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The endothelium serves as a size-selective barrier and tightly controls the fluid exchange from the
circulation to the surrounding tissues. In this study, a multiplexed microscopy characterization is
developed to study the spatio-temporal effects of Abl kinases on endothelial cytoskeletal structure
using AFM, SEM, and immunofluorescence. Sphingosine 1-phosphate (S1P) produces significant
endothelial barrier enhancement by means of peripheral actin rearrangement. However, Abl kinase
inhibition by imatinib reduces rapid redistribution of the important cytoskeletal proteins to the
periphery and their association with the cortical actin ring. Herein, it moderates the thickness of the
cortical actin ring, and diminishes the increase in elastic modulus at the periphery and cytoplasm. These
findings demonstrate that imatinib attenuates multiple cytoskeletal changes associated with S1P-
mediated endothelial barrier enhancement and suggest a novel role for Abl kinases in mediating these
S1P effects. These observations bridge the gap between molecule dynamics, structure complexity and
function connectivity across varied length-scales to improve our understanding on human pulmonary
endothelial barrier regulation. Moreover, our study suggests a framework for understanding form-
function relationships in other biomechanical subsystems, wherein complex hierarchical organization
programmed from the molecular scale to the cellular and tissue levels has an intimate relationship to
the overall physiological function.

One of the most technically complicated features of living organisms is the ability of cells to sense mechanical
forces and appropriately convert them into biological responses. The hierarchical organization programmed from
the molecular scale to cell and tissue levels influences the abilities to sense, generate, and bear mechanical forces
occurring across varied length-scales with diverse functional characteristics. The elegance of complexity in bio-
logical systems makes it exceedingly difficult to characterize the various components and depict their internal
functional connectivity both spatially and temporally. Many prior studies have established important connections
between structural characteristics, mechanical responses and physiological functions of cells, tissues and organs

. in order to better understand the fundamental mechanisms underlying multiple disease processes, including

- vascular diseases!?, cancer®¢, cardiomyopathies”® and Alzheimer’s Dementia®!’. These studies provide a greater

. understanding of how mechanics relates to the biological functions of the body, which may lead to better diagno-
sis and treatment of many progressive illnesses.

The endothelium tightly controls the exchange of fluid from the circulation to the surrounding tissues. A
significant and sustained increase in vascular permeability underlines the pathophysiology of multiple disorders
that affect critically ill patients, such as acute respiratory distress syndrome (ARDS)'!. Despite multiple clinical
trials over the past few decades, targeted pharmacologic therapies are still lacking. The mortality rate is still as
high as 30-50% in ARDS and severe sepsis'?. The size-selective characteristics of the barrier to plasma proteins
and other solutes is a key factor in maintaining fluid balance of tissue. In addition to the biochemical functions,
these biological processes also embody a complex balance of mechanics. Actin filaments, a dynamic structural

Tianjin Key Laboratory of the Design and Intelligent Control of the Advanced Mechatronical System, Tianjin
University of Technology, Tianjin, China, 300384. 2National Demonstration Center for Experimental Mechanical
and Electrical Engineering Education, Tianjin University of Technology, Tianjin, China, 300384 3Department of
Materials Science and Engineering, Northwestern University, Evanston, IL, USA, 60208. “Department of Medicine,
University of lllinois, Chicago, IL, USA, 60612. *Department of Medicine, University of Arizona, Tucson, AZ, USA,
85721. Correspondence and requests for materials should be addressed to S.M.D. (email: sdudek@uic.edu) or G.S.S.
(email: g-shekhawat@northwestern.edu) or V.P.D. (email: v-dravid@northwestern.edu)

SCIENTIFICREPORTS | 7: 14152 | DOI:10.1038/s41598-017-14722-0 1


mailto:sdudek@uic.edu
mailto:g-shekhawat@northwestern.edu
mailto:v-dravid@northwestern.edu

www.nature.com/scientificreports/

framework in the EC cytoskeleton, combine structural integrity and mechanical stability enabling network organ-
ization and structuring. In our previous work, we investigated the correlation between mechanical properties
and cytoskeletal structure of human pulmonary artery endothelial cells using correlative multiplexed microscopy,
in response to the barrier-disrupting agent, thrombin, and the barrier-enhancing agent, sphingosine 1-phosphate
(S1P), respectively't. Meanwhile, the dynamics, activity and stability of several critical kinases play an important
role in actin filament rearrangement. The Abl family kinases, including c-Abl and Abl related gene (Arg), have
well known roles in binding and bundling F-actin filaments, in phosphorylating cytoskeletal effector proteins,
and in modulating the activity of non-muscle myosin light chain kinase (nmMLCK) and Rho family GTPases'.
Therefore, the critical role of Abl kinases in endothelial barrier regulation has spurred recent interest in the poten-
tial for modulating their activity in the treatment of vascular barrier dysfunction. However, the physiological
function of Abl kinases in actin filament structural arrangement, and its ultimate effect on cellular mechanical
properties and barrier permeability, especially in response to barrier-enhancing agents such as S1P, have yet to be
fully elucidated. This is a clinically important area necessary to develop medical therapies capable of attenuating
vascular leak and resuming normal endothelial barrier function.

Imatinib is a small commercially available molecule inhibitor, blocking the ATPase activity of the kinase
c-Abl, Abl-related gene (Arg), platelet-derived growth factor receptor (PDGFR), c-KIT, and discoid domain
receptor-1'%. Thus far, its pharmaceutical role has been used primarily in the treatment of chronic myeloid leu-
kemia and gastro-intestinal stromal tumors clinically'®. However, nonmalignant proliferative disorders such as
lung fibrosis'” and pulmonary hypertension'® may represent future prospects for its additional clinical applica-
tions. In this current study, we compare the cellular mechanical responses of human lung endothelial cells in
which Abl kinases have been inhibited by imatinib with non-inhibited cells. The comparison was performed in
response to well-characterized barrier-enhancing agent, S1P, using atomic force microscopy (AFM) both spatially
and temporally. Concurrently, the rearrangement of cytoskeletal structure is evaluated using scanning electron
microscopy (SEM), and the relocation/colocalization of critical cytoskeletal effector proteins with cortical actin
filaments is identified via immunofluorescence. The observations from both SEM imaging and immunofluores-
cent confocal microscopy serve as complementary techniques to interpret the cellular mechanical properties
alteration based on AFM characterization. This multiplexed microscopy/characterization provides novel insights
into how Abl kinases affect cellular cytoskeleton modulation, deciphering connectivity between complex hierar-
chical architecture and associated cellular/tissue response for the form-function relationship.

Methods

Reagents and antibodies. All reagents including sphingosine-1-phosphate (S1P) were purchased from
Sigma-Aldrich unless otherwise specified. Imatinib was obtained commercially from LC Laboratories and
reconstituted in DI water to yield a 20 mM stock. Dulbecco’s phosphate buffered saline (PBS) and trypsin were
purchased from Life Technologies, while biological grade glutaraldehyde and paraformaldehyde used for cell
fixation were obtained from Electron Microscopy Science. The following reagents and antibodies were acquired
for immunofluorescence: mouse monoclonal anti-cortactin (p80/85) antibody clone 4F11 (EMD Millipore),
mouse anti-paxillin antibody clone 349 (BD Biosciences), mouse anti-VE-cadherin antibody (Santa Cruz), Alex
Fluor 488 goat anti-mouse IgG secondary antibody (Life Technologies), and Rhodamine-conjugated phalloidin
(Molecular Probes).

