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Abstract

Syndecans are heparan sulfate proteoglycans characterized as transmembrane receptors that act
cooperatively with the cell surface and extracellular matrix proteins. Syn4 knockdown was performed in
order to address its role in endothelial cells (EC) behavior. Normal EC and shRNA-Syn4-EC cells were studied
comparatively using complementary confocal, super-resolution and non-linear microscopic techniques.
Confocal and super-resolution microscopy revealed that Syn4 knockdown alters the level and arrangement of
essential proteins for focal adhesion, evidenced by the decoupling of vinculin from F-actin filaments.
Furthermore, Syn4 knockdown alters the actin network leading to filopodial protrusions connected by
VE-cadherin–rich junction. shRNA-Syn4-EC showed reduced adhesion and increased migration. Also, Syn4
silencing alters cell cycle as well as cell proliferation. Moreover, the ability of EC to form tube-like structures in
matrigel is reduced when Syn4 is silenced. Together, the results suggest a mechanism in which Syndecan-4
acts as a central mediator that bridges fibronectin, integrin and intracellular components (actin and vinculin)
and once silenced, the cytoskeleton protein network is disrupted. Ultimately, the results highlight Syn4
relevance for balanced cell behavior.

© 2016 Elsevier B.V. All rights reserved.
Introduction

Understanding how single molecular entities func-
tion and what their specific role is in a given
biological process remains a central question in
biology. Syndecans are heparan sulfate proteogly-
cans (HSPGs) that form an evolutionarily conserved
family of type I transmembrane proteins present,
ubiquitously, at the cell surface that act as cell-cell
and cell-extracellular matrix (ECM) communicators.
They are required for normal cell function once they
may receive and transduce signals to both extra- and
intracellular compartments [11,14,28,50].
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The dynamic assembly and disassembly of the
cytoskeletal protein network coordinates several cell
behaviors ranging from cell shape to adhesion,
migration and division and its disruption is a key
factor in numerous cell function abnormalities.
Syndecan-4 (Syn4) is required for proper focal
adhesion (FA) formation and regulation [40,47].
Nonetheless, little is known about whether Syn4
loss affects specific proteins from the FA complex or
the complex as a whole.
FAs are specialized zones of tight cell-matrix

interaction located at the termini of cytoskeleton actin
stress fibers, and are important signaling centers
Matrix Biol. (2016) xx, xxx–xxx
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2 Coupling of vinculin to F-actin demands Syndecan-4 proteoglycan
[4,28,33,51], where integrins and cell surface HSPGs
are crucial for proper actin stress fiber organization
[7,12,15,16,19,25,48]. Hence, Syn4 binding to ECM
components such as fibronectin (FN), laminin, vitro-
nectin and collagen, as well as actin-associated
molecules at both the intracellular and the cell surface
compartments, determine cell phenotype through the
modulation of distinct signal-transduction events.
Herein, to better understand the role of Syn4 in

cellular behavior via the disruption of FA and
cytoskeleton arrangement, Syn4 knockdown was
performed in endothelial cells (ECs). Morphological
and functional cellular characteristics including were
then compared.
Employing state-of-the-art microscopy, and single

molecule localization super-resolution microscopy, the
cellular alterations that led to the aberrations of Syn4
deficient cellswerealsodissected.Selectivealterations
in the cytoskeleton protein network assembly were
shown in which the decoupling of vinculin from F-actin
filaments, as the result of Syn4 loss, was revealed by
nanoscopy. Further changeswere also found related to
cell surface and ECM protein expression and deposi-
tion. Together, the data show how normal cell behavior
relies on proper cytoskeleton assembly and implicates
Syn4 as a crucial signaling center for proper commu-
nication between intracellular, cell surface and ECM
components.
Results

