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Abstract

Background: To investigate how endothelial cells transduce intracellular signals in response to laminar shear stress (SS), we made use of the
papilloma virus oncoprotein E6 which interacts with and induces degradation of numerous cellular proteins including p5S3 and members of
the PDZ-domain family. E6 also recognizes paxillin (PXN), a fundamental component of focal adhesions, interfering with its association to
focal adhesion kinase (FAK).

Methods and results: Human umbilical vein endothelial cells, expressing E6 or its mutated variant AE6'%~''* (AE6) which does not
inactivate p53, were cultured under static conditions or exposed to a laminar SS of 12 dyn/cm? for 16h. In response to SS, cells expressing E6
or AES6 failed to synthesise nitric oxide and directionally remodel their cytoskeleton, as indicated by morphology and phalloidin staining of
actin microfilaments. Under these conditions, PXN association with FAK, its localization to the plasma membrane, and its phosphorylation
on tyrosine-31, which partially encompasses the PXN/FAK docking site, were severely compromised. These alterations were paralleled by
the impairment of important SS-dependent endothelial functions, including nitric oxide production and survival upon serum deprivation. The
direct targeting of PXN expression by RNA interference partially reproduced the E6 phenotype, impairing flow-dependent cell orientation
and survival but not nitric oxide production.

Conclusions: These results provide evidence that papilloma virus E6 protein interferes with the function of the SS-mechanosensor and
suggests a potential a role for PXN in this process.

© 2006 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Laminar shear stress (SS) is an important source of
biomechanical stimuli modulating cardiac morphogenesis

Abbreviations: BAEC, bovine aortic endothelial cells; ERK, extracel-
lular signals regulated kinase; HUVEC, human umbilical endothelial cell;
IP, immunoprecipitation; LD, leucine-aspartate region; LIM domains, lin-
11, isl-1 mec-3 domain; MAPK, mitogen-activated protein kinase; PDZ,
protein domain Z; PI3K, phosphoinositide-3-kinase; PXN, paxillin; shPXN,
short hairpin of paxillin RNA; SS, shear stress; ST, static
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[1] and endothelial cell (EC) function by a signal
transduction cascade that leads to chromatin remodeling
[2], survival [3,4], and the regulation of panels of specific
transcription units [5]. The proposed nature of the SS
mechanoreceptor is multifaceted and includes stretch-
sensitive ion channels, protein kinases associated with the
cytoskeleton, integrin—cytoskeletal interactions, cytoskele-
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tal-nuclear interactions, and oxidase systems capable of
generating reactive oxygen species. The molecular identity
of the mechanosensor, however, is only partially known; it
is neither clear whether multiple sensing mechanisms exist
and/or may be simultaneously activated [5]. Notably,
integrin complexes, such as a3, B3 and Ps [6] and their
interacting molecules, play an important role in the early
steps of this process [7]. In response to SS, in fact, focal
adhesions undergo directional remodeling [8] and the
integrin-associated protein kinases src and focal adhesion
kinase (FAK) become activated and interact with the
docking proteins grb-2, she, and paxillin (PXN) [9],
stimulating the downstream MAP kinase (MAPK) signal-
ling pathway [10] leading to the transcriptional induction of
immediate—early genes [2,11].

The papilloma virus protein E6 represents a valuable tool
for a simultaneous interference along multiple intracellular
pathways [12]. It interacts with several intracellular targets
including the tumour-suppressor protein p53, which is
rapidly ubiquitinylated and degraded via the proteasome
pathway, and members of the PDZ domain protein family
Disc Large, Scribble and MUPP1 [13,14]. E6 recognizes
also the LD repeats of PXN and blocks its interaction with
FAK and vinculin, disrupting the structure of the cytoskel-
eton, which plays an important role in the directional
remodeling induced by laminar flow.

This work establishes that papillomavirus E6 protein
compromises endothelial cells response to laminar SS and
provides the evidence that PXN may play an important role
in this process.