Cell culture. Human pulmonary artery endothelial cells were purchased from Lonza and cultured in manu-
facturer’s recommended complete endothelial growth medium-2-microvessel (EGM-2MYV, Lonza) consisting of
defined growth factors and supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich). Endothelial cells
(EC) were maintained at 37 °C in a humidified incubator with 5% CO, and utilized at passages 6-9.

AFM characterization. Cells from each primary flask were detached with 0.05% trypsin, resuspended in
fresh culture medium and transferred to 60 mm plastic petri dishes coated with collagen I (BD Biosciences) for
AFM characterization. Both confluent (80-90% coverage of petri dish area) and sub-confluent cells (40-50% cov-
erage) were used to ensure the presence of a monolayer or single cells as needed for AFM scanning. Before AFM
imaging and measurements, cells were washed three times with sterile PBS to remove any debris that might stick
to the AFM probe during the experiments. Complete growth medium was replaced with fresh medium supple-
mented with defined growth factors and 2% FBS to induce a basal state of the cells. AFM imaging and force meas-
urements were performed on a 37 °C heating stage using a BioScope Catalyst atomic force microscope (AFM,
Bruker) integrated onto an Axio Oberver.D1m (Carl Zeiss) inverted optical microscope. The system allowed
precise lateral positioning of the silicon nitride AFM probe over the target cell.

ScanAsyst-Fluid probe (Bruker) with a nominal spring constant k ~ 0.7 Nm~' and a nominal tip radius R
~20nm was employed. The Peakforce mode in liquid was used to investigate the morphology alterations of
Abl kinase-inhibited cells in response to the barrier-recovery agent S1P. To reduce stress on cells during AFM
mechanical measurement, smooth curved colloidal probe with a diameter of ~840 nm SiO, bead and ~30 nm
gold coating on the backside of the silicon nitride triangular cantilever was used for elasticity measurements
(Novascan Technologies) in force-volume mode. The deflection sensitivity was calibrated by repeated contact
mode indentation on a clean glass slide (VWR International) in PBS and the spring constant of the compliant
AFM cantilever was measured to be k=0.12~0.15 Nm™! by thermal noise method'®. The tip radius was deter-
mined post-mortem by scanning electron microscope (SEM, Hitachi SU8030). The loading-unloading process
was conducted at about 1.5 pm.s~! and accomplished within roughly 1 second, during which the applied load,
F, was measured as a function of the vertical actuation displacement of the piezoelectric cell, y, with 1024 data
points collected. A maximum load of ~2 nN was applied at each data point, in order to keep the indentations
on the cells within the elastic range?’. During a typical experiment, a large scale (100 ~ 150 pm) contact mode
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AFM image was rapidly acquired at a resolution of 256 lines/frame, to locate an individual cell appropriate for
measurements. A zoomed-in area was selected containing a part of a nucleus as well as periphery and cytoplasm
in order to collect localized information of cellular mechanical properties. Measurements were carried out by
acquiring arrays of 32 x 32 loading-unloading curves (force-volume map) within an area of 50 x 50 ~ 70 X 70 pm?
and each force-volume map was acquired over time periods of ~18 min. One force-volume map was first char-
acterized on single EC grown on the coated petri dish before adding any stimulation. Then cells were challenged
by sequentially adding solutions of 20 pM imatinib (54 min) for inhibiting Abl kinases, and 1 pM S1P (36 min)
for stimulating barrier enhancement during data acquisition. Elasticity measurements were collected with three
time-lapse force-volume measurements after imatinib treatment and another two after S1P stimulation on the
same cell that lasted in total ~90 min (18 min x 5). Another sample, only treated with S1P (1 pM) as a control, was
characterized with one time-lapse force-volume measurement before and another five frames after stimulation,
which lasted in total ~90 min as well, in order to be consistent with the time used on the Abl kinase-inhibited
sample. Five different cells were analyzed to generate the elastic modulus time-lapse response at each condition
for the reproducibility.

The AFM cantilever connected to the piezoelectric cell, is used to deform the cell while the interaction force,
F, is detected based on the deflection of the cantilever, §. The spring constant of the cantilever is k by the ther-
mal noise method'. The raw AFM data is the relationship between force, F, and piezoelectric cell displacement,
y, where F=k x §.. Since the AFM cantilever is compliant, it is bending into the opposite direction, §., while
the sample is indented by &. Thus, raw AFM force-displacement between (F vs. y) needs to be converted to the
relation between applied force and cell deformation (F vs. §,) by correcting cantilever deflection from the piezo
displacement'*??2. According to the spherical Hertzian contact mechanical model®, the constitutive relation for
a rigid spherical probe with radius of Rp; pressing vertically on an elastic half continuum with elastic modulus,
E, and Poisson’s ratio, v=0.50, is used to compute the cell elastic modulus, given by
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An in-house developed MATLAB (MathWorks, Inc.) code was used to obtain elasticity maps by analyz-
ing all 1024 force curves in each force-volume mapping, where the fitting goodness values R* exceeded 0.85
in all curve fittings. Elastic property at each pixel was characterized by fitting of force-displacement curve to
spherical Hertzian contact model. In this work, the fitting depth, §, is selected 100 nm ~ 200 nm for nucleus,
80 nm ~ 140 nm for cytoplasm and 20 nm ~ 40 nm for periphery. A line of zero force was defined from the average
deflection of points on the force-displacement curve corresponding to the positions of the cantilever when it was
far away from the surface.

SEM imaging. The cytoskeleton has to be first uncovered for direct electron microscopy observation, and
detergent lysis is the most common way to remove the cell membrane. EC was seeded to a 24-well plate containing
a gelatin-coated (0.25% in PBS) 12-mm glass coverslip in each well and allowed to recover in complete medium
overnight. Four coverslips were prepared simultaneously from the same batch and passage of cells. Before any
stimulations, the cells were briefly rinsed with warm sterile PBS and rendered quiescent in growth medium con-
taining 2% FBS for 3 hrs. One coverslip acted as a control, the other three were stimulated with either imatinib (20
pM) for 54 min, or S1P (1 pM) for 36 min, or imatinib (20 uM) for 54 min followed by S1P (1 pM) for 36 min, in
the humidified incubator. After stimulation, the cells were immediately extracted with 500 pL buffer composed
of 1% non-ionic detergent Triton X-100 and 4% PEG (MW 40,000) in stabilization buffer for 15 min, followed
by stabilizing in 500 pL buffer containing 50 mM imidazole, 50 mM KCl, 0.5 mM MgCl,, and 0.1 mM EDTA (pH
adjusted to 7.1 using concentrated HCI) for 15 min. The cells were rinsed with PBS and then fixed with 500 pL of
fixation solution (2.5% glutaraldehyde, 2% paraformaldehyde and 0.5% tannic acid in PBS with final pH adjusted
to 7.1) for 15 min, briefly rinsed three times with PBS and three times with DI. Coverslips were then placed in the
coverslip holder, where they were dehydrated through a series of ascending ethanol concentrations of 25%, 50%,
75%, 90% and 100% for 5min each, followed by critical point drying (Samdri-795, Tousimis). Finally, the actin
filament fine structure was coated with 10 nm osmium (OPC60A, Filgen) and images were captured using a SEM
(Hitachi SU8030) at an accelerating voltage of 1 kV.

