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Abstract

Background: Deleted in Liver Cancer 1 (DLC1) is a tumor suppressor gene frequently deleted in cancer. However, DLC1 is not
known to be deleted in angiosarcoma, an aggressive malignancy of endothelial cell derivation. Additionally, the physiologic
functions of DLC1 protein in endothelial cells are poorly defined.
Methods: We investigated the effects of shRNA-induced DLC1 depletion in endothelial cells. Cell growth was measured by 3H
thymidine incorporation, IncuCyte imaging, and population doublings; cell death by cell cycle analysis; gene expression by
Affimetrix arrays and quantitative polymerase chain reaction; NF-jB activity by reporter assays; and protein levels by immu-
noblotting and immunofluorescence staining. We tested Tanespimycin/17-AAG and Fasudil treatment in groups of nine to 10
mice bearing ISOS-1 angiosarcoma. All statistical tests were two-sided.
Results: We discovered that DLC1 is a critical regulator of cell contact inhibition of proliferation in endothelial cells,
promoting statistically significant (P < .001) cell death when cells are confluent (mean [SD] % viability: control
DLC1¼15.6 [19.3]; shDLC1¼73.4 [13.1]). This prosurvival phenotype of DLC1-depleted confluent endothelial cells is attribut-
able to a statistically significant and sustained increase of NF-jB activity (day 5, P ¼ .001; day 8, P ¼ .03) associated with in-
creased tumor necrosis factor alpha–induced protein 3 (TNFAIP3/A20) signaling. Consistently, we found that DLC1 is statisti-
cally significantly reduced (P < .001 in 5 of 6) and TNFAIP3/A20 is statistically significantly increased (P < .001 in 2 of 3 and P ¼
0.02 in 1 of 3) in human angiosarcoma compared with normal adjacent endothelium. Treatment with the NF-jB inhibitor
Tanespimycin/17-AAG statistically significantly reduced angiosarcoma tumor growth in mice (treatment tumor weight vs
control, 0.50 [0.19] g vs 0.91 [0.21] g, P ¼ .001 experiment 1; 0.66 [0.26] g vs 1.10 [0.31] g, P ¼ .01 experiment 2).
Conclusions: These results identify DLC1 as a previously unrecognized regulator of endothelial cell contact inhibition of
proliferation that is depleted in angiosarcoma and support NF-jB targeting for the treatment of angiosarcoma where DLC1
is lost.

Deleted in Liver Cancer 1 (DLC1) is a tumor suppressor gene in a
variety of cancer types, including liver, lung, colon, and brain
(1–3). In cancer cells, DLC1 expression is often lost or reduced
due to gene deletion or aberrant DNA methylation, and reintro-
duction of DLC1 inhibits cancer cell growth (2,4). Most tissues
express DLC1, but the functions of DLC1 in normal cells are
poorly characterized. DLC1-null embryos die by day 10.5 of

gestation with placental blood vessel abnormalities, providing
evidence for an essential yet unclear developmental function of
DLC1 (1,5–7).

DLC1 is a rho-GTPase-activating protein (GAP), which inacti-
vates rho-A, -B, and -C (3,8), and inhibition of the rho family of
small GTPases is critical to DLC1 tumor suppressor function (9).
DLC1 possesses additional functional domains that contribute
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to its full tumor suppressive function (8–13). Cyclin-dependent
kinase-5 (CDK5) phosphorylates DLC1, activating its tumor sup-
pressive functions (14).

DLC1 is not currently known to be a tumor suppressor in
angiosarcoma, an aggressive vascular tumor arising from blood
and lymphatic endothelia (15,16). Previous studies reported that
primary endothelial cells express high levels of rho and its effec-
tor rho-associated kinase, ROCK (17), suggesting a contribution
of ROCK in angiogenesis and angiosarcoma (18). Recently,
siRNA depletion of DLC1 promoted endothelial cell motility and
reduced tube formation (7).

To gain insight into the potential roles of DLC1 in angiosar-
comagenesis, we have explored DLC1-dependent pathways
contributing to regulation of endothelial cell growth and
survival.

