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Abstract
Atheroprotective effects of laminar blood flow on endothelial cells are predominantly mediated by
the transcription factor Krüppel-Like Factor 2 (KLF2). Both shear stress exposure and KLF2 expression
induce actin shear fiber structures that contribute to anti-inflammatory gene expression.1 Using a
gene silencing approach we identify DRF2 as specific formin essential for formation of shear fiber
structures. Shear fiber expressing cells exert reduced matrix traction forces and show reduced motility
in a KLF2-dependent, but DRF2-independent way. DRF2-dependent shear fibers are essential for an
increase in size of focal adhesions. Prolonged exposure to shear stress of DRF2-silenced cells results
in loss of focal contacts and concomitant loss of cellular resistance to forces imposed by laminar flow.
Thus, DRF2 is essential for formation of shear fibers and maturation of associated focal adhesions
to a mechanically more resistant type that prevents cell erosion. We conclude that DRF2 is crucially
involved in actin shear fiber formation. Interaction between DRF2-dependent shear fibers and KLF2induced focal adhesions is essential for endothelial cells to reinforce cell-matrix interactions and thus
resist biomechanical forces of shear stress and maintain integrity of the endothelium. Defects in this
pathway may account for cell-erosion found in vascular pathologies.
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Introduction
In vivo, endothelial cells are continuously subjected to biomechanical forces imposed by the flow of
blood. The specific position in the vascular bed, local vascular geometry and the possible presence
of stenotic plaques are prime determinants in the flow velocity and the flow pattern that the local
endothelium experiences. Mechanosensing and mechanotransduction by the endothelium elicits
specific cellular responses that are essentially atheroprotective in case of exposure to unidirectional
laminar flow or atherogenic in case of exposure to low- and/or oscillatory flow. Indeed, despite
the fact that most cardiovascular risk factors such as diabetes and dyslipoproteinemia are systemic
in nature, atherosclerosis develops preferentially at bends and bifurcations, i.e. at geometrically
predisposed areas of low- or oscillatory shear stress.2-4 Effects of particular shear stress gradients on
endothelial cell loss, proliferation and survival have been reported and are of value to understand
the role of early- or late effects of aberrant flow profiles in the etiology of vascular disease.5 Effects
of undisturbed, laminar flow on endothelial cells are principally mediated by the transcription factor
Krüppel-like factor 2 (KLF2). KLF2 was proven to orchestrate an endothelial transcriptome that is
essentially atheroprotective.6-9 At the kinome level, a striking effect of KLF2 on phosphorylation of
actin cytoskeleton-related proteins and kinases was reported.1 Accordingly, it was shown that KLF2
induces major changes in endothelial actin structures. Under static conditions, the majority of actin
filaments tends to localize to the cell cortex. In contrast, under conditions of laminar flow or KLF2
overexpression, relatively short actin fiber structures, terminally associated with elongated focal
adhesions, were observed at the basal side of the cell. These structures, termed actin shear fibers,
were observed in endothelium exposed to laminar flow in vivo as well. Furthermore, shear fibers
were absent upon silencing of KLF2 in cells exposed to prolonged laminar flow in vivo. Hence, KLF2
proved both sufficient and necessary for formation of shear fibers. RhoA, a well-studied regulator of
F-actin fibers was significantly activated under conditions of KLF2 overexpression, however, inhibition
of the Rho-associated protein kinase ROCK did not prevent formation of shear fibers.1 This suggests
that pathways of actin modulation involved in formation of actin shear fibers diverge from ROCKdependent pathways involved in formation of regular F-actin stress fibers.
Diaphanous-related formins are members of the formin protein family that nucleate barbed-end actin
polymerization after activation by small GTPases of the Rho-family.10,11 Here, we explored the role
of the diaphanous related protein DRF2 in formation of shear-induced, KLF2 mediated, actin shear
fibers. In addition, specific silencing of DRF2 allowed us to assess the functional significance of DRF2downstream cytoskeletal modifications. We show that DRF2 is essential in formation of actin shear
fibers. In the absence of flow, these structures are associated with a reduction in force exerted by
endothelial cells on the matrix and are essential for rearrangement of endothelial focal adhesions,
resulting in increased cell-matrix binding. We provide evidence that DRF2 is essential for monolayer
integrity upon exposure of endothelial cells to forces of high laminar flow.