Immunofluorescence confocal microscopy. Indirect immunofluorescence of endogenous cortactin
(critical cytoskeletal effector protein), paxillin (focal adhesion protein) and VE-cadherin (adherens junction pro-
tein) were assayed. After trypsinization, ECs were added to 35 mm p-Dishes with grids (provided by ibidi GmbH)
and allowed to recover in complete medium with 10% FBS overnight. Cells were washed three times with warm
sterile PBS and rendered quiescent in growth medium with 2% FBS 3 hrs prior to any stimulation. Four samples
were prepared simultaneously, where one was used as a control. The other three samples were challenged with
either S1P (1 uM, 36 min), imatinib (20 pM, 54 min), or imatinib (20 pM, 54 min) followed by S1P (1 pM, 36 min)
in the incubator. After stimulation, cells in the p-Dishes were immediately fixed in 4% paraformaldehyde/PBS
(pH 7.4) for 15min and permeabilized with 0.1% Triton X-100 for 10 min. The unreacted aldehyde groups were
quenched in 50 mM glycine/PBS (pH 7.4) for 15 min and the non-specific binding was blocked in 5% BSA/
PBS for 30 min (pH 7.4). Incubation with primary antibody of interest (mouse anti-cortactin (1:500), mouse
anti-paxillin (1:500), or mouse anti-VE-cadherin (1:250) in 5% BSA/PBS) were performed for 2 hrs at room tem-
perature. Goat anti-mouse IgG (1:500 in 5% BSA/PBS) conjugated to Alex Fluor 488 was selected as secondary
antibody for 1 hr incubation. Actin filaments were visualized by staining cells with rhodamine-conjugated phal-
loidin for 30 min followed by nuclei staining with DAPI for 5 min with protection from ambient light. Analysis of
immunofluorescent staining was performed using an inverted laser-scanning confocal microscopy system (Zeiss
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Figure 1. AFM scanning images from Peakforce error channel showing monolayer live human lung endothelial
cells without any apparent intercellular gaps prior to any stimulation (A); stimulated with S1P (1 uM) showing
the enhanced formation of the cortical actin ring (B, 36 min; C, 90 min). To investigate the biological function
of Abl kinases on S1P-induced cytoskeleton rearrangement, monolayer live cells AFM scanning images from
Peakforce error channel were obtained prior to any stimulation (D); 54 min after treatment with 20 uM of the
Abl kinase inhibitor imatinib (E); and 54 min after treatment with 20 pM imatinib followed by 36 min treated
with 1 uM S1P (F). Arrows in (B) and (C) indicate the cortical ring.

Axio Observer.Z1) with a 40 oil objective lens. Eight-bit images were acquired sequentially by scanning line
by line with resolution of 1024 x 1024 using Zen 2009 software. Cells were representative of changes observed
in three different sets of experiments. All post-acquisition image processing and quantitative analysis were per-
formed using NIH Image] and Adobe Photoshop. The quantitative analysis was performed on n =20 images at
each condition.

Results and Analysis

Cellular morphology characterized by AFM.  To link the critical biological function of Abl kinases!
with cellular morphology changes in response to S1P, live EC monolayer or single cells were analyzed with serial
high-resolution AFM imaging under a physiologically viable fluidic specimen stage. This was performed after
the sequential addition of 20 uM imatinib for 54 min to inhibit Abl kinases, followed by 1 uM S1P for 36 min to
stimulate barrier enhancement. 20 uM imatinib is a clinically relevant concentration that was found to be optimal
in prior dose-dependent studies and has no effect on VE-cadherin distribution/expression on static EC*, while
1uM S1P has been found to produce rapid and dramatic enhancement of polymerized F-actin and myosin light
chain phosphorylation at the cell periphery?>*. The treating times for both imatinib and S1P are adopted to
get the maximum agonist effects®*?. Endothelial barrier function is dependent on a complex balance between
the intracellular contractile forces generated by actin-myosin contraction, and cellular adhesive/resistive forces
produced by cell-cell/cell-matrix interactions and rigid cytoskeletal components (microtubules and intermediate
filaments)*”?8. Figure 1 demonstrates live monolayer morphology alteration of Abl kinase-inhibited EC (imatinib
treatment) in response to S1P compared to control EC by PeakForce mode scanning in liquid. Monolayer pul-
monary ECs grown on collagen I coated plastic petri dishes display the polygonal shape in cobblestone appear-
ance with intact borders and no apparent intercellular gaps as shown in Fig. 1A. S1P, a phospholipid generated
by hydrolysis of membrane lipids in activated platelets and other cells, rapidly increases the level of cortactin
and myosin at the cell edges, aiding in cell tethering forces and cell spreading, and finally enhancing EC barrier
function®**. 36 min after the addition of S1P, the cortical actin ring is well formed along the cell periphery, and
strong interaction between adjacent cells is built through cell-cell interaction as indicated in Fig. 1B. A previous
study revealed a rapid, Rac-dependent translocation of cortactin to the expanded cortical actin band following
S1P challenge occurs within 5 min®!. Therefore, the cortactn actin band is already well-established after 36 min
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treatment with S1P, and the S1P barrier-enhancing effect appears stable over time since there is no obvious dif-
ference between 36 min and 90 min stimulation (Fig. 1C). For the cells pretreated with the Abl kinase inhibitor
imatinib, 54 min exposure to imatinib alone had minimal effects on cellular morphology changes in static EC,
although several small intercellular gaps are formed that may be due to the inhibition (Fig. 1D-E). However, after
a subsequent 36-min treatment with S1P, no substantial cortical actin or other apparent enhancement in cytoskel-
eton density occurs along the cell periphery (Fig. 1F), which is in contrast to the rearrangements that occur after
S1P in the non-inhibited cells (Fig. 1C). These images demonstrate that imatinib inhibits important peripheral
structural changes that occur in response to barrier-promoting agent S1P.

The changes in endothelial barrier function of a confluent monolayer within blood vessels are a consequence
of integrated alterations in cytoskeletal structure at the level of each individual cell. However, examining changes
in cell monolayers is complicated in vitro because of complex cell-cell interaction and hard-to-discern cell
boundaries. Therefore, we next analyzed individual cells as a simplified system that allows each individual cell to
function as its own control, in order to advance our understanding of the correlation between kinase biological
function and cytoskeletal structure modulation.