2. Materials and methods
2.1. Cell culture

HUVECPEABE . HUVECE® and HUVEC*®® cells were
cultured in endothelial cell basal medium (EBM-2, Clo-
netics) supplemented with an endothelial cell Bullet Kit
(Clonetics) (2% FCS, hEGF-2, hFGF-2, heft, R3-IGF-1,
ascorbic acid, hydrocortisone, heparin, gentamycin, ampho-
tericin-B, Bio-Whittaker). Cells were used between passage
4 and 6. Bovine aortic endothelial cells (BAECs) were
isolated and cultured in DMEM with 10% FCS as
previously described [15]. For all experiments, cells were
used between passages 3 and 8.

2.2. Retroviral infection

Phoenix-ampho cells (American Type Culture Collec-
tion) were cultivated and transfected with pBABE-puro
[16], pBABE-puro E6 and pBABE-puroAE6 as described
by Pear et al. [17]. Briefly, Phoenix-ampho packaging cells
were transfected with 10pug/pl100 dish of each retroviral
vector using Fugene6 reagent (Roche) according to
manufacturer instructions. Medium containing the emerg-

ing retrovirus was harvested 36h after transfection, filtered
and incubated for Sh with HUVEC in the presence of 4 g/
ml of polybrene. Twelve hours later, the retroviral
supernatant was harvested for a second time and HUVEC
infected again. Forty-eight hours after the second round of
infection, HUVEC were selected in puromycin-containing
medium (0.5pg/ml, Sigma), obtaining HUVECPBABE
HUVEC®® and HUVEC*®® cell lines. pBABE-puro E6
and pBABE-puro AE6 plasmids were generated from
pGST-E6 and pGST-AE6, respectively, using standard
techniques [18].

2.3. Short-hairpin RNA interference

Short interfering RNA constructs (shRNAi) were made
in pSuper.retro expression vector (Oligoengine). To sup-
press endogenous paxillin expression, sense and anti-sense
oligonucleotides GATCCCGGCAAGGACTACTTCGA-
CATGT corresponding to nucleotides 1292—1312 of the
human paxillin cDNA sequence were cloned into pSUPER
(pSuper-shPXN). Phoenix cells were transfected with
pSuper-shPXN construct using Fugene (Roche) to produce
retroviral particles as described above. The cells were
infected and selected in puromycin containing medium
obtaining HUVECPS**" and HUVEC*"™N cell lines.

2.4. Transfection and immunofluorescence

The pGFP-paxillin was constructed by excising human
paxillin cDNA from pCMV/IL2R-paxillin (kindly provided
by Dr. K. Nakata, NIDCR, NIH) at HindlIIl and Xbal sites
and inserting it into the HindIll and Xbal sites of a pRKS5-
based GFP tagged plasmid, pGZ21XdZ (gift from Dr. Shin-
ichi Aota, NIDCR, NIH). The single AA point mutant
paxillin Y31A was constructed using a QuickChange Site-
Directed Mutagenesis kit (Stratagene) according to the
manufacturer’s instructions. The mutagenesis was per-
formed by using the following primers and pGFP-paxillin
as template: forward primer S“*CTTGTCGGAGGAGACCC-
CCGCCTCATACCCAACTGGAAACCACAC-3! reverse
primer 5:GTGTGGTTTCCAGTTGGGTATGAGGCG-
GGGGTCTCCTCCGACAAG-3! The mutations were veri-
fied by sequencing the entire paxillin cDNA. Expression
vectors for Bovine papilloma virus E6 (BPE6) and an E6
mutant A134-137 with reduced affinity for paxillin
(BPE6™"") were kindly provided by Howley PM [19]. For
transient transfection experiments all vectors were trans-
fected into BAEC cells according to a prior published
protocol [20]. After transfection, the same cell population
was divided to 1/2 in 150mm?® cell culture plate. Near-
confluent cells were exposed to a laminar SS of 12dyn/
cm?, for 12 to 18h by using a cone-and-plate apparatus
[21]. Control cells were kept under static culture condition.
At the end of each experiment cells were fixed with 3.7%
paraformaldehyde (Sigma) in PBS for 10min at room
temperature, permeabilized with 0.1% Triton X-100 in PBS
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for 2min, soaked in PBS containing 2% bovine serum
albumin (blocking solution) for 1h at room temperature.
Actin filaments were visualized by incubation for 1h with
FITC-conjugated phalloidin (Molecular Probes, Eugene,
OR) at 1:2000 dilution. After washing, the samples were
mounted in 50% glycerol/phosphate-buffered saline, and
images were acquired using standard fluorescence micros-
copy (Axioplan 2; Carl Zeiss, Inc.).