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Materials and Methods
Endothelial cell culture and exposure to shear stress
Human Umbilical Vein Endothelial Cells (HUVECs) were isolated and cultured as described previously.12
The culture medium was composed of M199 (Gibco, Carlsbad, CA, US) supplemented with 20% (v/v)
fetal bovine serum, 12.5 μg/ml endothelial cell growth supplement (Sigma-Aldrich, Saint Louis, MO,
US) and 50 μg/ml heparin (Sigma-Aldrich). Cell culture surfaces were fibronectin coated. Cells were
subjected to laminar shear stress as previously described,6 with the following modifications: cells were
seeded in fibronectin coated parallel plate type flow chambers; μ-slide I 0.6 luer (Ibidi, Martinsried,
Germany) and exposed to calibrated shear stress levels of which mean value (dyne/cm2) and duration
are indicated per experiment.
Lentiviral transduction
Lentiviral expression of KLF2 and selection and expression of DRF2 short hairpin (shDRF2) encoding
lentiviruses were essentially performed as described previously.13
Real-time Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
Total RNA was isolated using the Aurum total RNA isolation kit (Bio-Rad, Veenendaal, the
Netherlands) according to the manufacturer’s instructions. cDNA synthesis was performed using the
RevertAid H-minus first strand cDNA synthesis kit (Thermo Scientific, Bleiswijk, the Netherlands),
according to the manufacturer’s instructions. PCR reactions were performed in 10 µl volumes
using Fast SYBR Green Master Mix (Life Technologies, Bleiswijk, the Netherlands) on a StepOne
real-time PCR system (Life Technologies). Specificity of the amplification was checked by melt
curve analysis. P0 levels were used for normalization. DRF2 forward: GGCTCAAGAAATGCCCAGTCT,
DRF2 reverse: GTCGGCAATAAAATGCAAAAGG. P0 forward: TCGACAATGGCAGCATCTAC, P0 reverse:
ATCCGTCTCCACAGACAAGG.
Immunofluorescence microscopy
HUVECs were grown on fibronectin coated coverslips or in fibronectin coated flow chambers; μ-slide
I 0.6 luer (Ibidi). Cells were washed with serum-free medium at 37°C and fixed for 20 minutes with
4% (w/v) paraformaldehyde. Phosphate buffered saline supplemented with 0.2% (w/v) gelatin and
0.5% (w/v) bovine serum albumin was used in an initial blocking step and during incubations with
primary and secondary antibodies. Incubations were performed during 1 hour at room temperature.
Antibodies were diluted according the manufacturer’s instructions. Each incubation step was followed
by washing 4 times for 5 minutes with PBS. Antibodies against vinculin and TRITC-labeled phalloidin
were purchased from Sigma-Aldrich, antibody against activated β1 integrin(HUTS-4) was purchased
from Millipore (Amsterdam, the Netherlands). Immunofluorescence analysis was performed using
a Leica DM6000 microscope (Leica Microsystems, Wetzlar, Germany) and LAS software (Leica
Microsystems).
Live cell microscopy and cell tracking analysis
Endothelial cells were grown and transduced in 8 well μ-slides (Ibidi). One day after transduction, live
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cell imaging was performed using the Olympus IX81 microscope (Olympus Corporation, Tokyo, Japan)
and data were analyzed using ImageJ software (National Institute of Health US).