Loss of Syndecan-4 alters downstream signaling
and actin network

Wild type ECs were transfected as described in
Methods and the Syn4 knockdown was confirmed by
real-time PCR, flow cytometry, confocal microscopy
(CM), as well as [35S]-sulfate metabolic labeling of
sulfatedGAGs (Fig. S1A–D). TheSyn4 knockdowndid
not affect the expression of von Willebrand factor, a
typical EC marker (Fig. S1E). Furthermore, the mRNA
levels of Syn4 were re-established when cells were
grown for 7 and 14 days without antibiotic pressure
(Fig. S2A). Also, protein expression and cellular
localization of Syn1, 2 and 3 were evaluated by flow
cytometry and confocal microscopy. The expression of
other members of the Syndecans family was also
investigated. The low mRNA levels for the other family
members (Fig. S3A–C), doesnot implicate in low levels
of theproteins.Both flowcytometry (Fig. S3D,F,H) and
confocal microscopy (Fig. S3E, G, I) showed no
alterations in the protein levels of the Syndecan-1,
Syndecan-2 and Syndecan-3 after Syndecan-4
knockdown.
Owing to the fact that Syndecans are crucial for

proper cytoskeleton organization [4,8,14,18], actin
fibers were labeled and examined by CM and further
Please cite this article as: R.P. Cavalheiro, et al., Coupling of vinc
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structural analysis was performed using ImageJ
software [3]. This approach measures and quantifies
branches in different pixel/voxel categories, comprising
the actin filament organization. Analysis of the tagged
skeleton image that represent a binary image from the
ROI of the actin network (Fig. 1A), indicated that wild
type EC cells display more junctions (green) and slab
voxels (blue), 2.5 and 1.3-more respectively, compared
to shRNA-Syn4-EC cells (Fig. 1A and B). The number
and length of branches confirmed these results (Fig.
1B). The number of junction voxels and slab voxels
inside of EC cells results in a superior number of
branches when compared to Syn4 knockdown cells,
indicating that EC cells form structured actin bundle
networks. In shRNA-Syn4-EC cells, most junction
voxels are present in filopodial protrusions resulting in
a tight cell-cell adhesion (Fig. 1A, tagged skeleton
image). shRNA-Syn4-EC cells displayed significantly
longer branches (2.5-fold) than EC cells (Fig. 1B),
confirming, once again, that EC cells present more
brancheswithin the cells, unlike shRNA-Syn4-ECcells,
that show structured and long filopodial protrusions.
Further analyses were conducted using

super-resolution microscopy. This technique exploits
the 20 nm lateral resolution of the GSD system,
enabling measurement of the width of the actin
filaments. Indeed, the difference between the two
cells is prominent (Fig. 1C). EC cells displayed thicker
actin filaments in cells (50 to 140 nm) (Fig. S4A) and
fewer filopodial protrusions, while in contrast,
shRNA-Syn4-EC cells, showed longer filopodia, 200–
250 nm thick (Fig. S4B).

Syndecan-4 loss affects the focal adhesion and
decouples vinculin from the actin filaments

Syn4 as well as integrins are known to be essential
for FA formation [7,12,15,16,19,25,48]. As expected
and in agreement with studies undertaken in different
cell lines, the knockdown of Syn4 resulted in loss of
focal adhesion kinase (FAK) in the cellular leading
edges compared to EC, where FAK is localized at FA
complexes (Fig. 2, arrows and three-dimensional, 3D).
Real-time PCR and flow cytometry analysis also
confirmed the low expression of FAK for
shRNA-Syn4-EC cells (Fig. S5A and B). To further
investigate the FA formation, two F-actin associated
proteins, vinculin and paxillin were studied. EC cells
showed vinculin coupled to F-actin throughout the cell
(Fig. 3A, arrows), while shRNA-Syn4-EC cells dis-
played vinculin predominantly coupled to F-actin at the
cell leading edges (Fig. 3 A, arrows). Furthermore, the
normal pattern disposition of vinculin was restored
when shRNA-Syn4-EC cells were cultured without
selective antibiotic pressure (Fig. S2B). Super-
resolution microscopy revealed how and where
vinculin is associated to F-actin in both cells. EC cells
showed vinculin coupled to F-actin filaments (Fig. 3B
and Video S1), as suggested by CM, whereas
ulin to F-actin demands Syndecan-4 proteoglycan, Matrix Biol
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Fig. 1. Syndecan-4 loss in endothelial cells alters actin network causing filopodial protrusions. (A–B) EC and
shRNA-Syn4-EC were labeled with Phalloidin Alexa Fluor® 488 and actin network visualized after CM analysis. ROI CM
images from both cells were submitted to skeleton analysis using a specific plugin displayed in ImageJ software. EC
exhibit more structured actin network at the protrusive lamellipodia when compared to shRNA-Syn4-EC, as shown by the
higher number of junction voxels (green) and slab voxels (blue). Wild type cells present higher number of branches at the
lamellipodia of the cells, while shRNA-Syn4-EC cells present higher maximum length of branch in the lamellipodia and
higher number of branches in the filopodia. Bar: 20 μm. *p b 0.05 (paired t-test). (C) EC and shRNA-Syn4-EC were
cultured on 1.5 high precision round coverslips, fixed with glutaraldehyde, permeabilized and actin network stained using
Phalloidin Alexa® Fluor 488 or 647. The super-resolution Ground State Depletion (GSD) images confirm that EC present
the actin network within the cells, whereas shRNA-Syn4-EC show structured filopodial protrusions. Bars in wide field
images: 5 μm; Bars in ROI images: 2 μm. ROI: region of interest. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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shRNA-Syn4-EC presented vinculin scattered
throughout the cytoplasm and associated with F-actin
only at the cell leading edges (Fig. 3B and Video S2).
On the other hand, no changes in paxillin distribution
were observed for both cells (Fig. S6). Thus, Syn4
knockdown affects only vinculin distribution regarding
F-actin associated proteins.
Please cite this article as: R.P. Cavalheiro, et al., Coupling of vinc
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Syndecan-4 knockdown affects the distribution
and expression of β1 integrin and fibronectin