2.5. Western blot and immunoprecipitation analyses

For Western blot analysis, cells were rinsed with ice-
cold phosphate-buffered saline (PBS), scraped, and lysed
for 15min as previously described [4]. For immunoprecip-
itation experiments, 150ug of whole cell extracts were
incubated with the indicated antibody under gentle rocking
at 4°C overnight. After two pre-clearing washes, the
protein A-agarose (Santa Cruz) was incubate for 2h at
4°C with the lysate. Immunoprecipitates were resuspended
in 20l of 4x SDS Laemli buffer and resolved by SDS—
PAGE before electro-transfer to nitrocellulose (Amersham,
Uppsala, Sweden). The following antibodies were used to
detect the proteins of interest: phospho-FAK (Y397) (BD
Transduction Laboratories), FAK (C-903) (Santa Cruz
Biotechnologies), phospho-AKT (Biosource International),
AKT 1-2 (Santa Cruz Biotechnologies), paxillin (SH11)
(Transduction Laboratories), phospho-paxillin pY118 (Bio-
source International), phospho-paxillin pY181 (Biosource
International), phospho-paxillin pY31 (Biosource Interna-
tional), tubulin (Santa Cruz Biotechnologies), vinculin
(Santa Cruz Biotechnologies), phospho-ERK 1-2 (Santa
Cruz Biotechnologies), ERK 1-2 (Santa Cruz Biotechnol-
ogies), paxillin (H-114) (Santa Cruz Biotechnologies),
phospho-eNOS (Cell Signalling), e-NOS (Transduction
Laboratories), p53 (Ab-1, Oncogene) and anti-c-fos anti-
body (Santa Cruz); they were used according to the
manufacturer’s instruction. Normalization of protein load-
ing was obtained using red-Ponceau staining of the
membranes and/or an anti-histone H1 antibody (Upstate
Biotechnology).

2.6. Determination of nitric oxide production

Nitric oxide production was evaluated by the 4,5-
diaminofluorescein (DAF-2 DA) (Alexis) added to the
complete medium. Cells were cultured under SS for 18h
and, at the end of the experiment, washed with PBS,
trypsinized, centrifuged, and analysed by flow cytometry to
detect intracellular NO production.

2.7. Evaluation of cell death

Cell death was induced in 50—70% confluent cultures by
treatment with 100uM CoCl, (Sigma-Aldrich) in EBM-2
serum-free medium (Clonetics) as previously described [4].
The evaluation of the sub-G; DNA content was performed

after incorporation of propidium iodide by FACS analysis
(FACSCalibur, Becton & Dickinson).

2.8. Statistical analysis

Variables were analysed by Student’s 7 test. A value of
P <0.05 was deemed statistically significant.

3. Results

3.1. Papilloma virus E6 protein impairs endothelial cell
responses to laminar flow

A series of experiments were performed in human
endothelial cells expressing papilloma virus proteins E6
(HUVEC®) or its mutant AE6 (HUVEC“E®) which retains
the capacity of PXN binding but does not stimulate p53
degradation (see inset of Fig. 1A). Fig. 1A shows that
HUVEC®® and HUVEC*F® exposed to SS lost their
capacity to align along the SS direction as indicated by
phalloidin staining of actin filaments, putting in evidence
that E6 and AE6 proteins act through a common p53-
independent mechanism possibly due to PXN binding.

One of the most relevant biological effect of SS is its
property to protect ECs from apoptosis. In our prior work
[4], we reported that growth factor deprivation (GDF) and
chemical hypoxia generated by using CoCl, induced
apoptosis in HUVEC cells kept in static culture while,
in this condition, SS treatment efficiently protected cells
from death. In this work we investigated how HUVEC®
and HUVECAF®, exposed to GDF and CoCl,, responded
to SS.