Wounding assay
Wounding assays were performed as described.14 Briefly, confluent HUVEC monolayers were grown on
fibronectin and transduced with control (mock)- or KLF2-encoding lentivirus. Subsequently, the cells
were transduced with a lentivirus expressing shDRF2. Cells were locally removed by scratching, using
a modified plastic cell scraper. Phase-contrast images were acquired using a Leica DFC420c (Leica) and
were analyzed using Adobe Photoshop CS4 software (Adobe Systems, San Jose, CA, US).
Traction force microscopy and endothelial contractility
Endothelial monolayer contractility was measured using deformable1.2 kPa polyacrylamide (PA)
substrates as part of the previously described traction force microscopy method.15 Briefly, a 24 µl drop
consisting of 5.5% (v/v) acrylamide, 0.05% (v/v) BIS, 0.05% (v/v) TEMED (all BioRad, Veenendaal, the
Netherlands) and 0.5% (w/v) of ammonium persulfate (APS) (Sigma-Aldrich) in water was administered
to the center of a surface activated glass bottom dish. To ensure a flat and homogeneous surface the
droplet was directly covered with a coverslip, which, after polymerization, gives rise to a ±100µm
thick substrate. After removal of the coverslip, a layer of 0.2 µm fluorescent displacement markers
(FluoSpheres; Molecular Probes, Eugene, OR) was cross-linked to the surface of the PA gel with the
use of 1 mM sulfosuccinimidyl-6-[4´-azido-2´-nitrophenylamino] hexanoate (Sulfo-SANPAH; Thermo
Scientific, Rockford, IL). Subsequently, transduced HUVECs were seeded in the center of a collagen
type I coated substrate and grown to confluence for two consecutive days. One hour prior to the
experiment the cells were serum-starved in 1% HSA supplemented M199, in combination with 0.1µM
SiR-actin (Spirochrome, Stein am Rhein, Switzerland) to stain F-actin. Next, a single dish was mounted
in a Zeiss Axiovert 200 MarianasTM wide-field inverted microscope in which temperature (37°C), CO2
(5%) and humidity (80%) were controlled. To quantify cell displacements, fluorescent images of the
FluoSpheres were obtained under basal- and unloaded substrate conditions which were acquired after
trypsinization of the cells. Using particle image velocimetry, the loaded and unloaded marker patterns
were compared to acquire the displacement field for all time points. The measured displacements
were subsequently converted into monolayer traction forces using a constrained two-dimensional
fast Fourier transformation method as described by Butler et al..16 Monolayer contractions were
represented as root mean square traction forces in Pascal, which is a scalar measure of the cell’s net
contractile strength. To study the stability of the exerted traction forces we introduced a new variable
called force fluctuations, which was defined as the variation of normalized traction force signals over
15 consecutive basal time points with time intervals of one minute. As a result, highly dynamic and
unstable monolayer areas were classified as regions with high forces fluctuations. Stimulation with 1
U/ml of thrombin was used to study the contractile capacity of shear fibers.
Statistical analysis
Data are reported as mean and standard error of the mean (SEM). Differences in mean values were
analyzed using Student’s t-test. Differences were considered significant at the P<0.05 level.
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Results
DRF2 is essential for formation of actin shear fibers in endothelial cells and is activated downstream
of KLF2.