Methods

Cells and Cell Function

Human umbilical vein endothelial cells (HUVEC; passages 4–7
unless otherwise stated; Lifeline Cell Technology, Frederick,
MD; FC-0044), human dermal microvascular endothelial cells
(HMVEC-d, passages 2–5; Lonza, Allendale, NJ; CC-2543), the hu-
man microvascular endothelial cell line (HMEC-1; ATCC,
Manassas, VA; CRL-3243), the hybrid endothelial EA.hy926 cell
line (ATCC, CRL-2922), human primary fibroblasts (CCD-18Co,
passages 10–12; ATCC CCD-18Co), and the mouse angiosarcoma
cell line ISOS-1 (19) were propagated as detailed in the
Supplementary Methods (available online).

Cell proliferation by 3H-thymidine incorporation, calcein-
fluorescence, IncuCyte imaging, population doublings; cell cycle
with propidium iodide, and use of Staurosporine (Adipogen, San
Diego, CA; AG-CN2-0022), C6-ceramide (Avanti Polar Lipids,
Alabaster, AL; 860506P), Tanespimycin/17-AAG (Selleck
Chemicals, Houston, TX; S1141), and C3 Transferase from
Clostridium botulinum (Cytoskeleton, Denver, CO; CT04) were
used as described in Supplementary Methods (available online).

Gene Expression

Lentiviral particles for silencing and overexpression of DLC1
and control shRNAs were prepared using a third-generation
system (see the Supplementary Methods, available online) (20).
RNA purification, cDNA synthesis, quantitative polymerase
chain reaction (qPCR), and qPCR primers are described in the
Supplementary Methods and Supplementary Table 1 (available
online). Gene expression profiles were analyzed using
Affimetrix human microarray Hu Gene ST 2.0 array and analysis
of variance (ANOVA). Microarray raw data are deposited in
ArrayExpress (E-MTAB-5263). NFjB reporter assays
(Supplementary Methods, available online) utilized a lentiviral
vector where expression of the firefly luciferase reporter gene is
driven by NF-jB activation and dTomato is constitutively
expressed for normalization and cell tracking.

Immunoblotting, Protein Array, and Rho Activity

Primary antibodies for immunoblotting are listed in
Supplementary Table 2 (available online). Images were acquired
using a LAS 4000 imager device (GE). The Supplementary
Methods (available online) provide details of immunoblotting,
use of the human apoptosis array kit (R&D Systems,

Minneapolis, MN; ARY009), and measurement of GTP-bound
rho.

Mouse Model

All mouse experiments were conducted in adherence to the
National Institutes of Health Guide for Care and Use of
Laboratory Animals with protocols approved by the
Institutional Animal Care and Use Committee of the Center for
Cancer Research, National Cancer Institute. BALB/c female mice
(age eight weeks, Charles River Laboratories) were inoculated
s.c. with 1�106 ISOS-1 cells isolated from tumors, detailed in the
Supplementary Methods (available online). One week after inoc-
ulation, mice were randomly assigned to four groups (n¼ 10/
group) for i.p. injections with vehicle, Fasudil (Selleck Chemicals
HA-1077; 50 mg/kg), Tanespimycin/17-AAG (Selleck Chemicals
S1141; 80 mg/kg), or the combination of Fasudil (50 mg/kg) and
17-AAG (80 mg/kg) three times per week until the specified end
point (tumor reaching the estimated volume of 2000 mm3, cal-
culated as V ¼ 1/2 � D � d2, where D and d are the longest and
shortest perpendicular tumor diameters) was reached in any
mouse. The next day, the mice were killed, and the tumors were
evaluated (Supplementary Methods, available online).

Tissue Samples, Immunostaining, and Quantitation

Anonymized tissue samples were obtained from six patients
(Supplementary Table 3, available online) under institutionally
approved protocols (Kyoto University, Japan) with written in-
formed consent and from mouse tumors. Details of tissue fixa-
tion, processing, antigen retrieval, and immunofluorescence
staining with primary and secondary antibodies
(Supplementary Table 2, available online) and fluorescence
quantification are described in Supplementary Methods, avail-
able online. Images were acquired using a 710 NLO confocal
(Carl Zeiss); 22 fields per slide (63� magnification) were ac-
quired (11 each from normal and angiosarcoma regions).
Images were processed using Fiji (21); results of fluorescence
quantification are presented as boxplots.

