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a b s t r a c t

Endothelial cells of the microvasculature are major target of ionizing radiation, responsible of the radiation-
induced vascular early dysfunctions. Molecular signaling pathways involved in endothelial responses to
ionizing radiation, despite being increasingly investigated, still need precise characterization. Small GTPase
RhoA and its effector ROCK are crucial signaling molecules involved in many endothelial cellular functions.
Recent studies identified implication of RhoA/ROCK in radiation-induced increase in endothelial perme-
ability but other endothelial functions altered by radiation might also require RhoA proteins. Human micro-
vascular endothelial cells HMEC-1, either treated with Y-27632 (inhibitor of ROCK) or invalidated for RhoA
by RNA interference were exposed to 15 Gy. We showed a rapid radiation-induced activation of RhoA, lead-
ing to a deep reorganisation of actin cytoskeleton with rapid formation of stress fibers. Endothelial early
apoptosis induced by ionizing radiation was not affected by Y-27632 pre-treatment or RhoA depletion.
Endothelial adhesion to fibronectin and formation of focal adhesions increased in response to radiation
in a RhoA/ROCK-dependent manner. Consistent with its pro-adhesive role, ionizing radiation also
decreased endothelial cells migration and RhoA was required for this inhibition. These results highlight
the role of RhoA GTPase in ionizing radiation-induced deregulation of essential endothelial functions linked
to actin cytoskeleton.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Exposure to ionizing radiation (IR), either accidental (i.e. nuclear
power plant incident) or used as therapeutical strategy in radio-
therapy cancer treatment, leads to severe acute damage to normal
human tissues. Microvasculature, as an ubiquitous organ system,
is known to play a major role in the pathogenesis of radiation-
induced injury to normal tissues [1]. Endothelial cells (EC) that form
the inner lining of microvessels, are critical targets for IR and are
responsible of radiation-induced acute vascular dysfunctions [2].
Apoptotic cell death, altered cell morphology, modulation of bio-
molecule synthesis and expression but also perturbation of barrier
function are among the immediate responses of the endothelial
compartment to IR. Molecular signaling involved in these early
ll rights reserved.
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endothelial responses to radiation appeared to involve GTPase
RhoA as increased vascular permeability induced by IR was recently
shown to be orchestrated by this protein [3].

The Rho family GTPases, RhoA, Rac-1 and Cdc42 are membrane-
linked molecular switches, initially characterized as playing a piv-
otal role in regulating the actin cytoskeleton but also involved in a
wide array of essential cellular processes [4]. In the endothelial com-
partment, RhoA and its major effector Rho-associated kinase (ROCK)
are key signaling molecules activated in response to a variety of
stimuli (vasoactive substances, shear stress, pro-angiogenic factors,
oxidative stress) and RhoA/ROCK pathway regulates numerous
endothelial cellular functions like permeability, migration and
adhesion [5], but also cell survival and apoptosis [6,7]. Nevertheless,
implication of the Rho family GTPases in endothelial cellular
responses to IR remains poorly described. One study, addressing
the role of RhoA in normal microvasculature exposed to single-high
dose of IR, demonstrated recently that radiation-induced actin cyto-
skeleton reorganization and increased permeability by modification
of VE-cadherin adherens junctions was mediated by RhoA proteins
[3]. Increased permeability is one of the acute responses of normal
endothelium to radiation leading to vascular injury but other func-
tions linked to RhoA may also be altered by IR stress in normal
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endothelium. It has already been described but in a tumoral and in
angiogenic context that RhoA was linked to IR-induced increase in
endothelial adhesion to tumor cells and to radioresistant brain EC
migration, respectively [8,9]. In this study, we aimed at characteriz-
ing the role of RhoA signaling protein in early endothelial functions
rapidly affected by IR in normal microvascular endothelial cells.
2. Materials and methods