HUVEC®® cells, expressing E6, presented a very low
level of p53 expression (see inset in Fig. 1A) and were
resistant to cell death both in ST as SS condition. While in
the presence of AE6, which binds PXN but does not induces
p53 degradation (see inset in Fig. 1A), laminar flow failed to
protect cells from cell death revealing a marked impairment
in the SS signalling aimed at protecting ECs from cell death
(Fig. 1B). Therefore, the absence of p53, determined by E6
expression, prevented endothelial cells from undergoing
death; however, cell viability was markedly decreased in
cells expressing AE6, which preserves p53 expression,
indicating that p53 is downstream of the SS mechanosensor.
Further, these observations suggest that PXN, acting
upstream of p53, could be potentially involved in the
antiapoptotic function of SS.

In the same experimental condition, after SS treatment,
both cell lines showed a reduction in NO production (Fig.
1C, upper panel). Noteworthy, in this experiment, the E6
mutant AE6 appears more efficient in inhibiting NO
production compare to the wild type protein E6 (Fig. 1C,
upper panel). In order to ascertain the role of NO in this
system, E6 and AE6 cells were cultured in presence or
absence of a sodium-nitroprusside, a well known NO donor,
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Fig. 1. (A) Papilloma virus protein E6 abrogates orientation remodelling in presence of laminar SS. The picture shows representative images of phase contrast
and fluorescent phalloidin staining of HUVECPEABE (upper), HUVEC®® (lower left) and HUVEC*E® (lower right) exposed to a laminar SS of 12dyne/cm? for
16h (n=4). Arrows indicate the direction of flow. The inset shows the Western blotting analysis of p53 protein level in control cells and in cells expressing E6
and AE6 papilloma virus proteins, showing the differences between the three cell lines. (B) SS antiapoptotic effects are compromised in HUVEC expressing
papilloma virus proteins E6 and E6*1%° =11 (AE6). The graph represents the results of three independent experiments performed in duplicate in which laminar
SS effects on cell viability were evaluated by trypan blue exclusion and cell count (p>0.05). (C) NO production is reduced in the presence of E6 and does not
protect ECs from apoptosis. The upper panel shows the results of three independent experiments performed in duplicate in which NO production was
determined by DAF incorporation and FACS analysis of HUVECPEAPE, HUVEC®® and HUVECAE® exposed to a laminar SS of 12dyne/cm? or kept in static
for 16h (p<0.05). Data are displayed as the percent increase of NO production compared to static controls. The lower panel shows that 12 dyne/cm? of laminar
SS and 100 uM of the nitric oxide donor sodium-nitroprusside (SNP) fail to rescue HUVECF® from cell death. The graph represents the mean+S.D. of three
independent experiments performed in duplicate.
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treated with CoCl, and serum deprivation and exposed to
laminar flow. Fig. 1C, lower panel shows that, as expected,
pBABE and E6 cells were protected from cell death while,
although in the presence of the NO donor, papilloma virus
AEG6 cells still underwent cell death. This result indicates
that, in the presence of papilloma AE6 protein which does
not stimulate p53 degradation, retains PXN binding and
prevents endothelial cells from aligning along the direction
of flow, addition of NO is not sufficient to protect ECs from
cell death.

3.2. E6 protein alters SS signalling in human endothelial
cells

In the presence of SS the PI3K—~AKT pathway is strongly
activated and contributes to the production of NO [22] and to
the antiapoptotic effect of flow [23]. Fig. 2A shows that in
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the presence of E6 or AE6, SS-dependent activation of AKT
is delayed being detectable only after 15 to 30min of SS
exposure compared to control cells where it becomes
phosphorylated at 1 min of SS treatment. This evidence is
in agreement with the reduced NO production showed in Fig.
1C and suggests that the papilloma E6 protein may interfere
with the SS-dependent activation of PI3K—AKT pathway
which is known to regulate eNOS function [23]. In order to
investigate the effect of laminar SS on the activation of
endothelial nitric oxide (eNOS) in cells expressing E6 and
AE6, phosphorylation of this protein was evaluated along a
time of SS treatment from 1 to 30min. Fig. 2B shows that
eNOS phosphorylation occurs between 1 and Smin after
exposure to SS and it progressively increases during the time
course. Remarkably, the presence of papilloma proteins
completely abolished this process. Although further experi-
ments are required to provide the molecular basis of this
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Fig. 2. (A) SS-dependent activation of AKT is delayed in HUVEC expressing papilloma E6 and AE6 proteins. The picture shows representative panels of
Western blotting and densitometry analyses (below) revealing AKT total protein and phosphorylation levels in HUVECPEABE, HUVEC®® and HUVECAE®
exposed to a laminar SS of 12dyne/cm? from 1 to 30min (n=4). (B) Endothelial nitric oxide synthase (eNOS) activation is compromised in the presence of
papilloma virus proteins. The picture shows representative panels of Western blotting and densitometry analyses (below) revealing total eNOS protein and
phosphorylation levels in HUVECPPAPE, HUVECT® and HUVECA® exposed to a laminar SS of 12dyne/cm? from 1 to 30min (n=3).
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alteration, taken together this result suggests that E6 and AE6
are able to interfere with eNOS function.

