. These seem 

contradictory to each other in terms of promoting tumorigenesis. Interestingly, a recent 

report analyzing DLC1 expression and localization in HCC showed that although DLC1 is 

often lost in cancer cells, it remains within the stromal components and is concentrated 

within a close proximity to endothelial (CD34 positive) cells [22]. It will be worthwhile to 

investigate DLC1 expression not only in cancer cells but also within tumor 

microenvironments in the future.
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Highlight

Silencing of DLC1 enhances endothelial cell migration

Down-regulation of DLC1 reduces tube formation activity

DLC1 knockdown increases RhoA activity and paxillin protein level.

RhoA and paxillin independently contribute to DLC1-medilated cell migration.

DLC1-medilated endothelial tube formation is mainly controlled by paxillin.

Endothelial specific DLC1 knockout mice show compromised angiogenic responses
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Figure 1. Silencing of DLC1 promotes migration but reduces tube formation activities of 
HUVECs
(A) HUVECs treated with control (siCont) or DLC1 (siDLC1) siRNAs were lysed for 

immunoblotting with indicated antibodies or for measuring RhoA activities by GST-RBD 

pull down assay (labeled as Rho-GTP) or by Rho G-LISA activation assay (lower panel) 

(N=3). (B) Representative images of transwell cell migration (upper) or tube formation 

(lower) of siCont or siDLC1 HUVECs cells and bar graphs of data from triplicate 

experiments. *, P < 0.05.
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Figure 2. RhoA and paxillin independently contribute to the cell migration phenotype but only 
paxillin is involved in tube formation defects in siDLC1 HUVECs
(A) Representative images of transwell cell migration (upper) or tube formation (lower) of 

HUVECs treated with indicated siRNAs and bar graphs of data from triplicate experiments. 

*, P < 0.05 (B) Cell lysates isolated from HUVECs treated with indicated siRNAs were 

immunoblotted with paxillin or GAPDH antibodies (left) or were used for measuring RhoA 

activities by Rho G-LISA activation assay (right)(N=3).
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Figure 3. Lack of endothelial DLC1 reduces in vivo and ex vivo angiogenesis
(A) Representative images of angiogenic response to Matrigel in DLC1-Tek and 

DLC1loxP/loxP mice. Gel plugs from DLC1-Tek showed significantly lower CD31-positive 

vessels than DLC1loxP/loxP samples. Bar graph shows quantification of vessel formation per 

sample (N=3). *P < 0.05 (B) Representative images of aortic ring explants placed in 

Matrigel. Bar graph shows quantification of tube-like structure. Sprouting of aortic explants 

is significantly reduced in DLC1-Tek samples (N=5). P value was calculated by paired 

Student's t-test. *, P < 0.05
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Figure 4. Loss of DLC1 promotes endothelial cell migration but suppresses tube formation 
activities
(A) Cell lysates prepared from DLC-Tek or DLC1loxP/loxP endothelial cells were subjected 

to immunoblotting or RhoA activity assays. (B) Representative images of transwell cell 

migration (upper) or tube formation (lower) of indicated cells and bar graphs of data from 

triplicate experiments. *, P < 0.05.
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Figure 5. Rescue DLC1-Tek cell phenotypes by silencing of RhoA or paxillin
(A) Cell lysates isolated from DLC1loxp/loxp or DLC1-Tek treated with indicated siRNAs 

were immunoblotted with paxillin or GAPDH antibodies (left) or were used for measuring 

RhoA activities by Rho-GTP G-LISA activation assay (right) (N=3). (B) Bar graphs of cell 

migration (left) and tube formation (right) of indicated cells from triplicate experiments. *, P 
< 0.05. (C) Schematic representation of DLC1 regulating endothelial cell migration and tube 

formation through RhoA and/or paxillin.
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