Statistical Analysis

Data are expressed as means (standard deviations). Unpaired/
paired two-tailed Student’s t test was used for statistical analy-
sis of the difference between two groups with normal and ho-
moscedastic distribution; otherwise, the Mann-Whitney U test
was used. One- or two-way ANOVA with Tukey Honestly
Significant Difference (HSD) post hoc was used for statistical
analysis of differences comparing three or more groups. A P
value of less than .05 was considered statistically significant. All
statistical tests were two-sided.

Results

Effects of DLC1 on Endothelial Cell Survival

We found that DLC1 protein levels are statistically significantly
(P ¼ .003) higher in primary human umbilical vein endothelial
cells propagated at high cell density compared with low cell den-
sity (Figure 1A). Consistent with DLC1 being regulated by protein
degradation (22), cell density–dependent differences in DLC1 pro-
tein levels were not associated with a statistically significant
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difference (P ¼ .75) in relative DLC1 mRNA levels (Figure 1B).
Primary human dermal microvascular endothelial cells (HMVEC-
d), HMEC-1 cells, and primary human fibroblasts showed a simi-
lar difference in DLC1 protein content when grown at high or low
cell density (Figure 1C).

We effectively silenced DLC1 in HUVEC using four shRNAs
(Figure 2A). When propagated at subconfluent densities, the
loss of DLC1 minimally changed HUVEC population doublings
over 120 days, surface CD31 and VE-Cadherin levels, and the
ability to form vascular structures on extracellular matrix
(Supplementary Figure 1, A–C, available online). However, we
found that DLC1-silenced HUVEC incubated as a confluent
monolayer for 125 or 150 hours survive better than control cells,
as reflected by appreciably greater monolayer density (Figure
2B) and a statistically significantly (P < .001) greater number of
residual live cells (Figure 2C). For example, DLC1-silenced
HUVEC (shDLC1#3) were 73.4 (13.1)% viable after 125-hour cul-
ture compared with control HUVEC that were 15.6 (19.3)% viable
(P < .001).

Once confluent, primary endothelial cells maintain viability
by an equilibrium between cell division and cell death (23). After
HUVEC were maintained as confluent monolayers for one to
eight days (Figure 2D), cell cycle analysis showed a statistically
significant reduction of cells/cell fragments (sub-G0/G1 peak) in
DLC1-silenced HUVEC compared with control at days 4 (P ¼
.002), 6 (P ¼ .002), and 8 (P < .001), consistent with reduced endo-
thelial cell death after DLC1 silencing (Figure 2D). It also showed
a statistically significant increase in the proportion of DLC1-
silenced HUVEC in G0/G1 compared with control cells at days 6
(P ¼ .04) and 8 (P ¼ .001), consistent with retardation of cell cycle

progression from G1 to S (Figure 2D). Furthermore, we observed
cell piling in cultures of DLC1-silenced HUVEC after four weeks
at high density, consistent with the reduced “cell contact inhib-
ition” of proliferation (Figure 2E). Thus, DLC1 regulates cell sur-
vival, cell cycle, and “contact inhibition” of growth in confluent
endothelial cells.

DLC1 Target Genes and Signaling in Endothelial Cells

Microarray analysis showed that DLC1 silencing changes the ex-
pression of many genes in confluent HUVEC (Supplementary
Figure 2A, available online). Among these, we identified reduced
expression of genes linked to cell death regulation and in-
creased expression of prosurvival genes (Supplementary Figure
2B, available online). qPCR confirmed that expression of tumor
necrosis factor, alpha-induced protein 3 (TNFAIP3/A20, an in-
hibitor of TNFa-induced apoptosis and product of NF-jB activa-
tion) is statistically significantly increased (P ¼ .04) in confluent,
DLC1-silenced HUVEC compared with control, whereas expres-
sion of BCL2-Like 11 (BCL2L11/BIM, an apoptotic activator in the
BCL-2 family) is statistically significantly decreased (P ¼ .03)
(Figure 3A; Supplementary Figure 2C, available online). Lysates
of DLC1-silenced, confluent HUVEC contained increased levels
of TNFAIP3/A20 and reduced levels of the cell death regulators
BCL2L11/BIM, clusterin, and cleaved-caspase 3 compared with
control (Figure 3B; Supplementary Figure 2D, available online).