β1 integrin, a typical transmembrane protein re-
sponsible for the integration between ECM and cells,
was also investigated, being predominantly localized in
a perinuclear region of shRNA-Syn4-EC cells (Fig. 4A,
ulin to F-actin demands Syndecan-4 proteoglycan, Matrix Biol
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Fig. 2. The knockdown of Syndecan-4 led to loss of FA complexes at the cellular leading edges. EC and
shRNA-Syn4-EC were cultured on glass coverslips, immunostained with the anti-FAK (green) and analyzed by CM. Nuclei
were stained with DAPI (blue). FAK is located in structures known as FA (arrows). The ROI in the upper panels
corresponds to 1.45× zoom and in the lower panel to the 3D projection from the Z stack of the same ROI, which enhanced
image details. Bar: 20 μm. ROI: region of interest. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 3. Syndecan-4 knockdown led to vinculin decoupling from F-actin filaments in endothelial cells. (A) Both cells were
cultured on glass coverslips, incubated with anti-vinculin antibody and revealed by secondary antibody conjugated with
Alexa Fluor® 647 (red). F-actin filaments were stained with Alexa Fluor® 488 Phalloidin (green) and the nuclei with DAPI
(blue). The CM image shows that vinculin is predominantly coupled to F-actin at the leading cell edges for
shRNA-Syn4-EC (arrows), while EC cells possess vinculin coupled to F-actin throughout the cell (arrows). The ROI
images correspond to 1.45× zoom and in the lower panel to the 3D projection from Z stack of the same ROI, which
enhanced image details. Bar: 20 μm. (B) Both cells were cultured on 1.5 high precision round coverslips, incubated with
anti-vinculin primary antibody and revealed by Alexa® Fluor 532 or 647. Actin was stained using Phalloidin Alexa® Fluor
488, and afterwards analyzed by wide field and GSD. Bars in wide field images: 5 μm; Bars in ROI images: 2 μm. ROI:
region of interest. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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arrows and 3D), contrasting to the wild type cells, in
which β1 integrin distribution occurs over the entire cell
surface (Fig. 4A and 3D). Real-time PCR showed β1
integrin decreased mRNA in shRNA-Syn4-EC cells
when compared to wild type cells (Fig. S5C); however,
no differences were observed in total protein expres-
sion (Fig. S5D).
Vinculin has been implicated in correct fibronectin

deposition at the ECM compartment [43]. Using CM, it
was shown that shRNA-Syn4-EC cells displayed low
levels of FN fibril structures in theECM (Fig. 4Band3D,
arrows); accompanied by low mRNA levels and
fibronectin expression by SDS-PAGE/immunoblotting
(Fig. S5E and F). Again, the expression of fibronectin
was reversed when cells were cultured without
Fig. 4. Syndecan-4 knockdown alters cellular localization
ECM. (A) EC and shRNA-Syn4-EC were cultured on glass cov
permeabilized prior to incubation with the anti-β1 integrin antibo
DAPI (blue). β1 integrin distribution is predominantly localized
The ROI images correspond to 1.45× zoom and in the lower p
which enhanced image details. (B) The cells were immunosta
stained with DAPI (blue). Syn4 loss decreased the expression
filaments arrangement. The ROI images correspond to 1.45× z
stack of the same ROI, which enhanced image details. Bar:
references to colour in this figure legend, the reader is referre
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antibiotic pressure (Fig. S2C). The loss of Syn4 and
subsequent alterations in vinculin-actin complex, β1
integrin distribution and FN deposition in the ECM
affects cell–matrix communication drastically, reflected
in cytoskeletal disorganization and, consequently, cell
morphology, all of which were reversed when cells
were cultured without antibiotic selection (Fig. S2A–D).