The DRF family of proteins is implicated in modulating actin cytoskeleton changes downstream of
GTPase activation.10,17 We assessed a possible involvement of the three individual DRF family members
in the formation of KLF2-induced shear fiber structures using a gene silencing approach. 24h after
KLF2- or mock transduction, HUVECs were transduced with lentiviral vectors expressing shRNA against
the individual DRF family members DRF1, DRF2 or DRF3. 96h after KLF2 transduction the effects of
silencing were assessed using RT-PCR and immunofluorescence. At the RNA level, silencing of DRF1
and DRF3 appeared slightly more efficient than silencing of DRF2 (S1A Figure). Lack of antibodies suited
for Western blotting of DRF1 and DRF3 precluded further detailed comparison of DRF 1-3 silencing
efficiency at the protein level. Inspection of the cytoskeleton, using immunofluorescent detection of
F-actin and vinculin, revealed distinct shear fiber structures in KLF2 overexpressing cells, consisting
of short, thick actin fibers that run between elongated focal adhesion complexes marked by vinculin
(S1B Figure). Under conditions of KLF2 overexpression, endothelial cells expressing shRNA against
DRF family members 1 and 3 formed normal shear fiber structures. In contrast, shDRF2 prevented the
formation of actin shear fiber structures (S1 B Figure). Consistent with the observation that specifically
silencing of DRF2 prevented the formation of shear fibers, other studies revealed that the actininteracting FH2 domain of the mouse orthologue of DRF2, mDia3, was able to efficiently nucleate
actin polymerization and, in comparison to mDia1 and mDia2, revealed the highest activity in bundling
of pre-existing actin fibers in vitro.18 Hence, we studied effects of DRF2 silencing on the endothelial
cytoskeleton in more detail (Fig 1A). Control-transduced HUVEC expressed a fine meshwork of cortical
actin structures organized in a ring-like fashion in close proximity of the cell membrane. Cortical actin
appeared less prominent when actin shear fiber structures were formed upon overexpression of KLF2.
Upon expression of shDRF2, either in the presence or absence of KLF2, F-actin localized predominantly
to the cell cortex although the structure appeared not as finely branched as in control-transduced
cells. Together, these results suggest that silencing of DRF2 interferes highly specifically with actin
shear fiber formation.
To assess the nature of the regulatory control of KLF2 over DRF2-dependent shear fiber formation,
we determined levels of DRF2 mRNA- and protein expression in KLF2 overexpressing endothelial
cells, relative to mock/control-transduced cells (S2A, B Figure). KLF2 overexpression did not cause
significant changes in DRF2 expression at either the mRNA- or protein level, suggesting that control of
DRF2 activity is primarily via KLF2-downstream GTPases.11
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Figure 2. Formation of actin shear fiber-associated focal adhesion structures upon KLF2 overexpression is
independent of DRF2. HUVECs were cultured on glass coverslips coated with fibronectin and lentivirally (co)Figuretransduced
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adhesions in the absence (KLF2, ShDRF2) or presence (KLF2, NTC) of actin shear fibers. Controls;
mock, NTC and mock, shDRF2. Left column: immunofluorescent images of nuclei (Hoechst 33258,
blue), actin filaments (phalloidin-TRITC, red) and vinculin (Alexa 488, green). The right column shows
the blue channel (nuclei) and green channel (vinculin) only. Bars: 20 μm.
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Endothelial cells expressing shear fibers exert lower- and less fluctuating forces on collagen-coated
matrices.
Silencing of DRF2, resulting in specific loss of actin shear fibers, allowed further study of the functional
significance of these structures in endothelial homeostasis. In a previous study we reported on the
association of phosphorylated myosin light chain (pMLC) with actin shear fibers, indicating possible
contractility and the potential to generate force.1 We assessed the possible significance of force
generation using traction force microscopy. Surprisingly, it was observed that cells expressing KLF2induced actin shear fibers exerted significantly lower forces on traction force substrates (Fig 3A)
and appeared less motile in short-term (15 minutes) time-lapse microscopy (S3 Movie). Prevention
of shear fiber formation by co-transduction of ShDRF2 tended to increase traction force to a level
intermediate between mock/NTC- and KLF2/NTC transduced cells without reaching significance. Low
force fluctuations in KLF2-transduced cells showed a significant increase upon silencing of DRF2 (Fig
3B) and were restored to levels of mock transduced cells. Thrombin-induced contractility of cells
expressing KLF2-induced shear fibers was not different from controls and time-lapse microscopy
did not reveal contractile behavior of shear fibers (S4 Movie). These observations do not support
increased generation of force in DRF2-dependent shear fibers by actomyosin contractility and suggest
that DRF2 and/or other KLF2-downstream effectors negatively affect cell motility.
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DRF2 is not involved in KLF2-induced reduced motility of endothelial cells under static conditions.