2.1. Reagents

Fibronectin, Phalloidin-TRITC (Tetramethylrhodamine B Isothi-
ocyanate) were from Sigma–Aldrich (St Quentin, Fr). Rho-associ-
ated protein kinase (ROCK) inhibitor Y-27632 [10] was from
Calbiochem (Nottingham, UK). The following anti-human antibod-
ies were used: RhoA (sc-418) and actin (Santa Cruz Biotechnology,
CA, USA), vinculin (hVIN-1) (Sigma–Aldrich). Secondary antibodies
Alexa Fluor� 568 or 647 goat anti-mouse Ig were from Molecular
Probes (Cergy-Pontoise, Fr).
2.2. Cell culture and irradiation

Human microvascular endothelial cells (HMEC-1) were cultured
as described [11]. Subconfluent HMEC-1 were serum-starved for
18 h, before irradiation at 15 Gy delivered at a rate of 1.28 Gy/
min (Faxitron CP160 irradiator, Faxitron X-ray Corporation, IL,
USA).
2.3. Apoptosis detection

Apo2.7 (7A6 antigen), a mitochondrial marker of apoptosis [12]
was used to evaluate apoptosis by flow cytometry, as described
[11].
2.4. RhoA activation assay

GTP-loaded RhoA levels were assessed using the Active GTPase
Pull down kit (Thermo Scientific, Courtaboeuf, Fr) according to the
manufacturer’s instructions. Briefly, RhoA-GTP was collected using
GST-Rhotekin RBD. The eluted proteins were separated by 12%
SDS–PAGE, transferred to Immobilon-P membrane (Millipore,
Molsheim, Fr) and detected with specific anti-RhoA antibody. Total
RhoA was detected on total cell lysates. Immunoreactive bands
were visualized by enhanced chemiluminescence (ECL) (Roche,
Meylan, Fr).
2.5. Generation of RhoA knockdown HMEC-1 cells

The RhoA mRNA target sequence was GAAGUCAAGCAUUUCU-
GUC (RefSeq Accession Number NM_01664.2) [13]. An irrelevant
scramble (scr) sequence was used as control. Short hairpin oligonu-
cleotides sh-RhoA and sh-scr were subcloned into the lentiviral vec-
tor pFG12 [14] which allows expression of both green fluorescent
protein (GFP) and target-specific shRNAs. These constructs were
used for lentivirus production, as described in the ViraPower Len-
tiviral Expression System manual (Invitrogen, Courtaboeuf, Fr).
HMEC-1 transduced either with lenti-sh-RhoA or lenti-sh-scr viral
particles, were >90% GFP-positive as estimated by flow cytometry
7 days post-infection. Transduced HMEC-1 were used for experi-
ments 3–4 passages post-infection. RhoA protein expression was
evaluated on NP40 1% total cell lysates by Western blot 72 h post-
infection.
2.6. Immunofluorescence studies

HMEC-1 were plated on glass coverslips, serum-starved over-
night and irradiated. Cells were fixed with 4% paraformaldehyde
(PFA) 10 min post-IR, washed and permeabilized with 0.1% Triton
X-100 for 10 min. After blocking in 5% serum/PBS, cells were
stained with TRITC-phalloidin to visualize F-actin and/or primary
antibodies for 1 h at room temperature and labeled with second-
ary antibodies for 45 min. Confocal microscopy was performed
(Leica TCS SP, Leica Microsystems, Rueil-Malmaison, Fr). Images
were processed using Metamorph software (Roper Scientific,
Evry, Fr).

2.7. Cell adhesion assay

Adhesion assays were performed as described [15]. Briefly, cells
were plated in low-serum MCDB131 medium for 2 h at 37 �C in 5%
CO2, then pre-treated with vehicle or 10 lM Y-27632 for 30 min
before IR. Non-adherent cells were removed 10 min post-IR by
washing. Adherent cells were fixed, stained with 0.1% Crystal
Violet solution and lysed in 0.1 M citrate/ethanol (50/50). Absor-
bance was measured at 540 nm.