Syndecan-4 knockdown alters the endothelial
cell physiology

Cell adhesion

Since shRNA-Syn4-EC cells do not properly deposit
FN, showmisplacedFAcomplexesandpresent altered
of β1 integrin and decreases fibronectin deposition in the
erslips, fixed with 2% paraformaldehyde and the cells were
dy and Alexa® Fluor 488 (green). Nuclei were stained with
in a perinuclear region for shRNA-Syn4-EC cells (arrows).
anel to the 3D projection from the Z stack of the same ROI,
ined with anti-FN (green) and phalloidin (red). Nuclei were
of FN in the ECM (3D projection, arrows) and altered actin
oom and in the lower panel to the 3D projection from the Z
20 μm. ROI: region of interest. (For interpretation of the
d to the web version of this article.)
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6 Coupling of vinculin to F-actin demands Syndecan-4 proteoglycan
β1 integrin localization, the ability of the cells to adhere
to FN or laminin was assessed. EC cells present
dose-dependent adhesion to both substrates while
shRNA-Syn4-EC cells showed a striking loss of
adhesion to both substrates (Fig. 5A). The distribution
Fig. 5. shRNA-Syn4-EC adhesion to ECM proteins and cell-
were seeded on FN and laminin coats (0–30 μg/ml). Syn4 kno
both ECM glycoproteins. p b 0.05 (paired t-test). (B) The cel
revealed by secondary antibody conjugated with Alexa Fluor®
using a secondary antibody conjugated with Alexa Fluor® 488
decrease of FN in the ECM of shRNA-Syn4-EC can be observe
cells is mainly at the filopodial protrusions (arrows). Bar: 20 μm
legend, the reader is referred to the web version of this article
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of VE-cadherin, an endothelial adhesion molecule that
mediates cell-cell adhesion junction formation, was
assessed in both cells (Fig. 5B). The shRNA-Syn4-EC,
as a consequence of the lowFNdeposition in theECM,
displayed increased cell-cell VE-cadherin homotypic
cell contact via VE-cadherin. (A) EC and shRNA-Syn4-EC
ckdown led to reduction in the ability of the cells to bind to
ls were incubated with anti-VE-cadherin primary antibody
594 (red), and FN primary antibody which was revealed
(green). Nuclei were stained with DAPI (blue). Again, the
d. The distribution of VE-cadherin for the Syn4 knockdown
. (For interpretation of the references to colour in this figure
.)
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interactions, contrastingwith thewild type cells (Fig. 5B,
arrows). The combined data imply that the loss of Syn4,
the low expression as well as the disorganization of FN
and actin-associated molecules, leads to increased
cell-cell contact.
Cell migration

Chemotaxis assays showed that shRNA-Syn4-EC
cells showed increased migration (1.6-fold) towards
the chemoattractant (Fig. S7). Hence, the data
suggest that Syn4 plays an important role in the
cellular adhesion process and its silencing increases
the robustness of the migration of ECs.
Capillary-like tube formation

Despite the robust cell migration, shRNA-Syn4-EC
cells did not form tube-like structures in matrigel (Fig.
S8A). Furthermore, VEGF levels are increased both
in the culture media and cell extract (Fig. S8B and
C). Together, these data suggest that ordered cell
migration is compromised. The decreased capacity
of tube formation in Syn4 silenced cells could be
related to its lower adhesion ability.
Cell proliferation

Both EC and shRNA-Syn4-EC cells were cultured
for 48 h under starvation conditions. Afterwards, the
cells were supplemented or not with 10% FCS and
after 20 h the nuclei counted. The results clearly show
that shRNA-Syn4-EC cells exhibit significant higher
cell proliferation regardless of the presence of growth
factors (Fig. 6). The knockdown of Syndecan-4 in
endothelial cells drives the cells to a more robust
proliferative status.
Fig. 6. EC and shRNA-Syn4-EC proliferation assay. Cells (E
48 h and total number of cells analyzed (serum deprivation). In
subsequently exposed to 10% FCS, maintained for additional 2
conditions the cells were fixed and incubated with Hoechst (nu
Cell analyzer 2200 Imaging System (GE Healthcare Life Sc
randomized fields per well (3 wells per group). n = 2–4/group