DRF2 is not involved in KLF2-induced reduced motility of endothelial cells under static conditions.
We further studied the apparent reduction of cell motility associated with expression of actin shear
We further studied the apparent reduction of cell motility associated with expression of actin shear
fibers using live cell motility analysis of KLF2 overexpressing cells. Indeed, KLF2 induced a significant
fibers using live cell motility analysis of KLF2 overexpressing cells. Indeed, KLF2 induced a significant
reduction in cell motility (p=0.0011) as compared to mock transduced cells (Fig 4A, S5A, B movies).
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Figure 4. KLF2 reduces endothelial motility independent of DRF2. HUVECs were (co-)transduced as indicated.
185
KLF2; KLF2 overexpression, mock; control, ShDRF2; DRF2 silencing, NTC; non-targeting control. (A) Live cell
imaging. One day after transduction, cell motility was analyzed using live cell phase-contrast microscopy. Motility is
expressed as mean distance travelled (mm). (B) Wounding assay. One day after transduction, a scratch was made in
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the HUVEC monolayer and invasion of HUVEC into the scratch was recorded using phase-contrast microscopy. The
number of pixels that the wounds had decreased in width (gap closure) after 24 hours was determined. Values are
the mean and SEM of 5 independent experiments. *P<0.05, **P<0.01.

DRF2 induces shear fiber-dependent changes in focal adhesion architecture.
Previously, we described that actin shear fibers are preferentially located at the basal side of the
cell and are associated, at their termini, with elongated vinculin-rich structures.1 Vinculin acts, in
concert with talin, as the actin binding moiety of focal adhesion complexes. Notwithstanding the
close association between actin shear fibers and focal adhesion structures, we noticed that in KLF2transduced cells, vinculin-rich structures form independent of DRF2 (Fig 2). The observed reduction
in motility of KLF2-transduced cells points at an increased strength of cell-matrix interactions but
also appears DRF2-independent (S3 movie, Fig 4, S5A, B movies). Supporting the idea of increased
cell-matrix binding is the observation that KLF2-transduced cells are extraordinary difficult to detach
from fibronectin-coated culture surfaces by regular trypsinization procedures (data not shown). We
assessed integrin-mediated binding of KLF2- transduced cells to the subcellular matrix in the presence
and absence of DRF2 using immunofluorescence microscopy. After fixation, cells were stained for
F-actin using phalloidin-TRITC and activated integrin β1, using an antibody specific for an epitope, the
exposure of which parallels ligand binding (Fig 5A). The integrin β1-positive area of individual focal
contacts associated with shear fiber structures in KLF2- transduced endothelial cells was quantified
and compared with mock-transduced cells. Focal contacts associated with KLF2-induced shear
fibers were found to be significantly larger than focal contacts in control cells (P<0.0001). When the
formation of actin shear fibers was prevented by co-expressing KLF2 with an shRNA targeting DRF2,
the resulting focal contact area was significantly smaller compared to focal contacts formed in the
presence of shear fiber structures (P=0.0024) and was not significantly different from focal adhesions
in control cells (P=0.08) (Fig 5B). Thus, association between DRF2-dependent shear fibers and focal
adhesions results in focal contacts that are significantly larger than in control cells and could therefore
induce enhanced cell-matrix interaction.
Indeed, increased strength of matrix binding would be an appropriate cellular response to shear forces
and is consistent with the fact that DRF2 is activated downstream of mechanical forces exerted by
laminar flow. We therefore postulated that the interaction between DRF2-dependent actin shear
fibers and focal adhesions is an essential aspect of the organization of the endothelial cytoskeleton,
necessary to withstand the external forces of laminar flow.
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DRF2-dependent actin shear fibers are essential for the resistance of endothelial cells to mechanical
force imposed by laminar flow.