Without cell-cell interaction to obscure observation, the S1P effects are more prominent on the single cell
level. Figure 2A demonstrates the profile characteristics of an individual pulmonary EC. The EC is well spread
on the substrate and the cytoplasm contains active fibers with random distribution. Actin filaments are distrib-
uted along the edge of the cells forming low peripheral bundles, and fewer stress fibers are running across the
top surface of the nucleus. Exposure of ECs to S1P (1 uM, 36-90 min) produces rapid translocation of multiple
cytoskeletal proteins resulting in cell spreading and increased cortical actin as shown in Fig. 2B-C. This cortical
actin accordingly assists in exerting tethering forces that inhibit cell contraction, aids cell spreading, and finally
promotes endothelium barrier enhancement and recovery. Since the thick cortical actin band developed at the
periphery, the cell is further spread upon the surface with an approximately round shape. Moreover, the stress
fibers across the top of nucleus are reduced after S1P stimulation. However, the pre-inhibition of Abl kinases with
imatinib substantially modulates the cell fate upon S1P exposure. With similar cytoskeleton structure, the cell
displays an oval-shape prior to Abl kinases inhibition as shown in Fig. 2D. Little morphology change is induced
after 54 min treated with imatinib as shown in Fig. 2E, although there is a cell leading edge retraction, which may
due to imatinib treatment. Compared to the wide cortical actin band shown in Fig. 2B and C, pre-inhibition
with imatinib weakens the S1P-mediated EC barrier enhancement effect represented by the absence of a typical
cortical actin band forming along the periphery. The cell displays even higher aspect ratio, and the actin stress
fibers across the top surface of nucleus are still apparent even after 36 min treated with S1P. These observations
strongly suggest an important role of Abl kinases in the induction of endothelial cytoskeletal changes after S1P
that are associated with the enhancement of endothelium barrier function (Fig. 2F). Because of live cells moving
around in the image frame over which the AFM scanning is performed, the cellular morphology may be slightly
different temporally, like cell-cell crosstalk shown in Fig. 2C and E. The cross-section profile of Fig. 2B is shown
in Fig. 2G with selection of three different regions labeled as nucleus, cytoplasm and periphery. Baseline height
of lung ECs were based on the measurements of 10 live cells: nuclear region 2.17 4= 0.3 um, cytoplasmic region
0.56 £ 0.05 pm, and peripheral region 0.20 £ 0.05 um. There is no apparent localized height alteration on the same
cells after challenge with the various agents.

Force mapping of stimulated ECs.  The elasticity distribution in live ECs can be dynamically determined
using AFM force-volume mapping. To study the effects of Abl kinases on the changes in cellular mechanical prop-
erties when exposed to the barrier-enhancing agent, S1P, sequential AFM force-volume mappings on an individ-
ual cell were carried out at baseline before any stimulation, during 54 min after imatinib treatment, and during
the following 36 min after S1P stimulation. To compare the cellular response under external load from the AFM
probe, control cells were also characterized before and after S1P treatment within a 90 min period. Data at the cell
periphery, cytoplasm and nucleus regions were collected in order to correlate localized biomechanical properties
with detailed information on cytoskeletal structure gathered from SEM and protein redistribution acquired based
on immunofluorescence, respectively. Figure 3 shows the AFM deflection images and time-lapse elastic modulus
maps of a live EC prior to stimulation (A, D), 54 min after treatment with 20 uM imatinib (B, E), and followed by
36 min treatment with barrier enhancing 1 uM S1P (C, F).

The cellular morphology is characterized using contact mode AFM scanning with the colloidal probe (col-
loidal probe diameter ® ~ 1 pm) and resolution of 256 lines/frame. AFM indentation with resolution of 32 x 32
within in a 50 ~ 70 pm? is performed after switching over to force-volume mode, and elastic modulus maps are
generated by curve fitting to the spherical Hertz contact mode. Quantitative sub-cellular elastic modulus infor-
mation from this mechanical characterization can be pooled and summarized as shown in Fig. 4. The solid lines
indicate the mechanical properties of Abl kinase-inhibited cells, while dashed lines describe those of control
EC without imatinib. In control cells, the mechanical properties begin to change within the first frame of AFM
mechanical characterization after S1P treatment (~18 min) and are more prominent after ~36 min stimulation.
The elastic modulus increases significantly by ~30% (p < 0.005, determined by two-tailed unpaired Student’s
t-test) along the cellular periphery and ~20% (p < 0.005) increase in the cytoplasm in control. The increase on
sub-cellular mechanical properties correlates with peripheral cortical actin that stabilizes cell-cell junctions, and
results in the enhancement of endothelial barrier in a monolayer. This highly sensitive measurement on live
human pulmonary ECs is consistent with the model of EC barrier regulation as we have previously reported'*.
The S1P-induced mechanical properties remain stable after ~36 min challenge. However, these S1P-induced
increases are significantly attenuated in Abl kinase-inhibited ECs, with only a ~5% (no statistical meaning)
increase at the periphery and a ~8% (no statistical meaning) raise in the cytoplasm. These results indicate that
Abl kinase inhibition with imatinib in live human lung EC alters the biomechanical changes induced by S1P that
mediate barrier enhancement.
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Figure 2. AFM morphology from Peakforce error channel of a single pulmonary EC grown on a plastic petri
dish with no stimulation, showing actin filaments are randomly distributed with few peripheral bundles (A); the
same cell is shown after S1P (1 uM) stimulation, which induces spreading of the cell periphery on the substrate
and the formation of the cortical actin ring along the cell periphery (B, 36 min; C, 90 min). Another single live
cell is shown prior to any stimulation (D); 54 min after treatment with 20 pM Abl kinase inhibitor imatinib (E)
and 54 min after treatment with 20 pM imatinib followed by 36 min after treatment with 1 uM S1P (F). Cross-
section height and distance profiles of the live cell in Fig. 2B showing the selection of 3 different regions of the
cell labeled as nucleus, cytoplasm and periphery (G).

Cytoskeletal frame structure observation under SEM. The cytoskeleton gives the cell shape and
allows for adaptation to the environment under biochemical stimulation and mechanical resistance to defor-
mation when bearing an external load. The localized assembly and arrangement of the cytoskeletal architecture
drive the machinery of cellular morphology changes. Visual techniques such as light and electron microscopy
are critical tools for analysis of cellular structures and function in cell biology. SEM provides an intuitive means
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Figure 3. AFM deflection images of live EC prior to any stimulation (A); in response to 54 min after treatment
with 20 pM imatinib (B) followed by 36 min treatment with 1 uM S1P (C). The mechanical measurements

were carried out by acquiring arrays of 32 x 32 loading-unloading curves in the force-volume map. Elasticity

at each pixel was characterized by variable-indentation-depth curve fitting of force-displacement curve to
spherical Hertzian contact model using an in-house MATLAB code. The time-lapse elastic modulus maps prior
to any stimulation (D); in response to 54 min after treatment with 20 pM imatinib (E); followed by 36 min after
treatment with 1 pM S1P (F). Each pixel indicates the localized sub-cellular elastic modulus.
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Figure 4. Quantification of live cell sub-cellular (periphery, nucleus, and cytoplasm) elastic modulus as a
function of time in response to sequential 20 pM Abl kinases inhibitor imatinib (54 min) and 1 pM S1P (36 min)
(as shown in solid line) compared with the same cell at baseline prior to stimulation. For comparison, another
cell sample only treated with 1 uM S1P is used as a control (dashed line). n =5 different cells are analyzed to
generate elastic modulus time-lapse responses.

to reveal non-labeled cytoskeleton with structural details and makes it possible to correlate cytoskeletal pattern
changes in various regions with mechanical properties measurements obtained from AFM.