Consistent with the results observed after DLC1 silencing,
low-density HUVEC displayed a higher content of TNFAIP3/A20
and a lower content of the pro-apoptotic BCL2L11/BIM and clus-
terin proteins compared with high-density HUVEC
(Supplementary Figure 3, A and B, available online).

We explored biochemical and functional links among DLC1,
TNFAIP3/A20, and BCL2L11/BIM. First, we found that wild-type
(WT)-DLC1 overexpression reduces TNFAIP3/A20 protein in
EA.hy926 cells, which constitutively express TNFAIP3/A20
(Figure 3C), supporting a role for DLC1 as a TNFAIP3/A20 inhibi-
tor. Second, we found that TNFAIP3/A20 silencing increases
mRNA and protein levels of BCL2L11/BIM and clusterin in endo-
thelial cells (Figure 3, D and E), supporting a role for TNFAIP3/
A20 as a BCL2L11/BIM and clusterin regulator. Third, we found
that TNFAIP3/A20 silencing effectively neutralizes the
prosurvival effect conferred by DLC1 depletion in endothelial
cells (Figure 3F), supporting the role of TNFAIP3/A20 as an es-
sential mediator of endothelial cell survival when DLC1 is
silenced.

These experiments outline a pathway whereby DLC1 defi-
ciency in endothelial cells promotes expression of TNFAIP3/
A20, which represses the pro-apoptotic proteins BCL2L11/BIM
and clusterin.

Rho Contribution to DLC1 Regulation of TNFAIP3/A20
Expression

TNFAIP3/A20 is a product of NF-jB activation (24). We asked
whether the NF-jB pathway is active in DLC1-silenced endothe-
lial cells when TNFAIP3/A20 is detected. Reporter assays
showed that NF-jB activity is statistically significantly in-
creased in confluent DLC1-silenced endothelial cells compared
with control, and this increase is sustained over five (P ¼ .001)
and eight (P ¼ .03) days in confluent cultures (Figure 4A).

Consistent with NF-jB activation, phosphorylation of IjBa

and p65/RelA (p-p65) are increased in confluent DLC1-silenced
endothelial cells compared with control (Figure 4B). The
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Figure 1. Deleted in Liver Cancer 1 (DLC1) protein levels in endothelial cells propa-

gated at different densities. Human umbilical vein endothelial cells (HUVEC)

grown at low (10%–20% confluent) or high (90%–100% confluent) cell density

were tested for DLC1 protein content (representative blot, left; quantitation of

results from three independent experiments, right; P ¼ .003 from two-sided

paired Student’s t test is shown) (A) and mRNA levels (relative mRNA levels by

quantitative polymerase chain reaction normalized to HPRT1, n¼3; P ¼ .75 from

two-sided paired Student’s t test is shown) (B). DLC1 protein levels in cell lysates

of human dermal microvascular endothelial cells, SV40-immortalized human

microvascular endothelial cell line line, and primary human fibroblasts (CCD

18Co) grown at low (1.45 � 103 cells cm-2), medium (mid, 9.10 � 103 cells cm-2),

and high (3.64 � 104 cell cm-2) cell densities (C). DLC1 ¼ Deleted in Liver Cancer 1;

HMEC-1 ¼ human microvascular endothelial cell line; HMVEC-d ¼ human der-

mal microvascular endothelial cells; HUVEC ¼ human umbilical vein endothelial

cells.
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compound Tanespimycin (17-N-allylamino-17-demethoxygel-
danamycin, 17-AAG), an inhibitor of the heat shock protein 90
that lowers NF-jB activation in endothelial cells (25), statisti-
cally significantly reduced (P ¼ .04) NF-jB activity (Figure 4C)
and statistically significantly decreased (P < .001) survival in
DLC1-silenced endothelial cells (Figure 4D).

We infected HUVEC with a DLC1 shRNA that targets the
untranslated region (shUTR DLC1) and subsequently
expressed either GFP vector or WT-DLC1-GFP. Re-expression
of WT-DLC1 statistically significantly reduced (P ¼ .02) NF-jB
activity (Figure 4E) induced by DLC1 silencing in endothelial
cells, providing further evidence that DLC1 regulates NF-jB
activity.