It was previously shown that endothelial cells exposed to laminar flow align in the direction of flow
and express actin shear fibers in an KLF2-dependent manner.1,19 We now further tested the possible
involvement of KLF2-downstream, DRF2-dependent, actin shear fibers in endothelial resistance to
mechanical force imposed by laminar flow. Endothelial cells were transduced with a lentiviral vector
expressing an shRNA targeting DRF2 or a non-targeting control vector and seeded as confluent
monolayers in flow chambers. Subsequently, these monolayers were exposed to pulsatile laminar
flow that was gradually increased, as described in detail in materials and methods, to a maximum of
15 dyne/cm2 over the course of 24 hours to enable the cells to adapt to the mechanical force (further
referred to as flow onset). Shear stress exposure was continued at 15 dyne/cm2 during four days,
after which flow chambers were removed from the system and cells were fixed. We observed that
after flow onset, there was a marked loss of cells from DRF2-transduced monolayers, whereas control
monolayers remained fully intact. At the end of the 4 days flow period, this cell loss had become
more prominent (Fig 6A). Immunofluorescent analysis of control cells transduced with a non-targeting
vector, showed a highly organized cytoskeleton, for the most part consisting of basal actin shear fibers
associated with focal adhesions and identical to the fibers formed upon KLF2 overexpression under
static conditions (compare Figs 1 and 2). Additional long actin bundles, of which it is not obvious
whether or not they are individually associated with focal adhesions, outlined the cells. Actin shear
fibers formed under shear conditions, preferentially oriented parallel to the flow vector and localized
mainly downstream of the nucleus. In contrast, in remnant shDRF2-transduced cells, typical shear
fibers were completely absent and F-actin lacks apparent organization, although bundled actin
tends to outline the cell here as well. Only few distinctive focal adhesions were observed (Fig 6B) in
association with faint, fibrous actin structures. Thus, in contrast to the static situation, under laminar
flow, prevention of shear fiber formation is associated with an almost complete absence of focal
adhesions and a shedding of cells from the initial monolayer. Shear tolerance was further studied
by challenging endothelial cells, after transduction with either lentivirus encoding shDRF2 or nontargeting/control virus, with rapidly increasing levels of high shear stress. In contrast to the previous
experiment, we now applied a steep increase in shear stress levels over the course of 50 hours, up
to a maximum of 49 dynes/cm2. Integrity of the endothelial cell monolayer was recorded at regular
intervals using phase-contrast microscopy. Control endothelial monolayers maintained a constant cell
density and monolayer integrity over a range of 0 to 49 dynes/cm2. In contrast, DRF2 silencing resulted
in cell detachment and disruption of the endothelial monolayer as shear stress levels increased (Fig
6C). Hence, under conditions of laminar shear stress, silencing of DRF2 confirms its crucial role in the
formation of KLF2-induced shear fibers. In addition, these observations support the hypothesis that
under flow conditions the interaction between DRF2-directed actin shear fibers and KLF2-induced
focal adhesions is essential to reinforce cell-matrix interactions and thus resist the biomechanical
forces of shear stress and maintain endothelial monolayer integrity.
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interactions and thus resist the biomechanical forces of shear stress and maintain endothelial
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Discussion
Previously, it was shown that atheroprotective effects of the biomechanical force exerted by the
flowing blood on endothelial cells (shear stress) are mainly mediated by KLF2.6-9 One of the hallmarks
of KLF2 expression in endothelial cells is the presence of actin shear fiber structures and associated
focal adhesions.1 Here, we show that shear stress- and KLF2-induced formation of actin shear fibers
is specifically DRF2 dependent. KLF2- induced expression of shear fibers under static conditions is
accompanied by a decrease in traction forces. We show that KLF2 induced clustering of vinculin in focal
adhesion structures occurs in the absence of shear fibers and is associated with an DRF2-independent
reduction of cell motility. DRF2-dependent actin shear fibers do, however, affect the organization of
focal contacts which leads to an increased cell-matrix binding that is manifested upon exposure of the
cells to the biomechanical forces of shear stress. Thus, our results demonstrate that shear stress- and
KLF2 induced activation of DRF2 is essential for the adaptation of the endothelial actin cytoskeleton
and associated focal adhesions that is required for the cells to resist the forces imposed by shear stress
and, hence, maintain endothelial monolayer integrity under conditions of flow.