Figure 5 shows SEM images of human lung EC cytoskeleton structures after extracting the cell membrane. The
sample has a 10 nm osmium coating since it is a non-conductive biological cell. The SEM images of the unstim-
ulated cells demonstrate that the cobblestone morphology is exhibited with few active stress fibers distributed
in the cytoplasm, and a low density of fibers scatted in the periphery with random orientation (Fig. 5A-D). In
contrast, after stimulation with S1P (Fig. 5E-H), ECs show membrane protrusions with a high concentration
of actin fibers at the cell periphery. The cell peripheral region reveals formation of a dense cortical actin band,
which correlates to an increase in elastic modulus of the cell peripheral regions revealed by AFM. Peripheral
extensions such as filopodia and lamellipodia are shown in the image, and the overall cellular size appears larger
than observed at the other conditions (Fig. 5A-D, Fig. 5I-L and Fig. 5M-P). Although Abl kinase inhibition with
imatinib induces no obvious cytoskeleton structural differences compared with the unstimulated cells (Fig. 5I-L),
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followed by 1 uM S1P, 36 min

Figure 5. SEM images of actin filament structures of a single lung EC. Image (A-D), (E-H), (I-L) and (M-P)
correspond to no stimulation, S1P alone (1 uM, 36 min), imatinib alone (20 pM, 54 min) and combination of
imatinib (20 pM, 54 min) and S1P challenged (1 uM, 36 min) cells, respectively. (B-D), (F-H), (J-L) and (N-P)
are the zoomed SEM images indicating the fine structure of actin filaments in the circles with red dotted lines on
(A), (E), (I) and (M).

the combination of imatinib and S1P (Fig. 5M-P) results in a substantial loss of the critical dense actin cytoskel-
eton at the periphery of cells. This correlates with significant attenuation of the elastic modulus increase at the
cellular periphery as shown from AFM force mapping (Figs 3 and 4). Abl kinase inhibition substantially decreases
the S1P-induced cytoskeleton redistribution at the cellular periphery, demonstrating an integral role for Abl
kinases in regulating baseline EC permeability and response to barrier-altering agonists.

Immunofluorescence on cortactin, paxillin and VE-cadherin. Immunofluorescence serves as an
informative approach to observe specific distribution of fluorescence-labeled protein in three-dimension with
multi-color channels in order to reveal the dynamic assembly of cellular frame. To provide additional insights
into the biological function of Abl kinases on actin cytoskeleton structural rearrangement, the relocation and
colocalization of the critical proteins cortactin, focal adhesion protein paxillin and adherens junction protein
VE-cadherin with the actin cytoskeleton structure were explored as shown in Figs 6, 7 and 8. Actin filaments
were labeled with red rhodamine-phalloidin, and blue DAPI was used as a counterstain for nucleus identification.
Meanwhile, the specific protein of interest for individual experiments (cortactin, paxillin, or VE-cadherin) was
visualized by mouse antibodies staining followed by a secondary antibody conjugated to Alex Fluor 488.
Cortactin (molecular weight ~80kDa) is a monomeric protein located in the cytoplasm of cells that can be
activated by external stimuli to promote polymerization and rearrangement of the actin cytoskeleton, especially
the actin cortex around the cellular periphery*. Confocal fluorescent microscopy with indirect immunofluo-
rescence reveals scattered and thin peripheral and cytoplasmic cortactin staining in the unstimulated human
lung EC (Fig. 6A-C). After S1P, extensive translocation of cortactin to the cell periphery occurs as previously
reported’!. This rapid redistribution of cortactin to the EC periphery after S1P corresponds to membrane ruffling
regions and colocalization with the cytoskeletal actin band (Fig. 6D-F). It demonstrates the important role of
cortactin in promoting the phosphorylation of the peripheral myosin light chain (MLC), associated formation
of actin band formation, lamellipodia and filopodia, and even cell migration, which is integral in cytoskeletal
changes associated with EC barrier enhancement®!. Imatinib alone has little effect on cortactin distribution at the
cellular periphery since almost the same scattered pattern is observed as in the unstimulated cells (Fig. 6G-I).
However, pre-inhibition of Abl kinases substantially blocks formation of the thick cortical actin band around the
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Actin Filament

Unstimulated

1 uM S1P, 36 min

30 pm

20 pM Imatinib, 54 min

20 uM Imatinib, 54 min
followed by 1 uM S1P, 36 min

Figure 6. Immunofluorescence images of actin filament structures with cortactin distribution in human lung
EC. Images are as follows: no stimulation (A-C), S1P alone (1 uM, 36 min) (D-F), imatinib alone (20 pM,

54 min) (G-I) and combination of imatinib (20 M, 54 min) and S1P challenged (1 uM, 36 min) cells (J-L).
(A, D, G and J) are merged images between actin filament (red) and cortactin (green). (B,E,H,K) are cortactin
distribution pattern taken with Alexa 488 fluorophore and (C,ELL) are actin cytoskeleton distribution images
with rhodamine-conjugated phalloidin.

cellular periphery usually observed after exposed to barrier recovery stimulus, SIP (comparing Fig. 6K and E).
After quantitative analysis on immunofluorescence channels, Fig. 9A shows pooled data indicating that SIP sig-
nificantly increases total cortactin area per cell as well as the average size of each cortactin area. However, the
combination effect of imatinib and S1P diminishes S1P-induced cortactin redistribution at the cellular periphery
and results in the same cortactin area size as in the unstimulated cells. These studies suggest that Abl kinase inhi-
bition remarkably attenuates S1P-induced cortactin rearrangements, supporting a critical role for Abl kinases in
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Actin Filament

Unstimulated

20 uM Imatinib, 54 min 1 uM S1P, 36 min

20 uM Imatinib, 54 min
followed by 1 uM S1P, 36 min

Figure 7. Immunofluorescence images of actin filament structures with focal adhesion paxillin in human
lung EC. Images are as follows: no stimulation (A-C), S1P alone (1 uM, 36 min) (D-F), imatinib alone (20 pM,
54 min) (G-I) and combination of imatinib (20 pM, 54 min) and S1P challenged (1 uM, 36 min) cells (J-L).
(A, D, G and J) are merged images between actin filament (red) and paxillin (green). (B,E,H,K) are focal
adhesion paxillin distribution pattern taken with Alexa 488 fluorophore and (C,ELL) are actin cytoskeleton
distribution with rhodamine-conjugated phalloidin.

mediating cortactin structural formation and associated cytoskeletal rearrangements, which finally regulates EC
barrier function.