The investigation of other pathway like ERK 1/2, which
has been described to be activated and involved in SS-
dependent signal transduction [24], was also investigated.
We found a delay (HUVEC®®) or weaker (HUVEC*E®)
activation of ERK 1/2 pathway than in control cells
(HUVECPBABEY (not shown). To analyse whether SS-

A HUVECPPABE

HUVECH®

dependent gene transcription was altered in HUVEC®®
and HUVECAF®, cFos early gene expression was investi-
gated [10]. In these cells, Western blot analysis highlighted a
significant reduction in cFos protein level in the presence of
E6 while an increase of about threefold was found in control
cells (not shown). Altogether these results suggest that
papilloma virus E6 interferes, at multiple level, with
different SS-dependent pathways.
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3.3. E6 alters SS-dependent PXN/FAK association and site
specific PXN phosphorylation

E6 protein interacts with PXN in proximity of the
structural LD1 domain and interferes with PXN phosphor-
ylation and FAK binding in tyrosine 31 [25]. In our
experiments, human endothelial cells, expressing E6 or
AE®6, revealed a reduced level of FAK phosphorylation and
PXN association while both were enhanced in control cells

A

exposed to SS as indicated by the co-immunoprecipitation
experiments (Fig. 3A).

In normal cells, upon mitogen induction, FAK phosphor-
ylates PXN on tyrosine residues at position 31 and 118 [26]
and regulates cell adhesion. In order to investigate the effect
of SS on PXN phosphorylation, we examined tyrosines 31,
118 and tyrosine 181, which is not a FAK substrate [26].
Fig. 3B shows that, in control cells, tyrosine 31 and 118
phosphorylation increases from 1 to 30min of SS treatment

PXNW BPE6 BPEGmut I'XNY‘“A

MOCK

BPEG6

BPEMut

PXNY31A

Fig. 4. (A) Papilloma E6 alters PXN intracellular localization. The picture shows representative images (40x) of BAEC co-transfected with a PXN—GFP
construct and (in sequence from left to right) a Bluescript vector, bovine papilloma E6 or a PXN Y31A mutant alone. Cells were kept in static condition (upper
panels) or exposed to a laminar SS of 12dyne/cm2 for 16h (lower panels). The inset shows details, at larger magnification (100x), of the same cells (n=4). (B)
Endothelial cells align along the direction of flow in the presence of a papilloma virus E6 mutant unable to recognize PXN. The picture shows representative
images of phase contrast (magnification: 20x) and fluorescent phalloidin staining (magnification: 40x) of mock (upper), BPE6 (lower left) and BPE6™"
(lower right) transfected BAEC exposed to a laminar SS of 12dyne/cm? for 16h (n=3). Arrows indicate the direction of flow.
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while in the presence of E6 and AE6, tyrosine phosphor-
ylation at position 31 was altered decreasing progressively
from 5—15 to 30min after SS treatment. Tyrosine phos-
phorylation at position 118 was only partially modulated in
the presence of AE6 and tyrosine 181 did not show
significant modulations in any of the conditions tested.