Diaphanous-related formins (DRFs) are members of the formin family, which is defined by the
presence of an actin-binding formin homology (FH2) domain.11,18 Like other formins, the human
isoforms DRF1-3 nucleate actin polymerization and promote filamentous actin (F-actin) elongation
by addition of actin monomers (G-actin) to fast-growing barbed ends. The activity of members of the
DRF family is controlled by interaction with activating factors of the Rho GTPase family.10,11 DRF2 has
not been as extensively studied as DRFs 1 and 3. Most information on DRF2 is derived from studies
of the mouse orthologue, mDia3 and includes regulation by binding of RhoD and Cdc42 GTPases.21,22
Functionally, involvement of mDia3 has been reported in actin-dependent cellular processes as diverse
as mitosis, endosome trafficking and establishment of cellular polarity.21-23 Interestingly, Macheidze
et al. reported that, in addition to its actin nucleating and propagating activity, the FH2 domain of
mDia3 showed considerably increased F-actin bundling activity as compared to mDia1 and -2.18 The
functional properties of mDia3 are thus consistent with the appearance of actin shear fibers formed by
the human orthologue DRF2 as thick, unbranched F-actin filaments. We report that DRF2-dependent
actin reorganization occurs downstream of prolonged shear stress-exposure and can be initiated by
transduction of the major effector of shear stress, KLF2. In addition, we show that regulation of DRF2
in KLF2- transduced endothelial cells does not involve significant changes of DRF2 RNA- or protein
levels. Earlier studies of our group established KLF2-downstream activation of RhoA,1 however, the
endothelial GTPase specifically responsible for shear- or KLF2-induced DRF2 activation remains to be
established.
In the absence of external mechanical force, we observed (Boon et al. 2010, this report) that
upon KLF2 overexpression actin shear fibers and associated focal adhesions are formed that are
indistinguishable from those formed under conditions of prolonged shear stress, be it that flowinduced shear fibers mainly orientate in the direction of flow, whereas shear fibers induced by KLF2
overexpression under static conditions seem to orientate in a random fashion. Here, we show that
focal adhesion assembly was manifest in KLF2 overexpressing cells either in the presence or absence
of DRF2. These results suggests that KLF2, upon overexpression as well as upon shear stress induction,
positively affects focal adhesion formation or stability. Previously, an inventory of the KLF2-mediated
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changes of the endothelial phosphoproteome revealed inhibition of focal adhesion kinase Y576 and
S732 phosphorylation as most prominent effect.1 Tyrosine 576 lies, together with Y577, within the
FAK catalytic subdomain VIII and its phosphorylation is required for maximal FAK kinase activity.24
Webb et al. showed that in FAK-/- fibroblasts, compared to wild-type fibroblasts, the rate constants for
paxilin and zyxin incorporation into adhesions were not significantly affected by the absence of FAK.25
In contrast, disassembly rates of adhesions in FAK-/- cells for both paxilin and zyxin were about 15-fold
lower, whereas this effect was rescued by reintroduction of FAK. This implies that KLF2-dependent
inhibition of FAK phosphorylation might result in a considerable decrease in focal adhesion turnover
rates and thus contributes to focal adhesion stabilization. This view is supported by the observed
increase in surface area of activated β1 integrin and the decreased motility of KLF2-overexpressing
cells in both cell motility- and wound healing assays.