2.8. Cell migration assay

sh-scr and sh-RhoA HMEC-1 were seeded in 12-well plates and
grown until confluence before IR. The cell monolayer was then in-
jured with a pipette tip to produce a denuded area. The culture
medium was changed to eliminate detached and damaged cells.
Cell migration was followed using time-lapse video microscopy
(Leica DMI6000B) equipped with epifluorescence microscopy and
a temperature-controlled stage (37 �C) under 5% CO2. GFP expres-
sion by lentivirally-transduced HMEC-1 allowed tracking of live in-
fected cells at 10X magnification every 10 min for a total period of
18 h with 488 nm laser illumination (HQ2 CoolSnap camera, Roper
Scientific). Image processing and data analysis were performed
using Metamorph software.

2.9. Statistical analysis

All values were reported as mean ± SEM, as indicated. Statistical
significance was evaluated p < 0.05, unless otherwise indicated,
using Student’s t test (GraphPad Instat3 software, La Jolla, USA).
3. Results

3.1. RhoA/ROCK pathway is involved in rapid reorganization of actin
cytoskeleton induced by IR

To determine the significance of RhoA in radiation response of
EC, we first analyzed RhoA activation by mean of its GTP-loading
in 15 Gy-irradiated HMEC-1. As shown in Fig. 1A, we detected a
very low level of GTP-RhoA in non-irradiated (0 Gy) cells, which
increased significantly within 10 min following IR, indicating that
RhoA was rapidly activated in EC exposed to 15 Gy. Next, actin
cytoskeleton remodeling was assessed, as the main role of RhoA
via its effector ROCK described in mammalian cells is the forma-
tion of stress fibers [4]. Non-irradiated HMEC-1 presented sparse
stress fibers spanning the cell body whereas in 15 Gy-irradiated
cells, a rapid and profound reorganization of the actin cytoskele-
ton was observed, characterized by a significant increase in thick
stress fibers. Inhibition of ROCK by pre-treatment of EC with
inhibitor Y-27632 led to a complete disappearance of F-actin bun-
dles in non-irradiated cells and completely abrogated 15 Gy-in-
duced increase of stress fibers, confirming the RhoA/ROCK



Fig. 1. RhoA/ROCK pathway is involved in IR-induced modification of EC actin cytoskeleton. (A) RhoA activation measured by pull-down assay. Serum-starved HMEC-1 were
irradiated. GTPase activation was determined by evaluating the level of GTP loading. Equal total RhoA was loaded. (B) Serum-starved HMEC-1 were pre-treated either with
vehicle or with 10 lM Y-27632 for 30 min, then irradiated at 15 Gy, fixed 10 min post-IR and stained with phalloidin-TRITC. Bar = 20 lM. Images are representative of three
independent experiments. (C) Characterization of HMEC-1 after RhoA knockdown. Expression of RhoA on total lysates of cells infected with lentiviruses carrying short hairpin
RNA targeting RhoA mRNA (sh-RhoA) or a control irrelevant scramble sequence (sh-scr) by Western blot 72 h post-infection. Actin level was used to normalize loading. (D)
Actin staining in sh-scr (a, c) and sh-RhoA (b, d) HMEC-1 in non-irradiated condition (a, b) or exposed to 15 Gy (c, d) was performed as in (B). Lentivirus-infected cells were
GFP-positive, allowing identification of individual sh-scr and sh-RhoA HMEC-1. Cells shown here were all checked first for their GFP positivity. Images are representative of
three experiments performed on three independent pools of virus-infected HMEC-1. Bar = 20 lM. Digital enlargements of the zone surrounded by a gray rectangle in 0 and
15 Gy conditions are shown, (4) indicate actin nodes.
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involvement in this extensive actin remodeling (Fig. 1B). In order
to characterize more precisely the implication of RhoA in EC re-
sponse to IR, RNA interference was used to knockdown RhoA
expression in HMEC-1. RhoA protein expression was totally sup-
pressed in HMEC-1 infected with sh-RhoA, but remained unaf-
fected in sh-scr cells (Fig. 1C). RhoA silencing has no effect on
the growth characteristics of HMEC-1 in basal conditions (data
not shown). Analyzing the actin cytoskeleton (Fig. 1D) of non-
irradiated sh-RhoA HMEC-1 revealed no obvious modifications
in F-actin organization compared to non-irradiated sh-scr
HMEC-1 (a and b), with presence of small numbers of stress fibers
spanning the cell body. In sh-scr HMEC-1 irradiated at 15 Gy, we
observed a massive increase in stress fibers with thick actin
cables crossing the cell body (a and c), as previously shown in
HMEC-1 exposed to 15 Gy (Fig. 1A). However, in sh-RhoA
HMEC-1, IR led to a totally different actin organization profile,
with thinner bundles connected to actin nodes (d), different from
fully well organized thick stress fibers. These results indicated
that IR induced acute actin cytoskeleton remodeling in EC, depen-
dent on the RhoA/ROCK pathway and characterized by formation
of stress fibers.
3.2. RhoA/ROCK pathway is not involved in IR-induced cell death