Please cite this article as: R.P. Cavalheiro, et al., Coupling of vinc
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Alteration of endothelial cell behavior

The shRNA-Syn4-EC and wild type cells were
subjected to anchorage-independent growth.
shRNA-Syn4-EC formed three times more colonies in
a semisolid environment than wild type EC cells (Fig.
S9). Since anchorage independence of growth can
correlate with the capacity of cells to form tumors, the
effect of the Syn4 silencing in tumor growth was tested
by the subcutaneous inoculation of both cells into Balb/
c-SCID mice. Wild type EC cells did not induce tumor
formation. On the other hand, shRNA-Syn4-EC cells
were able to promote tumor formation. Tumor volume
measurements were performed every 5 days up to day
30and tumor volumebecamestable after 25 days (Fig.
S10A). After 30 days, the mice were killed, tumors
removed, sectioned and stained with Hematoxylin and
Eosin for histochemical analysis, which revealed the
presence of vessel-like structures both in transverse
and longitudinal planes (Fig. 10SB). The images also
showed that these vessels comprised a single layer of
EC cells (Fig. 10SB, arrows). Furthermore, the
presence of erythrocytes in the lumen of the vessels
wasalso detected (Fig. 10SB, asterisks), indicating that
the structures were indeed blood vessels. Finally,
tumor sections were also evaluated using CARS
microscopy (Fig. 10SC). Lipids in the CARS images
are shown in red, representingCH2asymmetrical bond
stretching (2885 cm−1). Second harmonic generation
was also used to image collagenous fibers (green).
Lipids are mainly present along tumor borders and
outline small vessels within the tumor. On the other
hand, collagen fibers are restricted to the tumor core.
The figure also depicts two different regions from the
total scan, where it can be seen small vessels (red)
surroundedby collagen fiberswith an average length of
around 77.5 μm to 95.2 μm (region A), and ample lipid
distribution at the tumor borders (region B).
C and sh-RNA-Syn4-EC) were cultured in 0.2% of FCS for
the full serum group, cells were also starved for 48 h and
0 h, and total number of cells analyzed (full serum). In both
clei staining). Total number of cells was obtained using In
iences). The total number of cells was obtained from 9
*p b 0.05.
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Discussion

Syn4 proteoglycans act as co-receptors, modulating
the binding and thus activity of a large number of
growth factors and cytokines to their receptors, as well
as acting as a bridge between ECM proteins
a n d i n t r a c e l l u l a r s i g n a l i n g mo l e c u l e s
[7,12,14,28,29,31,41,42,45,46,50]. The importance of
Syn4 to biology is indicated by its ubiquitous distribu-
tion in nearly all multicellular organisms and its highly
conversed protein sequence, particularly the cytoplas-
mic domain [14].
In the current study, Syn4 knockdown yielded the

successful and specific silencing of the core protein
and, consequently, of HS chains. Our findings
showed that Syn4 silencing alters endothelial cell
biology processes, particularly those associated
with actin network arrangement, agreeing with
previous data demonstrating that Syn4 null fibro-
blasts, for instance, have altered actin cytoskeleton
with no organization of alpha-smooth muscle actin
into bundles [18].
Owing to the facts that Syn4 knockdown altered

actin organization and its cytoplasmic domain is well
known to interact with cytoskeleton-associated
molecules, we further investigated the arrangement
of specific cytoskeleton-associated proteins, such as
paxillin and vinculin. No significant alterations were
observed for paxillin, whereas, vinculin was predom-
inantly coupled to F-actin at the cell leading edges
for Syn4 knockdown cells, contrasting with wild type
EC where vinculin is coupled to F-actin throughout
the cell. Using super-resolution microscopy, in which
the relative positions of proteins in cellular structures
can be determined [21,22,36,38], it was confirmed
that vinculin is actually decoupled from F-actin
filaments and scattered throughout the cytoplasm
of Syn4 knockdown cells, while wild type cells
displayed vinculin coupled to F-actin filaments, at
force-bearing FA sites, showing that such effect is
geographically and protein selective.
Syn4 silencing affected three main proteins