The GTPases rho-A, -B, and -C are major targets of DLC1 ac-
tivity. Consistently, DLC1 silencing in HUVEC increased rho ac-
tivity and phosphorylated myosin light chain (p-MLC), a target
of the rho/ROCK pathway, compared with control (Figure 5, A–
C). However, a specific rho inhibitor (the cell-permeable isoen-
zyme C3 transferase; inhibits all rho forms) minimally altered
TNFAIP3 mRNA, TNFAIP3 protein, and clusterin protein levels
in DLC1-silenced HUVEC (Figure 5, D and E).

Other experiments (schematic of experiment Figure 5F)
tested the mutant DLC1-R718A, which lacks rho-GAP activity (9).
We found that the rho-mutant DLC1-R718A was as effective as
WT-DLC1 at statistically significantly (control vs WT, P ¼ .02;
control vs R718A, P ¼ .01; WT vs R718A, P ¼ .83) reducing the
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cein-labeled viable cells (10�). C) Percent remaining cells is statistically significantly increased in DLC1-silenced HUVEC compared with control after incubation at
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viability of confluent HUVEC where the endogenous DLC1 was
silenced (Figure 5G). Thus, a rho-GAP-independent function of
DLC1 is likely responsible for regulation of cell death in conflu-
ent endothelial cells.

DLC1 in Normal Endothelium and in Angiosarcoma

Increased DLC1 in confluent compared with sparse endothelial
cells predicted that the endothelial cells lining an established
vasculature as a continuous monolayer would express DLC1. Loss
of endothelial cell contact inhibition of growth after DLC1 silenc-
ing in vitro predicted that pathological loss of DLC1 in vivo would
remove constraints on endothelial cell growth/survival.

We evaluated six biopsies from six patients with angiosar-
coma (Supplementary Table 3, available online), a highly prolif-
erative malignancy of endothelial derivation, which included
tumor and adjacent normal tissue (Figure 6, A–C). Nuclear DAPI
staining showed that cell density is typically greater in angio-
sarcoma than in the surrounding normal tissue (Figure 6D,E).
The tumor cells were CD31þ and proliferative, as evidenced by
Ki67 co-immunostaining (Figure 6E). The CD31þ endothelium in
the surrounding normal tissue was largely Ki67-, reflecting rest-
ing vasculature (Figure 6D). We imaged DLC1 in angiosarcoma
specimens: the normal (Figure 6F) and tumor (Figure 6G) tissues
displayed DLC1-specific immunostaining (Supplementary
Figure 4, A–C, available online) in the CD31þ cells, with differen-
ces in intensity. Quantitative staining analysis showed a statis-
tically significant DLC1 reduction in CD31þ tumor cells
compared with the CD31þ normal surrounding endothelium
(P < .001 in 5 of 6 tumors) (Figure 6H). This statistically signifi-
cant difference in DLC1 staining intensity was confirmed by a
different DLC1-specific antibody (Supplementary Figure 4D,
available online). Thus, DLC1 is generally reduced in angiosar-
coma compared with normal resting endothelium.

Consistent with the results in vitro, specific TNFAIP3/A20
and clusterin immunofluorescence (Supplementary Figure 5,
available online) showed that TNFAIP3/A20 fluorescence levels
are statistically significantly higher in CD31þ angiosarcoma
cells compared with the surrounding normal CD31þ endothelial
cells (P < .001 in 2 of 3, P ¼ .02 in the third) (Figure 6I) and that
clusterin fluorescence levels are statistically significantly lower
in CD31þ angiosarcoma cells compared with the surrounding
normal CD31þ endothelial cells (P ¼ .003, P ¼ .001, P ¼ .01)
(Figure 6J). Thus, these results support a role for DLC1 depletion
as an inducer of prosurvival signaling in angiosarcoma.

Effects of Tanespimycin/17-AAG and Fasudil on
Experimental Angiosarcoma Progression

These observations predict that NF-jB inhibition, but not rho in-
hibition, would inhibit progression of DLC1-deficient angiosar-
coma. To test this, we selected an ISOS-1-based model of
murine angiosarcoma, which resembles poorly differentiated
human angiosarcoma (19). ISOS-1 cells resemble human angio-
sarcoma cells in having low/undetectable DLC1 and clusterin
but detectable TNFAIP3/A20 (Figure 7A), suggestive of NF-jB and
TNFAIP3/A20 activity.