Irradiation of HMEC-1 led to a significant 2-fold increase in
apoptosis (Fig. 2A) as previously reported [11]. Pre-treatment with
Y-27632 did not modify the increased cell death in irradiated
HMEC-1. Both irradiated sh-scr HMEC-1 and sh-RhoA HMEC-1 dis-
played a 44% increase in apoptosis compared to their non-irradi-
ated counterparts (Fig. 2B). These results proved that apoptotic
fate of EC exposed to IR did not require RhoA/ROCK.

3.3. RhoA/ROCK pathway participates to IR-induced increase of
adhesion to fibronectin

Adhesion to fibronectin, a cellular function known to be
linked to actin cytoskeleton dynamics [16], was investigated in
irradiated HMEC-1. Specific adhesion to fibronectin was en-
hanced by 2-fold following IR (Fig. 3A), both in wt (left panel)
and sh-scr cells (right panel). In contrast, this IR-increased adhe-
sion was fully abolished in Y-27632 pre-treated cells (left panel)
or in invalidated sh-RhoA HMEC-1 (right panel). Focal adhesions
are specialized sites containing a complex meshwork of proteins



Fig. 2. RhoA/ROCK pathway has no effects on IR-induced EC apoptosis. HMEC-1 were irradiated and apoptosis was determined 18 h later by APO 2.7 staining by flow
cytometry. (A) HMEC-1 were pre-treated with vehicle or 10 lM Y-27632 30 min before IR. Results are expressed as Apoptotic Index (fold increase of non-irradiated vehicle)
and represent mean ± SEM from six independent experiments performed in triplicate. (B) Apoptotic Index in sh-RhoA HMEC-1 (fold increase of non-irradiated sh-scr) and
represent mean ± SEM from three independent experiments performed in triplicate. ⁄p < 0.05 (Student’s t-test).

Fig. 3. RhoA/ROCK pathway is involved in IR-induced increase in EC adhesion to fibronectin. (A) Adhesion to fibronectin. HMEC-1 were plated on fibronectin-coated wells for
2 h at 37 �C. Pre-treatment with vehicle or 10 lM Y-27632 was performed 30 min before IR. Adhesion assay was done 10 min post-IR. Results are expressed as Adhesion Index
(% of non-irradiated control cells). Results are expressed as mean ± SEM of two experiments performed at least in sextuplates. ⁄p 6 0.005 (Student’s t-test). (B) Formation of
focal adhesions. Serum-starved HMEC-1 plated on fibronectin-coated coverslips were irradiated, fixed 10 min post-IR and stained for F-actin (red) and vinculin (green).
Merged confocal microscopy images are shown. Images are representative of three independent experiments. (N): intense vinculin dots, indicating focal adhesions. (4): Actin
nodes. Left panel: HMEC-1 pre-treated for 30 min with Y-27632 before IR. Bar = 40 lM. Right panel: irradiated sh-scr and sh-RhoA HMEC-1. Only GFP-positive cells, expressing
sh-scr or sh-RhoA, were analyzed. Digital enlargement of the zone outlined in sh-scr or sh-RhoA cells is shown. Bar = 20 lM.
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included vinculin and favoring interactions between extracellular
matrix (ECM)-linked integrins and the actin cytoskeleton [16]. As
their formation reflects cellular adhesion, detection of these
structures by vinculin immunostaining was conducted in
HMEC-1 plated on fibronectin (Fig. 3B). In non-irradiated EC, vin-
culin staining was mainly diffuse throughout the cytoplasm, with
a few small dots on the cell periphery. In contrast, in irradiated
cells, accumulation of intense elongated dots at the cell
periphery revealed the presence of mature focal adhesions (left
panel). As in Fig. 1A, irradiated HMEC-1 stained for F-actin
showed increased stress fibers (Fig. 3B, left panel) and focal
adhesions were localized at the termini of these cytoskeletal
structures. Pre-treatment of HMEC-1 with Y-27632 led to a
complete absence of vinculin dots with or without IR exposure.
As shown in Fig. 1B, Y-27632 also abolished IR-induced increase
in stress fibers formation in fibronectin-plated HMEC-1. In
knockdown experiments (Fig. 3B, right panel), IR induced the
formation of focal adhesions in sh-scr HMEC-1 whereas in