Our data point at an essential role for DRF2-dependent actin shear fibers in organization and matrix
binding of focal adhesions under, respectively, static- and shear conditions. Interestingly, Schiller et
al. have shown differential effects of fibronectin-binding integrins αvβ3 and α5β1 on composition
and function of associated adhesomes and their signalling capacity.27 A model of synergistic α5β1mediated force generation and αv-class integrin-dependent, mDia-mediated stress fiber formation
and focal adhesion anchoring was proposed. Our current data reveal that actin shear fiber formation
is specifically dependent on DRF2 and is not associated with force generation as evidenced by traction
force measurements, showing that cells expressing KLF2-induced, DRF2-dependent actin shear fibers
exert significantly lower force on the matrix. In addition, activated thrombin, stimulating contractility
in a Rho-ROCK-myosin dependent way, does not induce contraction of actin shear fibers. It should
be noted, however, that DRF2 is capable of nucleation and elongation of actin strands at barbed
ends. Hence, it can be speculated that this processive actin elongation actually releases tension of
associated F-actin strands.27
Silencing of DRF2 not only allowed study of DRF2 involvement in actin shear fiber formation, but
also enabled us to assess the specific role of shear fibers in the cytoskeleton-integrin-ECM complex
under shear stress conditions. Although the observed loss of DRF2-silenced cells under shear stress
hampers a more definite analysis of the underlying events, detachment of the cells itself is necessarily
a consequence of the inability of the cell-ECM interaction to withstand forces exerted by shear stress.
This indicates a crucial involvement of actin shear fibers in structural adaptation and/or stabilization
of the focal adhesion complex. Accordingly, and in marked contrast to the static situation, condensed
focal adhesion complexes are hardly observed in remnant DRF2-silenced cells under shear stress.
Thus, our results link the effects of an externally applied, biomechanical force via KLF2-mediated,
DFR2-dependent actin reorganization to stabilization of focal adhesions, and reinforcement of
integrin-matrix interactions.
In vivo, endothelial cells are continuously exposed to external forces of flow, the characteristics of
which are highly dependent on vessel geometry. Endothelial cells at bifurcations and bends are
exposed to disturbed flow.2,28 This leads to a local increase in endothelial cell turnover, characterized
by increased cell proliferation and cell detachment.29,30 An increased local shear stress is associated
with stenotic plaques and may lead to local endothelial erosion. Erosion of stenotic plaques accounts,
independent from plaque rupture, for a substantial percentage of acute myocardial infarctions.31-35 At
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sites of disturbed flow, KLF2 expression is markedly reduced.36 The current identification of DRF2 as
an KLF2-downstream factor, essential for shear-induced resistance of endothelial cells to shear forces,
provides mechanistic insights into how local aberrant flow conditions result in increased turnover or
loss of endothelial cells.
We conclude that DRF2 is a crucial factor in the KLF2-dependent formation of actin shear fibers. DRF2dependent shear fibers are essential for focal adhesion stabilization and downstream reinforcement
of the cytoskeleton-integrin ECM axis that allows endothelial cells to resist the forces of shear stress
and maintain integrity of the endothelium. Defects in this pathway may account for cell-erosion found
in vascular pathologies. Thus, DRF2 proves an essential regulator of cytoskeletal adaptation to the
physiological, biomechanical forces imposed on the endothelium by shear stress.
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S4 Movie. KLF2-induced, DRF2-dependent actin shear fibers do not show contractile behavior
upon stimulation with thrombin. KLF2- or mock-transduced endothelial cells were seeded on
collagen
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prepared
as described
in materials
and methods,
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shear fiber with a constant length, throughout the experiment, of approximately 15 μm, In contrast,
the surrounding ring of cortical actin shows contractility upon addition of thrombin.

S5 Movies. Reduced motility of KLF2- versus mock-transduced HUVEC (II). KLF2- or mock transduced endothelial
S5 Movies.
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S5 Movies. Reduced motility of KLF2- versus mock-transduced HUVEC (II). KLF2- or mock
motility is low or absent, whereas mock-transduced cells show both high plasticity and motility.
transduced endothelial cells were seeded and transduced in 8 well μ-slides (Ibidi) and subsequently
used for live cell imaging during 72 hours. Typically, KLF2-transduced cells show elongation and
motility is low or absent, whereas mock-transduced cells show both high plasticity and motility.
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