We established subcutaneous ISOS-1 tumors in syngeneic
mice. When the tumor volume had reached 0.030 to 0.050 cm3,
the mice were randomly assigned (10 mice/group) to receive in-
traperitoneal injections of vehicle, the rho inhibitor Fasudil
alone (50 mg/kg, three times/week), the NF-jB inhibitor
Tanespimycin/17-AAG alone (80 mg kg, three times/week) or a

Figure 3. Deleted in Liver Cancer 1 (DLC1) regulation of TNFAIP3/A20, BCL2L11/BIM,
and clusterin expression in endothelial cells. A and B) Effects of DLC1 silencing
in human umbilical vein endothelial cells (HUVEC); (A) quantitative polymerase
chain reaction (mean [SD]; n¼5 different experiments; P values from two-sided
Student’s t test are shown) and (B) immunoblotting results; same cell lysates
used in the three blots. C) Wild-type DLC1 was overexpressed in EA.hy926 endo-
thelial cells; TNFAIP3/A20 protein levels by immunoblotting. D) Effects of
TNFAIP3/A20 silencing on clusterin and BCL2L11/BIM protein levels in human
microvascular endothelial cells (HMEC-1 line). E) Effects of TNFAIP3/A20 silenc-
ing on clusterin and BCL2L11/BIM mRNAs. F) Effects of TNFAIP3/A20 silencing on
the prosurvival advantage conferred by DLC1 silencing in HUVEC (mean [SD],
n¼3 independent experiments at day 8, P values from two-sided Student’s t test
are shown). CLU ¼ clusterin; DLC1 ¼ Deleted in Liver Cancer 1.
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combination of Fasudil (50 mg/kg, three times/week) plus 17-
AAG (80 mg kg, three times/week). After two-week treatment
(the largest tumor in the control group was or approached
2000 mm3), the mice were killed. The weight (Figure 7B) of
tumors from mice treated with Tanespimycin/17-AAG alone
was statistically significantly lower than the weight of tumors
in the control group (0.50 [0.19] g vs 0.91 [0.21] g; P ¼ .001).
Instead, the weight of tumors from mice treated with Fasudil
alone was not statistically significantly different from the
weight of tumors in the control group (0.83 [0.29] g vs 0.91 [0.21]
g; P ¼ .82). The addition of Fasudil did not reduce statistically
significantly the tumor weight of Tanespimycin/17-AAG-only-
treated mice (0.43 [0.34] g vs 0.50 [0.19] g; P ¼ .15). These results
were confirmed in a separate experiment, showing that the
weight of tumors from mice treated with Tanespimycin/17-AAG

alone was statistically significantly lower than the weight of
tumors in the control group (0.66 [26] g vs 1.10 [0.31] g; P ¼ .01)
(Figure 7C).

We looked for evidence of drug activity in the treated mice.
p-MLC, which was prominent in control ISOS-1 tumors, was
minimally detected in Fasudil-treated tumors, indicating that
Fasudil had blocked rho-ROCK signaling (Figure 7D). Clusterin
mRNA levels were statistically significantly higher in tumors
from Tanespimycin/17-AAG-treated mice compared with con-
trol (P ¼ .005) or Fasudil-alone-treated (P ¼ .02) mice (Figure 7E),
showing that Tanespimycin/17-AAG inhibited NF-jB/A20 sig-
naling. These results indicate that inhibition of NF-jB signaling
is a promising approach for the experimental treatment of
angiosarcoma, where DLC1 is low and the NF-jB pathway is
active.