Paxillin (molecular weight ~68kDa) serves as an important docking protein at focal adhesions to recruit
signaling molecules to a specific cellular compartment. It binds specific combinations of signaling molecules into
a complex to coordinate downstream signaling®. The biological function of paxillin coordinated signaling is to
regulate cell spreading and motility*!. In unstimulated human lung EC, paxillin occurs in a dot-like pattern that
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Merge VE-Cadherin Actin Filament

Unstimulated

1 uM S1P, 36 min

20 pM Imatinib, 54 min

20 uM Imatinib, 54 min
followed by 1 uM S1P, 36 min

Figure 8. Immunofluorescence images of actin filament structures with VE-cadherin in human lung EC.
Images are as follows: no stimulation (A-C), S1P alone (1 uM, 36 min) (D-F), imatinib alone (20 uM, 54 min)
(G-I) and combination of imatinib (20 pM, 54 min) and S1P challenged (1 uM, 36 min) cells (J-L). (A, D, G
and J) are merged images between actin filament (red) and VE-cadherin (green). (B,E,H,K) are adherens
junction VE-cadherin distribution pattern taken with Alexa 488 fluorophore and (C,F,LL) are actin
cytoskeleton distribution with rhodamine-conjugated phalloidin.

is mostly diffuse in the cytoplasm at sites of stress fibers attachment, suggesting localization at focal adhesions as
shown in Fig. 7A-C. After S1P stimulation, paxillin staining is more intense with longer and thicker patches and
more localized at the cellular periphery. Merged images of actin filament and paxillin staining further demon-
strate paxillin colocalizes with the peripheral actin ring, suggesting S1P recruits paxillin along the cortical band
(Fig. 7D-F). Imatinib alone appears to increase the numbers of small focal adhesions (indicated by paxillin stain-
ing) compared with non-stimulated cells (Fig. 7G-I). However, the combination of imatinib and S1P significantly
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Figure 9. Quantitative analysis of total cortactin area/cell and average size of each cortactin area (A), focal
adhesion area/cell and focal adhesion number/cell (B), VE-cadherin area/cell (C) in EC with no stimulation,
S1P alone (1 uM, 36 min), imatinib alone (20 uM, 54 min) and combination of imatinib (20 pM, 54 min) and
S1P (1uM, 36 min). The quantitative analysis was performed on n =20 images at each condition and the
combination effect of imatinib and S1P significantly diminishes the S1P only-induced enhancement on both
parameters (p < 0.005, determined by two-tailed unpaired Student’s t-test).

attenuates the increase in focal adhesion area and focal adhesion number based on quantitative analysis using
Image] compared to S1P-only-treated cells (Fig. 7J-L). Abl kinase inhibition promotes paxillin focal adhesion
formation as shown in Fig. 9B, although the specific signaling pathway needs further investigation. Moreover,
there is no apparent cortical actin band ring forming after the treatment with both Abl kinase inhibitor, imati-
nib, and the barrier-enhancing agent, S1P, which is consistent with the cytoskeleton structure revealed by SEM
imaging (Fig. 5).

Integrity of intercellular junctions is a major determinant of permeability of the endothelium. The
VE-cadherin-based adherens junction is particularly important since VE-cadherin is known to be required for
maintaining a restrictive endothelial barrier in cultured cells**. In the untreated control human lung EC, the
expression of VE-cadherin is concentrated in inter-endothelial junctions with a thin and scattered pattern, show-
ing partial continuity of adherens junctions between two cells (Fig. 8A-C). SI1P induces accumulation of F-actin
at the cell periphery and enhancement of continuous VE-cadherin-positive peripheral staining of ECs in the
monolayer (Fig. 8D-F). Imatinib alone has no obvious effect on VE-cadherin distribution/expression alteration
on EC, demonstrating almost the same pattern as the non-stimulated cells (Fig. 8G-I), which is consistent with
the results**. However, Abl kinase inhibition with imatinib fails to alter S1P-induced enhancement of peripheral
VE-cadherin (Fig. 8]-L), which is quantified in Fig. 9C, suggesting that Abl kinases at 20 pM does not regulate
adherens junction remodeling under these conditions.

Discussion

The EC cytoskeleton is a dynamic, functionally complex and spatially targeted contractile structure which is
responsible for cellular responses to external stimuli, bioactive agonists, and mechanical stresses. EC challenged
with the endogenous barrier-promoting compound S1P results in the recruitment of Abl kinases, phospho-
rylated nmMLCK and cortactin, rapid increases in Abl kinases activity, and spatial targeting of Abl kinases to
barrier-promoting cortical actin structures®®. Abl kinases phosphorylate nmMLCK and cortactin to enhance
endothelial barrier function, demonstrating the central role of Abl kinases in actin cytoskeletal rearrangement's.
Although the target effectors in EC responsible for these varied effects are poorly characterized, the interactions
between Abl kinases, cortactin, and nmMLCK may be one of the key signaling events affecting lamellipodial for-
mation, cytoskeletal remodeling, and focal adhesion dynamics to regulate EC barrier permeability.

In the current study, localized mechanical measurements from AFM (Figs 3 and 4), actin filament structures
observation from SEM (Fig. 5), and protein relocation from immunofluorescence (Figs 6, 7, 8 and 9) were utilized
to demonstrate the central role of Abl kinases in regulating cytoskeletal structure and cellular biomechanical
properties. After S1P stimulation, the actin cytoskeleton is enhanced at the cell edges, seen as membrane ruftles
and cortical rings, which increases the elastic modulus at the periphery and cytoplasm. However, pretreatment
with the Abl kinase inhibitor imatinib attenuates S1P-mediated structural changes in human lung EC, reflected
by reduced cortical ring formation, altered the increase of elastic modulus along the periphery, and decreased
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peripheral relocation of cortactin and paxillin protein. By combining immunofluorescence with SEM, it is pos-
sible to bridge the divide between the systemic distribution of molecules/proteins of interest and corresponding
cytoskeleton structural complexity in order to address the integrated feedback loop between biomechanical ele-
ments and mechanical properties from AFM characterization.

One limitation of our data is that imatinib blocks the ATPase activity of several kinases including c-Abl, Arg,
platelet-derived growth factor receptor (PDGFR), c-KIT, and discoid domain receptor-1'¢. Although the effects
of imatinib on specific kinase activity is not characterized in the current study, the expression of Abl kinases is
essential for mediating S1P-induced cortical actin formation, nmMLCK and cortactin tyrosine phosphorylation,
and endothelial barrier enhancement®, which argues strongly for the interpretation that imatinib is mediating its
effects on the S1P response primarily through the Abl kinases and their modulation of nmMLCK and cortactin,
among other important cytoskeletal targets®”. Using atomic force microscopy to correlate biophysical properties,
cytoskeletal structural changes from SEM and specific protein relocation from immunofluorescence, there is a
strong indication that cell remodeling is led by actin fiber rearrangement, which is induced by uneven distribu-
tion of critical protein inside the cell. These rearrangements/relocations result in cellular stiffness redistribution
at cytoplasm and periphery. Herein, this novel study is conducted to aim at addressing the gap between molecule
dynamics, structure complexity and function connectivity. Moreover, it provides a framework for understanding
the form-function relationship in other biomechanical sub-systems.