associated with cell motility: FN, β1 integrin and
FAK. These cells showed reduced levels of FN in the
extracellular environment, altered β1 integrin cellu-
lar localization and loss of FA complexes. Further-
more, vinculin has been shown to be required for
proper FN deposition throughout the ECM [43], a
fact that is reinforced by our results in which FN
fibrils are not found in the ECM space of Syn4
depleted cells. Consequently, their cell adhesion
ability towards both FN and laminin coats showed
that Syn4 is essential for the adhesion of EC to both
substrates.
Lamellipodia and filopodia cell protrusions, which

are membrane projections supported by the actin
machinery that pushes the plasma membrane
forward [17,20,24] and are commonly related to
cell motility and migration [1,8], were drastically
Please cite this article as: R.P. Cavalheiro, et al., Coupling of vinc
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altered by Syn4 knockdown. Cells exhibited signif-
icantly structured and extended filopodial protru-
sions, and concomitant decreases in the actin
network. Furthermore, once they had lost the ability
to attach to the ECM, the cells focused on new ways
of maintaining communication, and ultimately cell
survival, evidenced by the distr ibution of
VE-cadherin in Syn4 knockdown in filopodia-like
structures in accordance with previous data [2,10].
Additionally, the cell migration results demonstrated
that the loose interaction with ECM substrates
resulted in robust migration, possibly as a means
of cellular survival. Nonetheless, due to the low
adhesion of the Syn4 knockdown cells the increased
migration did not imply in proper cell orientation to
form tube-like structures.
Several studies have described the role of Synde-

cans in tumor cell lines, showing that their knockdown
can suppress or enhance tumor growth, invasion and
progression [5,11,26,32,34,35,37,39,49]. According-
ly, we showed that Syn4 knockdown supported robust
EC growth and colony formation in a semisolid
environment, and induced tumor formation in mice
that were studied by hematoxylin and eosin staining
and coherent anti-stokes Raman scattering micros-
copy techniques, revealing that the cell masses were
highly vascularized; nonetheless, it is important to
emphasize that no metastatic sites were found.
Together, the data show that the knockdown of

Syn-4 leads to several alterations in the FA complex
where the decoupling of vinculin from F-actin
filaments is demonstrated for the first time. Further-
more, decreased expression and distribution of FN
and FAK, together with arrangement of F-actin and
β1 integrin clusters were also shown. Ultimately, our
data proposes a model in which Syndecan-4 acts as
a central mediator which serves as a cell signaling
center where ECM (fibronectin), cell surface (integ-
rins) and intracellular components (actin and vincu-
lin) come together, and once Syn4 is silenced, cell
adhesion, migration and proliferation are altered,
thereby drastically altering normal endothelial cell
behavior. The proposed mechanism can be depicted
in Fig. 7. Syndecan-4 integrity is essential for normal
endothelial cell behavior, being crucial for the
interaction of the cells with ECM proteins, such as
FN, and the actin cytoskeleton via its cytoplasmic
tail. Syndecan-4 in wild type endothelial cells
interacts with fibronectin leading to integrin dimer-
ization, which in turn activates FAK a key component
of the signal transduction pathways and proper
arrangement of the F-actin and associated cytoskel-
etal proteins, such as paxillin and vinculin in FA.
Silencing of Syn4 led to decrease deposition of FN in
the endothelial cells ECM and normal β1 integrin
disposition at the cell surface and FAK arrangement
in the inner plasma membrane, impairing the normal
FA complex activation, mainly due to the uncoupling
of vinculin to F-actin filaments.
ulin to F-actin demands Syndecan-4 proteoglycan, Matrix Biol
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Fig. 7. Syndecan-4 knockdown affects normal focal adhesion complex. Syn4 is essential for normal endothelial cell
behavior, being crucial for the interaction of the cells with ECM proteins, such as FN. In the figure, Syn4 in wild type
endothelial cells interacts with fibronectin (1) leading to integrin dimerization (2), which in turn activates FAK a key
component of the signal transduction pathways and proper arrangement of the F-actin and associated cytoskeletal
proteins, such as paxillin and vinculin in FA (3). Silencing of Syn4 led to decrease deposition of FN in the endothelial cells
ECM (4) and normal β1 integrin localization at the cell surface (5), FAK arrangement in the inner plasma membrane,
impairing the normal FA complex activation, mainly due to the uncoupling of vinculin to F-actin filaments (6).
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Methods