A P = .001 P = .03

5 d 8 d

Fo
ld

-c
ha

ng
e

N
F�

B 
ac

�v
a�

on
pLKO
shDLC1

0.0

0.5

1.0

1.5

2.0 pLK
O

sh
DLC

1#5

sh
DLC

1#3

p-I�Bα

I�Bα

p-p65

p65

Ac�n

DLC1

B

160
40
60

60

40

40

C

0

0.5

1.0

1.5

2.0

pLKO shDLC1

Vehicle
17-AAGFo

ld
-c

ha
ng

e
N

F�
B 

ac
�v

a�
on

P = .02

P = .03
P = .05

P = .04 D

0
10
20
30
40
50
60
70
80

vehicle 17-AAG
%

 c
el

l r
em

ai
ni

ng
,

m
ea

n 
± 

SD

pLKO
shDLC1

P < .001 P < .001
P < .001

E

0

0.5

1.0

1.5

2.0

2.5

GFP WT-DLC1
shUTR

shControl

Fo
ld

-c
ha

ng
e

N
F�

B 
ac

�v
a�

on

P = .04

P = .15
P = .02

Figure 4. NF-jB activity in Deleted in Liver Cancer 1 (DLC1)–silenced endothelial cells. A) NF-jB activity is measured by a luciferase reporter transduced into human umbil-

ical vein endothelial cells (HUVEC); the results reflect means (SD) (n¼ 3 different experiments; P values shown are from two-sided paired Student’s t test). B) p-IjBa and

p-p65 levels in DLC1-silenced HUVEC (vectors #3 and #5). C and D) Effects of Tanespimycin/17-AAG on (C) NF-jB activation (mean [SD] normalized to untreated pLKO;

n¼3 different experiments, P values from two-sided paired Student’s t test are shown) and (D) the prosurvival effect induced by DLC1 silencing in HUVEC (means [SD];

n¼3 different experiments, P values from two-sided paired Student’s t test are shown). E) HUVEC were first infected with a control shRNA or with a DLC1 shRNA that

targets the 3’ untranslated region, and then infected with control GFP vector or wild-type (WT)-DLC1-GFP (WT-DLC1). Results reflect means (SD) (n¼2 different experi-

ments, P values are from two-sided paired Student’s t test). DLC1 ¼ Deleted in Liver Cancer 1 (DLC1); GFP ¼ control GFP vector; HUVEC ¼ human umbilical vein endothelial

cells; p-MLC ¼ phosphorylated myosin light chain; shControl ¼ shRNA nonmammalian control; shUTR ¼ shRNA that targets the 3’ untranslated region; WT ¼ wild-

type.
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Discussion

We report that DLC1 plays a previously unrecognized role as an
essential physiologic regulator of cell contact inhibition of pro-
liferation in endothelial cells. In this process, primary cells stop
dividing and die when they occupy the entire surface allocated
to them (26); depletion of DLC1 impairs this process. We further
report that DLC1 is reduced or lost in angiosarcoma, a malig-
nancy of endothelial cell derivation, and provide evidence that
the loss of DLC1 drives NF-jB activation, a therapeutically tar-
getable pathway in experimental angiosarcoma.

Cell contact inhibition of proliferation is a complex process
initiated by mechanical cues (27,28), key junctional proteins
(29), and soluble factors (30) converging on the regulation of
the Hippo and YAP/TAZ signaling pathways (31–33). Most nor-
mal adult cells are contact inhibited (34). Cancer cells, however,
escape cell contact inhibition, which is implicated in cancer
cells’ ability to multiply, invade host tissues, and metastasize
(35,36).

The tumor suppressor activity of DLC1 has not been previ-
ously linked to regulation of cell contact inhibition of growth,
but to regulation of the actin cytoskeleton and motility of cells.
These functions are dependent on DLC1 rho-GAP activity and
binding to several ligands, including tensin, talin, and FAK
(12,37). We now established that DLC1 regulation of endothelial
cell contact inhibition of growth is rho-independent and relies
upon a pathway involving NF-jB/TNFAIP3/A20 signaling and
downstream cell death effectors. When DLC1 is silenced in en-
dothelial cells, NF-jB is activated, TNFAIP3/A20 is induced, and
expression of the pro-apoptotic clusterin, BIM, and cleaved
caspase-3 is reduced, protecting endothelial cells from physio-
logic death when confluent. Consistent with this, previous stud-
ies showed that DLC1 overexpression represses NF-jB activity
in prostate cancer cells (38) and nasopharyngeal cancer cells
(39,40).