3.4. Papilloma E6 alters PXN re-localization to plasma
membrane

Prior studies indicate that focal adhesions re-organization
occurs as an early event in response to SS [8]. Fig. 4A shows
that PXN is localized at focal adhesions dispersed through-
out the cytoplasm of unstimulated bovine aortic endothelial
cells (BAEC), but its concentration at the edge of the cell
membrane becomes higher in SS treated cells (WT). Notably,
in the presence of bovine papilloma E6 protein (BPE6) PXN
fails to localize into macro-aggregated structures. The
expression of a BPE6 mutant, unable of PXN binding, did
not significantly interfere with PXN re-localization during
SS treatment. The intracellular distribution of a PXN mutant
in which the tyrosine at position 31 was replaced with an
alanine (Y31A) revealed that, although distributed normally
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in unstimulated cells, this mutant was unable to localize at
the cell membrane. The inset shows enlarged details of PXN
intracellular localization corresponding to the experimental
conditions depicted in Fig. 4A. Remarkably, the expression
in BAEC of the BPE6 A134—137 mutant protein [19], which
is impaired in its PXN binding capacity, failed to prevent
ECs alignment along the direction of flow thus indicating
that an appropriate E6—PXN interaction is required to impair
this process (Fig. 4B).

3.5. Targeting PXN expression partly reproduces the E6
phenotype

PXN is an important component of focal adhesions
providing physical links to membrane-bound integrins,
intermediate filaments and several protein kinases including
FAK. E6 targets PXN within the LD1 structural domain
disrupting its binding to vinculin and reducing the possibil-
ity of interaction with actin and phosphorylated FAK [27].
The evidences provided in this work suggest that PXN
could be involved in the E6-dependent regulation of SS
signalling. To investigate this possibility, a series of experi-
ments were performed in normal HUVEC in which PXN
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and Western blotting (on the left) in control endothelial cells (HUVECPS"P®") and in cells bearing stable expression of a specific retroviral vector encoding for a
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expression was stably knocked-down by short hairpin RNA
interference (shRNAi). Specific oligos designed for the
RNA interference of PXN expression (shPXN) were
effective decreasing PXN mRNA and protein levels, as
determined by RT—PCR, immunoprecipitation, and Western
blotting analyses (Fig. 5). Further analyses revealed that in
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cells with reduced PXN levels (HUVEC"™*N) of associa-
tion with FAK was significantly reduced before and after SS
treatment (Fig. 5). Remarkably, lower levels of PXN did not
alter SS-dependent c-fos gene expression (not shown).

Fig. 6A shows that endothelial cells bearing shPXN were
unable to align their cytoskeleton in the direction of flow.
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Fig. 6. (A) RNA interference of PXN abrogates orientation remodelling in presence of laminar SS. The picture shows representative micro-photograms of
phase contrast and fluorescent phalloidin staining of control cells (upper) and HUVECS™XN (lower) exposed to a laminar SS of 12dyn/cm’ or kept in ST
condition for 16h (7=3). (B) SS antiapoptotic effects are altered in HUVECS"™™*™ but RNA interference of PXN expression does not alter NO production. The
graph represents the results of three independent experiments performed in duplicate in which laminar SS effects on cell death were evaluated by propidium
iodide incorporation and FACS analysis. The control cells (black bars) and cells bearing PXN RNA interference (white bars) were exposed to a laminar SS of
12dyn/cm? or kept in ST condition for 6h (p <0.05). The inset shows that in this condition the altered levels of PXN do not influence the expression of p53.
(C) AKT, eNOS and NO production are normal in HUVEC*"™*N exposed to laminar SS. The graph depicts the levels of NO in control cells (black bars) and
HUVEC™™XN (white bars) exposed to a laminar SS of 12dyn/cm? or kept in ST condition for 16h as indicated by DAF incorporation and FACS analysis. Data
are represented as percent of static control. Each experiment has been repeated three times in duplicate. The inset show Western blotting analysis depicting total
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and phosphorylated AKT (left) and eNOS (right) levels in HUVEC™™N during a time course of laminar SS treatment.
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Recent evidences indicate that PXN could play an important
role in protecting cardiomyocytes from apoptosis [28] and
prior studies indicate that laminar SS protects HUVEC from
apoptosis induced by serum starvation and chemical
hypoxia [4]. In a new series of experiments, control cells
and HUVEC"™N were serum starved in the presence of
CoCl, and were exposed to laminar SS or kept in ST. Fig.
6B shows that in this condition SS failed to protect
HUVEC™™™ from cell death compared to control. Further
analyses revealed that in the presence of SS HUVECSXN
retains their capacity to synthesize NO as indicated by DAF
incorporation and FACS analysis (Fig. 6C). In agreement,
the activation of AKT and eNOS phosphorylation in the
presence of SS were comparable to that of control cells (see
inset in Fig. 6C) indicating that PXN may function
downstream of the PI3K—~AKT—-eNOS pathway. Altogether
these results indicate that E6 actively interferes with NO
production in presence of SS while PXN does not affect this
type of endothelial response to mechanical stress. Further,
this observation suggests that E6 is able to exert a broader
inhibitory effect on a variety of SS functions while the role
of PXN may be limited to the cytoskeletal adaptation to
flow and pro-survival effects.