Cell line

The wild type endothelial cell (EC) line derived
from rabbit aorta [30] wasmaintained in F12medium
(Gibco BRL) supplemented with 10% FCS (Culti-
lab), streptomycin and penicillin (both 100 IU/ml)
(Sigma–Aldrich) at 37 °C in a humidified atmo-
sphere (2.5% CO2).
Please cite this article as: R.P. Cavalheiro, et al., Coupling of vinc
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Short hairpin RNA (shRNA) design and
transfection

Syn4 specific target sequence (GeneBank Acces-
sion No. NM_012649; 659GGGAGAGGAGTTGAG
GATT677) was chosen according to online RNAi
tools (Integrated DNA Technologies (http://www.
idtdna.com)) using the Synthetic double strand
oligonucleotides, forward: 5′ACCGGGGAGAG-
GAGTTGAGGAT-TTTCAAGAGAAATCCT-
CAACTCCTCTCCCTTTTTC3 ′ ; reverse: 5 ′
ulin to F-actin demands Syndecan-4 proteoglycan, Matrix Biol
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TGCAGAAA -AAGGGAGAGGAGTTGAG -
GATTTCTCTTGAAAATCCTCAACTCCTCTCCC3′.
The oligonucleotides were annealed into psiSTRIKE
™Hygromycin Vector (Promega), cloned intoEscher-
ichia coli DH5α competent cells and the vectors
purified using Gene JET™ Plasmid Miniprep kit
(Fermentas). The EC cells (50–80% confluence)
were transfected with shRNA-Syn4 vectors using
lipofectamine (Invitrogen; manufacturer’s specifica-
tions). Transfectant cells were selected using 0.1 mg/
ml hygromycin B (Roche Applied Science) in F12
medium supplemented with 10% FCS. The empty
vector was used as a negative control.

RNA extract ion and real- t ime reverse
transcription–PCR analysis

Total RNA was isolated from cultured cells (EC and
shRNA-Syn4-EC) using TRIzol® Reagent (Invitro-
gen), spectrophotometrically quantified and used as
the template for the reverse transcriptase reaction.
Complementary DNA (cDNA) was reverse tran-
scribed using 2 μg of total RNA and the kit Improm II
™ ReverseTranscriptase (Promega, manufacturer’s
protocol). Quantitative RT–PCR amplification was
performed on 2 μl of diluted cDNA with specific
primers for Syndecans 1, 2, 3 and 4, FAK, β1 integrin
and fibronectin (Supplementary material Table 1) and
the kit Syber Green Master Mix (Applied Biosystems,
Foster City, CA) in a 7500 Real-Time PCR System
(Applied Biosystems, Warrington, UK), using the
activation cycle: 95 °C (10 min), 40 cycles of 95 °C
(15 s), 61 °C (1 min), and 72 °C (30 s). Relative
expression was analyzed using a standard dilution
curve based method for relative real-time PCR data
processing performed based on the ΔΔCT method
[27]. Results were expressed in arbitrary units and
negative controls were used in parallel to confirm the
absence of any contamination. Expression values
were normalized to the housekeeping gene COX IV
(cytochrome c oxidase cytochrome c oxidase).

Immunofluorescence and confocal microscopy

As described by Trindade et al. [44], EC and
shRNA-Syn4-EC (1 × 104) were cultured on glass
coverslips (12 mm, 3 days) in 10% FCS prior to use.
After washing with phosphate-buffered saline (PBS),
cells were fixed with 2% paraformaldehyde (30 min,
22 °C) and washed with 0.1 M glycine. After
washing, the cells were incubated with primary
antibodies (Supplementary material Table 2) in the
presence of 1% BSA (bovine serum albumin) (1 h
30 min, 4 °C). For the detection of Syn1, Syn2,
Syn3, Syn4, von Wil lebrand factor, FAK,
VE-cadherin, F-actin, vinculin and paxillin the cells
were permeabilized with 0.01% saponin. Secondary
antibodies were Alexa Fluor® 488, Alexa Fluor® 594
and Alexa Fluor® 647 (1:250; Molecular Probes).
Please cite this article as: R.P. Cavalheiro, et al., Coupling of vinc
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DAPI (4,6-diamidino-2-phenylindole dihydro-
chloride) was used for nuclear staining (1:10,000;
Molecular Probes). F-actin was detected using Alexa
Fluor® 488 Phalloidin and Alexa Fluor® 594
Phalloidin (1:200; Molecular Probes). Coverslips
were mounted on glass microscope slides using a
mounting medium (Fluoromount-G) and images
captured with a confocal laser scanning microscope
(Leica TCS SP8) equipped with a Plan-Apochromat
×63 objective (numerical aperture 1.4) under oil
immersion. The images are represented in maxi-
mum intensity projections corresponding to the
z-series of confocal stacks.