References
1. Gimbrone, M. A. & Garcia-Cardena, G. Vascular endothelium, hemodynamics, and the pathobiology of atherosclerosis. Cardiovasc
Pathol 22, 9-15, https://doi.org/10.1016/j.carpath.2012.06.006 (2013).
2. Hoefer, I. E., den Adel, B. & Daemen, M. J. A. P. Biomechanical factors as triggers of vascular growth. Cardiovasc Res 99, 276-283,
https://doi.org/10.1093/Cvr/Cvt089 (2013).
3. Cross, S. E. et al. AFM-based analysis of human metastatic cancer cells. Nanotechnology 19, https://doi.org/10.1088/0957-
4484/19/38/384003 (2008).
4. Iyer, S., Gaikwad, R. M., Subba-Rao, V., Woodworth, C. D. & Sokolov, I. Atomic force microscopy detects differences in the surface
brush of normal and cancerous cells. Nat Nanotechnol 4, 389-393, https://doi.org/10.1038/Nnano.2009.77 (2009).
5. Plodinec, M. et al. The nanomechanical signature of breast cancer. Nat Nanotechnol 7, 757-765, https://doi.org/10.1038/
Nnano.2012.167 (2012).
6. Wang, X,, Shah, A. A., Campbell, R. B. & Wan, K -t Glycoprotein mucin molecular brush on cancer cell surface acting as mechanical
barrier against drug delivery. Applied Physics Letters 97, 263703 (2010).
7. Frey, N., Luedde, M. & Katus, H. A. Mechanisms of disease: hypertrophic cardiomyopathy. Nat Rev Cardiol 9, 91-100, https://doi.
org/10.1038/nrcardio.2011.159 (2012).
8. Mann, D. L. & Bristow, M. R. Mechanisms and models in heart failure the biomechanical model and beyond. Circulation 111,
2837-2849, https://doi.org/10.1161/Circulationaha.104.500546 (2005).
9. Drolle, E., Hane, E, Lee, B. & Leonenko, Z. Atomic force microscopy to study molecular mechanisms of amyloid fibril formation and
toxicity in Alzheimer’s disease. Drug Metab Rev 46, 207-223, https://doi.org/10.3109/03602532.2014.882354 (2014).
10. Norlin, N. et al. Aggregation and fibril morphology of the Arctic mutation of Alzheimer’s A beta peptide by CD, TEM, STEM and in
situ AFM. ] Struct Biol 180, 174-189, https://doi.org/10.1016/j.jsb.2012.06.010 (2012).
11. Ware, L. B. The acute respiratory distress syndrome (vol 342, pg 1334, 2000). New Engl ] Med 343, 520-520 (2000).
12. Goldenberg, N. M., Steinberg, B. E., Slutsky, A. S. & Lee, W. L. Broken Barriers: A New Take on Sepsis Pathogenesis. Sci Transl Med
3, https://doi.org/10.1126/scitranslmed.3002011 (2011).
13. Lieleg, O., Claessens, M. M. A. E. & Bausch, A. R. Structure and dynamics of cross-linked actin networks. Soft Matter 6, 218-225,
https://doi.org/10.1039/B912163n (2010).
14. Wang, X. et al. Nano-Biomechanical Study of Spatio-Temporal Cytoskeleton Rearrangements that Determine Subcellular
Mechanical Properties and Endothelial Permeability. Sci Rep-Uk 5, 11097 (2015).
15. Rizzo, A. N., Aman, J., Amerongen, G. P. V. & Dudek, S. M. Targeting Abl Kinases to Regulate Vascular Leak During Sepsis and
Acute Respiratory Distress Syndrome. Arterioscl Throm Vas 35,1071-1079 (2015).
16. Waller, C. E. I. M. Recent Results Canc 184, 3-20, https://doi.org/10.1007/978-3-642-01222-8_1 (2010).
17. Daniels, C. E. et al. Imatinib mesylate inhibits the profibrogenic activity of TGF-beta and prevents bleomycin-mediated lung fibrosis.
J Clin Invest 114, 1308-1316, https://doi.org/10.1175/Jci200419603 (2004).
18. Schermuly, R. T. et al. Reversal of experimental pulmonary hypertension by PDGF inhibition. J Clin Invest 115, 2811-2821, https://
doi.org/10.1172/)ci24838 (2005).
19. Hutter, J. L. & Bechhoefer, J. Calibration of Atomic-Force Microscope Tips (Vol 64, Pg 1868, 1993). Rev Sci Instrum 64, 3342-3342,
https://doi.org/10.1063/1.1144449 (1993).
20. Li, Q. S., Lee, G. Y. H,, Ong, C. N. & Lim, C. T. AFM indentation study of breast cancer cells. Biochem Bioph Res Co 374, 609-613
(2008).
21. Wang, X. et al. Correlation of macroscopic aggregation behavior and microscopic adhesion properties of bacteria strains using a
dimensionless Tabor’s parameter. ] Colloid Interf Sci 374, 70-76 (2012).
22. Wang, X., Najem, J. E, Wong, S. C. & Wan, K. T. A nano-cheese-cutter to directly measure interfacial adhesion of freestanding nano-
fibers. ] Appl Phys 111, https://doi.org/10.1063/1.3677947 (2012).
23. Sneddon, I. N. The relation between load and penetration in the axisymmetric boussinesq problem for a punch of arbitrary profile.
International Journal of Engineering Science 3, 47-57 (1965).
24. Letsiou, E. et al. Differential and opposing effects of imatinib on LPS- and ventilator-induced lung injury. Am J Physiol-Lung C 308,
1259-1269 (2015).
25. Garcia, J. G. N. et al. Sphingosine 1-phosphate promotes endothelial cell barrier integrity by Edg-dependent cytoskeletal
rearrangement. J Clin Invest 108, 689-701, https://doi.org/10.1172/]Jci200112450 (2001).
26. Brown, M. et al. Quantitative distribution and colocalization of non-muscle myosin light chain Kinase isoforms and cortactin in
human lung endothelium. Microvascular research 80, 75-88 (2010).
27. Lum, H. & Malik, A. B. Mechanisms of increased endothelial permeability. Canadian journal of physiology and pharmacology 74,
787-800 (1996).
28. Mehta, D. & Malik, A. B. Signaling mechanisms regulating endothelial permeability. Physiological reviews 86, 279-367 (2006).
29. Arce, F. T. et al. Regulation of the micromechanical properties of pulmonary endothelium by S1P and thrombin: role of cortactin.
Biophys ] 95, 886-894, https://doi.org/10.1529/biophysj.107.127167 (2008).
30. Yatomi, Y. et al. Quantitative measurement of sphingosine 1-phosphate in biological samples by acylation with radioactive acetic
anhydride. Analytical biochemistry 230, 315-320 (1995).
31. Dudek, S. M. et al. Pulmonary endothelial cell barrier enhancement by sphingosine 1-phosphate - Roles for cortactin and myosin
light chain Kinase. ] Biol Chem 279, 24692-24700 (2004).