Fig. 4. RhoA is required for IR-induced decreased migration of EC. Migration of GFP-positive sh-scr and sh-RhoA HMEC-1 was evaluated by time-lapse tracking for 18 h. Dying
and dividing cells were excluded from the tracking. Results are mean ± SEM of three independent experiments with 30 cells tracked per condition per experiment. (A)
Migration of sh-RhoA HMEC-1 in non-irradiated condition. Total distance (lM) covered by single cell was determined using Metamorph Software. ⁄p < 0.0001 (Student’s t-
test). (B) Migration of sh-scr and sh-RhoA expressed as percentage of the non-irradiated condition. ⁄p < 0.0005, n.s: non significant (Student’s t-test).
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irradiated sh-RhoA HMEC-1, vinculin staining was weak and
diffuse throughout the cytoplasm. Importantly, no vinculin dots
were seen, indicating an absence of mature focal adhesions in
these cells. Irradiated sh-RhoA HMEC-1 formed short thin
bundles connected to actin nodes, as previously illustrated in
Fig. 1D.

Altogether, these results indicated that IR-induced increased
adhesion of EC was entirely dependent on an efficient RhoA/ROCK
pathway, which promoted formation of focal adhesions.
3.4. IR-induced inhibition of EC migration requires RhoA activity

We next investigated migration of irradiated HMEC-1 by film-
ing the recolonization of a denuded scratch of a confluent EC
monolayer (Fig. 4). In order to evaluate only migratory processes,
neither dividing nor dying cells were tracked. Invalidated sh-RhoA
EC in non-irradiated condition (Fig. 4A) migrated on a 40% shorter
distance than sh-scr cells. Upon IR exposure, migration of sh-scr
HMEC-1 was decreased by 32%, compared to non-irradiated cells
(Fig. 4B). In contrast, IR-induced inhibition of migration was not
observed in sh-RhoA HMEC-1. Thus, IR partially reduced HMEC-1
migration, but this inhibition was no longer observable in the ab-
sence of RhoA. These data indicated that RhoA, although required
for basal migration, participated also to IR-induced inhibition of
endothelial migration.
4. Discussion