TNFAIP3/A20 is a well-known NF-jB-dependent prosurvival
molecule in endothelial cells (41–46), protecting these cells from
death induced by tumor necrosis factor a (TNFa) and other
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Figure 5. Role of rho in Deleted in Liver Cancer 1 (DLC1) regulation of endothelial cell survival. A) Active rho (GTP-bound rho) in DLC1–silenced human umbilical vein endo-

thelial cells (HUVEC) compared with control (representative of two experiments). B and C) Phosphorylated (S20) myosin light chain in DLC1-silenced HUVEC compared

with control: (B) representative and (C) quantitation (mean [SD]; n¼3 different experiments, P values from two-sided paired Student’s t test). D and E) Effects of the spe-

cific rho-A inhibitor (rho-inh, isoenzyme C3 transferase) on mRNA levels of TNFAIP3/A20 mRNA (D, mean [SD]; n¼ 2 experiments) and protein levels of TNFAIP3 and

clusterin (E; representative of two experiments) in DLC1-silenced HUVEC. F and G) HUVEC viability after introduction of wild-type or mutant R718A DLC1 (lacking GAP

activity) in DLC1-silenced HUVEC; (F) schematic of the experiments and (G) results from day 8 (mean [SD]; n¼2 different experiments, four replicates each, P values

from two-sided paired Student’s t test). DLC1 ¼ Deleted in Liver Cancer 1 (DLC1); GFP ¼ control GFP vector; HUVEC ¼ human umbilical vein endothelial cells; p-MLC ¼
phosphorylated myosin light chain; shControl ¼ shRNA nonmammalian control; shUTR ¼ shRNA that targets the 3’ untranslated region; WT ¼wild-type.
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signals (41,47). Here we describe a new role of TNFAIP3/A20 as a
mediator of prosurvival signals in DLC1-depleted endothelial
cells.

The newly identified DLC1 deficiency in human angiosar-
coma and new awareness of NF-jB/TNFAIP3/A20 activation in
DLC1-deficient cells provided a rational basis for NF-jB target-
ing in DLC1-negative angiosarcoma. Tanespimycin/17-AAG, an
effective NF-jB inhibitor in human microvascular endothelial
cells (25), statistically significantly decreased tumor burden in
this mouse model. This holds promise for human angiosar-
coma, which displays high-level NF-jB activity (48) and has ab-
normally low levels of DLC1, as shown here.

There are several limitations of this study. First,
angiosarcoma is an extremely rare malignancy even among
sarcomas (49). Second, Tanespimycin/17AAG, which reduced

angiosarcoma growth statistically significantly in mice, is no
longer under drug development, despite having shown promis-
ing antitumor activity but poor pharmaceutical and toxicity pro-
files (50). Nonetheless, clinical development of newer HSP90
inhibitors continues (50). Third, the mechanisms that underlie
DLC1 activation by cell-to-cell contact and DLC1 regulation of
the NFjB pathway need further exploration.
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Figure 6. Deleted in Liver Cancer 1 (DLC1) in human angiosarcoma and normal endothelium. Histology of angiosarcoma section containing normal and tumor cells; he-

matoxylin and eosin staining (A); boxed areas magnified in ((B) normal) and ((C) tumor). CD31 and Ki67 immunostaining (D and E) shows that the normal CD31þ endo-

thelial cells are mostly nonproliferative (some CD31- cells, likely gland-associated are Ki67þ in (D), whereas CD31þ tumor cells are Ki67þ (E)). CD31þ normal

endothelium is DLC1þ (F); DLC1 levels in angiosarcoma (G). Quantitative analysis of DLC1 fluorescence intensity in CD31þ regions within areas of normal and tumor tis-

sue in individual angiosarcoma tissue biopsy specimens (H). Quantitative analysis of TNFAIP3/A20 (I) and clusterin (J) fluorescence intensity in CD31þ regions of six in-

dividual biopsies from six patients, including normal and tumor areas. The box-and-whisker plots in (H and I) reflect the distribution of data points (box bottom: first

quartile; box top: third quartile; horizontal line: median; whiskers: lowest and highest data points within 1.5 times the interquartile range). Statistical significance

shown in (H–J) is from Mann-Whitney U test. Scale bars: A¼1 mm; B and C¼300 lm; D and E¼200 lm; F and G¼20 lm. CLU ¼ clusterin; DLC1 ¼ Deleted in Liver Cancer 1

(DLC1); N ¼ normal; T ¼ tumor.
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