4. Discussion

Laminar flow provides important physiologic stimuli to
remodel chromatin structure [2], modulates gene expression,
stimulates the release of NO and other biologically active
agents important to ensure endothelial cell survival and
function [4]. This manuscript provides the evidence that the
oncoviral protein E6 from the type 16 human papillomavi-
rus interferes with SS responses in endothelial cells. E6 is
known to bind and/or interact with multiple cellular factors.
E6-binding partners, including PXN and FAK, contain a
structural domain of seven amino acids which form part of
an a-helix that is necessary for the association with E6 [29].
Specifically, PXN participates in the formation of links
between the cytoskeleton and integrin proteins that in turn
mediate tension transmission between the contractile appa-
ratus and the extracellular matrix and it may be required for
the transmission of SS signals [5].

Our findings indicate that in human endothelial cells, in
the presence of E6, the whole response to SS is altered. E6,
in fact, reduces PXN phosphorylation on tyrosine 31 (Fig.
3B), alters its interaction with FAK (Fig. 3A), interferes
with its redistribution capacity to the cell membrane in
response to SS and impairs NO production (Fig. 1A and
B). In endothelial cells, NO plays, among others, an
important antiapoptotic role; however, in cells expressing
papilloma virus protein E6 and unable to redirect their
cytoskeleton along the direction of flow, NO did not
prevent cell death. Intriguingly, this observation is in
agreement with the evidence that ECs with reduced PXN
expression fails to align their cytoskeleton in the direction

of flow underwent to a cell death program although normal
amounts of NO were synthesised. In fact, the reduction of
the intracellular levels of PXN, only partially reproducing
the E6-dependent phenotype, suggests that, in our exper-
imental setting, nitric oxide production may be dispensable
for cell survival and that PXN may have a crucial role in
the flow adaptive response of human endothelial cells.
Specifically, our experiments indicate PXN as an important
mediator in the SS-dependent cytoskeleton remodelling and
endothelial survival. A large body of literature has shown
that SS prevents apoptosis triggered by a variety of stimuli
including growth factors deprivation [3], TNF-a [22],
oxidative stress [30], oxidated LDL [22], as well as ECs
death occurring in the absence of flow when ECs are
cultured in the presence of serum and growth factors [31].
SS induces a CD-31- and VEGFR-2-dependent activation
of the PI3K—-AKT pathway [7] promoting the activation of
an integrin-dependent signalling cascade [5], the production
of NO, and the inhibition of caspase-3 activity and cell
death [32]. Our work reports that in the presence of reduced
levels of PXN, SS fails to protect cells from cell death
induced by serum starvation and chemical hypoxia leaving
unaltered the production of NO. This result suggests that
PXN-independent signals are involved in controlling NO
production while PXN, acting possibly downstream of NO,
may be required for the antiapoptotic effects of flow [28].
In this context, the role of endothelial cells re-orientation
which occurs in presence of laminar flow emerges as a
potential important regulatory component of the flow-
dependent pro-survival function. Further characterizations
are required to elucidate the role of the cytoskeleton
determining the prosurvival effect of SS and NO in
endothelial cells.

In conclusion, this work provides the evidence that
papilloma E6 virus largely compromises the property of
endothelial cells to sense and adapt to SS. Further, the
experimental evidences strongly indicate that PXN, whose
inactivation partially reproduces the E6 phenotype, is an
important mediator of cytoskeleton remodelling and cell
survival in response to laminar flow signalling. Although
further experiments are required to investigate whether PXN
may play a role during endothelial cells differentiation and
angiogenesis, the identification of this molecule involved in
important flow-dependent adaptive responses may be
relevant to design preventive interventions aimed at
reducing endothelial cell damage and dysfunction.
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