SCIENTIFICREPORTS |7: 14152 | DOI:10.1038/s41598-017-14722-0 13


http://dx.doi.org/10.1016/j.carpath.2012.06.006
http://dx.doi.org/10.1093/Cvr/Cvt089
http://dx.doi.org/10.1088/0957-4484/19/38/384003
http://dx.doi.org/10.1088/0957-4484/19/38/384003
http://dx.doi.org/10.1038/Nnano.2009.77
http://dx.doi.org/10.1038/Nnano.2012.167
http://dx.doi.org/10.1038/Nnano.2012.167
http://dx.doi.org/10.1038/nrcardio.2011.159
http://dx.doi.org/10.1038/nrcardio.2011.159
http://dx.doi.org/10.1161/Circulationaha.104.500546
http://dx.doi.org/10.3109/03602532.2014.882354
http://dx.doi.org/10.1016/j.jsb.2012.06.010
http://dx.doi.org/10.1126/scitranslmed.3002011
http://dx.doi.org/10.1039/B912163n
http://dx.doi.org/10.1007/978-3-642-01222-8_1
http://dx.doi.org/10.1175/Jci200419603
http://dx.doi.org/10.1172/Jci24838
http://dx.doi.org/10.1172/Jci24838
http://dx.doi.org/10.1063/1.1144449
http://dx.doi.org/10.1063/1.3677947
http://dx.doi.org/10.1172/Jci200112450
http://dx.doi.org/10.1529/biophysj.107.127167

www.nature.com/scientificreports/

32. Ammer, A. G. & Weed, S. A. Cortactin branches out: Roles in regulating protrusive actin dynamics. Cell Motil Cytoskel 65, 687-707,
https://doi.org/10.1002/Cm.20296 (2008).

33. Brown, M. C. & Turner, C. E. Paxillin: Adapting to change. Physiological Reviews 84, 1315-1339 (2004).

34. Schaller, M. D. Paxillin: a focal adhesion-associated adaptor protein. Oncogene 20, 6459-6472 (2001).

35. Corada, M. et al. Monoclonal antibodies directed to different regions of vascular endothelial cadherin extracellular domain affect
adhesion and clustering of the protein and modulate endothelial permeability. Blood 97, 1679-1684, https://doi.org/10.1182/blood.
V97.6.1679 (2001).

36. Dudek, S. M. et al. Abl Tyrosine Kinase Phosphorylates Nonmuscle Myosin Light Chain Kinase to Regulate Endothelial Barrier
Function. Molecular Biology of the Cell 21, 4042-4056, https://doi.org/10.1091/mbc.E09-10-0876 (2010).

37. Rizzo, A.N., Aman, ], van Nieuw Amerongen, G. P. & Dudek, S. M. Targeting Abl kinases to regulate vascular leak during sepsis and
acute respiratory distress syndrome. Arterioscler Thromb Vasc Biol 35, 1071-1079, https://doi.org/10.1161/ATVBAHA.115.305085
(2015).

Acknowledgements

This work made use of the EPIC and SPID facilities of the NUANCE Center at Northwestern University, which
has received support from the Soft and Hybrid Nanotechnology Experimental (SHyNE) Resource (NSF NNCI-
1542205); the MRSEC program (NSF DMR-1121262) at the Materials Research Center; the International
Institute for Nanotechnology (IIN); the Keck Foundation; and the State of Illinois, through the IIN. This work
was supported by grants from the National Science Foundation (No. 1256188, IDBR: Development of Higher
Eigenmode Ultrasound Bioprobe for Sub-Cellular Biological Imaging), National Heart Lung Blood Institute
NIH grant (P01 HL 58064, R56 HL HL56088144-06A1) and National Natural Science Foundation of China (No.
31700812). Any opinions, findings, and conclusions or recommendations expressed in this material are those of
the authors and do not necessarily reflect the views of the National Science Foundation and National Institutes
of Health.

Author Contributions

X.W. designed and conducted the AFM mechanical measurements, SEM imaging and immunofluorescence
on endothelial cells. R.B. and L. W. helped on cellular sample preparation for SEM and immunofluorescence
experiments, respectively. X.W. finished the data analysis and wrote the paper. X.W., S.M.D., G.S.S. and V.P.D.
designed and led the project. All authors discussed the results and commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-14722-0.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 14152 | DOI:10.1038/s41598-017-14722-0 14


http://dx.doi.org/10.1002/Cm.20296
http://dx.doi.org/10.1182/blood.V97.6.1679
http://dx.doi.org/10.1182/blood.V97.6.1679
http://dx.doi.org/10.1091/mbc.E09-10-0876
http://dx.doi.org/10.1161/ATVBAHA.115.305085
http://dx.doi.org/10.1038/s41598-017-14722-0
http://creativecommons.org/licenses/by/4.0/

	Imatinib Alters Agonists-mediated Cytoskeletal Biomechanics in Lung Endothelium

	Methods

	Reagents and antibodies. 
	Cell culture. 
	AFM characterization. 
	SEM imaging. 
	Immunofluorescence confocal microscopy. 

	Results and Analysis

	Cellular morphology characterized by AFM. 
	Force mapping of stimulated ECs. 
	Cytoskeletal frame structure observation under SEM. 
	Immunofluorescence on cortactin, paxillin and VE-cadherin. 

	Discussion

	Acknowledgements

	Figure 1 AFM scanning images from Peakforce error channel showing monolayer live human lung endothelial cells without any apparent intercellular gaps prior to any stimulation (A) stimulated with S1P (1 µM) showing the enhanced formation of the cortical ac
	Figure 2 AFM morphology from Peakforce error channel of a single pulmonary EC grown on a plastic petri dish with no stimulation, showing actin filaments are randomly distributed with few peripheral bundles (A) the same cell is shown after S1P (1 µM) stimu
	Figure 3 AFM deflection images of live EC prior to any stimulation (A) in response to 54 min after treatment with 20 μM imatinib (B) followed by 36 min treatment with 1 μM S1P (C).
	Figure 4 Quantification of live cell sub-cellular (periphery, nucleus, and cytoplasm) elastic modulus as a function of time in response to sequential 20 μM Abl kinases inhibitor imatinib (54 min) and 1 μM S1P (36 min) (as shown in solid line) compared wit
	Figure 5 SEM images of actin filament structures of a single lung EC.
	Figure 6 Immunofluorescence images of actin filament structures with cortactin distribution in human lung EC.
	Figure 7 Immunofluorescence images of actin filament structures with focal adhesion paxillin in human lung EC.
	Figure 8 Immunofluorescence images of actin filament structures with VE-cadherin in human lung EC.
	Figure 9 Quantitative analysis of total cortactin area/cell and average size of each cortactin area (A), focal adhesion area/cell and focal adhesion number/cell (B), VE-cadherin area/cell (C) in EC with no stimulation, S1P alone (1 µM, 36 min), imatinib a