Damage to capillary blood vessels is one of the most common
effects of radiation and injury to the vascular endothelium is a
key factor in early and delayed radiation toxicity in tissues. Despite
improved characterization of molecular signaling pathways mobi-
lized for acute cellular responses to radiation, the role of mem-
brane-linked GTPase RhoA was underinvestigated. The present
work now identifies RhoA as an important actor in endothelial
early responses to IR, in particular in actin cytoskeleton remodel-
ing, adhesion to fibronectin and migration. Rapid activation of
RhoA and stress fibers formation was previously described in pri-
mary human dermal microvascular EC upon IR exposure [3]. As
perturbation of cell morphology was one of the obvious early hall-
marks of immediate effects of IR on the endothelial compartment
[17,18], our data together with recent work [3] strongly support
an essential role for RhoA in immediate modifications of the cellu-
lar architecture in response to high dose of IR in microvascular EC.
High dose of IR are known to engage ECs toward cell death,
mainly through ceramide-mediated apoptosis both in vitro
[11,19] and in vivo [20,21]. Despite extensive investigations of
the involvement of RhoA in the apoptotic process, the current
understanding is that RhoA can lead either to pro-apoptotic or
pro-survival signals, depending on cell type and/or apoptotic stim-
ulus [22], particularly in the endothelial compartment [6,7]. Thus,
in radiation-mediated apoptosis of EC, RhoA GTPases do not appear
as mandatory signaling molecules. As already mentioned, the
endothelium has also the capacity to react to IR stress by acquiring
an activated phenotype linked to changes in morphology, adhe-
sion, permeability and secretion [2]. This study demonstrated that
IR affected adhesion to fibronectin and endothelial migration and
these events were dependent on RhoA/ROCK signaling. RhoA GTP-
ases are known to regulate cellular adhesion partly through the
regulation of focal adhesion assembly, as a result of mechanical
force generated by actin cytoskeleton-derived stress fibers [23]. In-
deed, our results highlighted the role of RhoA/ROCK in IR-increased
adhesion, as RhoA-dependent stress fiber formation was required
to produce focal adhesions. Filming irradiated HMEC-1 revealed re-
duced migration in living and non-dividing cells, also consistent
with increased adhesion. This confirmed the inhibitory effect of
IR on microvessel migration, previously shown on primary micro-
vascular EC and quiescent macrovessels [24,25]. Furthermore, our
results showed that the fraction of EC not committed to cell death
displayed a lower ability to recolonize denuded zones and this
would make them less efficient in restoring monolayer integrity
following IR-induced damage. This study also demonstrated that
RhoA GTPase affected differently EC migration, generating pro-
migratory signals in non-irradiated conditions, but required in
the anti-migratory response observed in irradiated EC as non-
irradiated and irradiated sh-RhoA HMEC-1 showed equivalent lev-
els of migration. The balance between migration and adhesion
requires fine tuning with both spatial and temporal coordination
of the actin cytoskeleton and extracellular adhesion [26]. The role
of RhoA GTPases in these processes remains complex but the level
of activation of these proteins appears to determine the response:
RhoA have been described as contributing to migration, while at
the same time high RhoA activity strongly inhibits migration by
promoting very efficient adhesion [26,27]. In our model, in non-
irradiated EC, RhoA, which presented a low level of activation RhoA
is necessary for migration whereas EC migration was impaired in
irradiated conditions where RhoA is strongly activated.

Characterization of RhoA/ROCK pathway as rapidly recruited in
endothelial cells in response to radiation raised the issue of how
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radiation could lead to membrane-linked protein RhoA activation.
Massive production of reactive oxygen species (ROS) is the first
intracellular radiochemical event after radiation exposure and
could possibly lead to RhoA activation, as this protein was very re-
cently identified as a ROS/RNS target [28]. Another potential path-
way leading to RhoA activation could be the sphingolipid ceramide
generated by IR in the plasma membrane [29], already identified in
in vitro studies as activating RhoA in EC [30] and described as an
important messenger in transduction of cellular stress [31].

Membrane signaling GTPases RhoA are now identified in EC as
important mediator of immediate effects of IR, leading to increased
permeability [3] and also to enforced adhesion and decreased
migration. These altered functions conferred to EC an aberrant acti-
vated phenotype which would conduct to vascular dysfunctions
promoting tissue inflammation, rupture of capillaries and eventu-
ally to more delayed damages relying on premature EC senescence.
Indeed, pro-adhesive with impaired migratory flatted phenotype
was recently described as hallmark of senescent irradiated endo-
thelium [24]. Nowadays, protecting normal tissue of immediate
damages of radiation is a major goal. Inhibiting the RhoA/ROCK
pathway has already been shown to reduce IR-induced intestinal
toxicity [32]. Therefore, targeting the RhoA/ROCK pathway by
pharmacological agents could be useful to limit radiation-induced
endothelial dysfunctions for both clinical management of acciden-
tal or radiotherapy toxicity on normal tissues.
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