Skeleton analysis of lamellipodia and filopodial
structures

Actin maximum intensity projections (Z-series of
confocal stacks) from EC and shRNA-Syn4-EC were
built by ImageJ software. Region of interest (ROI)
images were adjusted to the mean threshold, and
converted to binary images. 2D skeleton analysis
plugin [3] was used to categorize skeleton structures
(lamellipodia and filopodia) based on pixels/voxels
where voxels are classified depending on their 8
neighbors; junction voxels: if there are N2 neigh-
bors (in green), and slab voxels: if there are exactly
2 neighbors (in blue).

Super-resolution ground state depletion (SR-GSD)
microscopy

EC and shRNA-Syn4-EC (1 × 105) were cultured
(10% FCS, 37 °C under 2.5% CO2 for 3 days) on 1.5
high precision round coverslips (18 mm) (Paul
Marienfeld GmbH & Co. KG). Confluent cells were
rinsed with PBS and fixed in two steps. Initially, cells
were incubated in 0.3% glutaraldehyde diluted in
PBS and 0.01% saponin diluted in buffer A (5 mM
EGTA, 5 mM MgCl2, 5 mM glucose, 10 mM MES,
150 mM NaCl, for 2 min, at room temperature), then
incubated in buffer A containing 0.5% glutaralde-
hyde for 10 min at room temperature. The cells were
then treated with 0.1% NaBH4 in PBS for 7 min at
room temperature, washed in PBS and incubated
with blocking solution (5% BSA in PBS) for 1 h at
room temperature. The cells were then incubated
with Alexa Fluor® 647, 488 or 532 phalloidin (1:150)
in PBS and incubated overnight at 4 °C. The vinculin
primary antibody was diluted in PBS containing 5%
BSA (1:150), incubated (4 h), washed in PBS for
several times and incubated with Alexa Fluor® 647,
488 or 532 (1 h). The coverslips were mounted in
depression slides containing embedding medium
(70 mM β-mercapto-ethylamine in PBS pH 7.4) and
finally analyzed on a Leica SR GSD 3D microscope.
Measurements of actin filaments and filopodial
structures employed Leica LAS AF software (Leica
Microsystems).
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Coherent anti-stokes Raman scattering (CARS)
microscopy

Tumor tissues were also analyzed using TCS SP8
CARS Confocal Microscope (Leica). The system
consists of an inverted microscope (DMI 6000 CS
Trino, Leica) equipped with a picoEmerald tunable
light source (APE). The excitation light was focused
using a plan apochromatic multi-immersion objective
(HC PL APO CS2 20×/0.75). The source was tuned
to 816.2 nm to resonantly excite the symmetric
stretching vibration of methylene groups at
2850 cm−1. Epi-CARS detector was used to detect
CH2 signals, while Epi-SHG was used to detect
second harmonic generation from collagen fibers.
Images are represented as maximum intensity
projections, corresponding to the Z-series of confo-
cal stacks and were collected by tile scan and
processed with Leica LAS AF software.

Flow cytometry analysis

EC or shRNA-Syn4-EC post-confluent cells
(1 × 106) were detached from the culture plate
using citric saline solution (135 mM KCl, 15 mM
sodium citrate), cells in suspensions were washed
several times (PBS), fixed with 2% paraformalde-
hyde and permeabilized with 0.01% saponin. The
cells were then incubated (2 h) with anti-Syn1,
anti-Syn2, anti-Syn3, anti-Syn4, anti-FAK and
anti-β1 Integrin antibodies when required and were
diluted in PBS with1% BSA. The primary antibodies
were detected after incubation with fluorescent-
labeled secondary antibody (40 min). Data analyses
were performed in a FACSCalibur flow cytometer
(Becton Dickinson) using the ModFit LT 2.0 software
(Verity Software House, Inc.).

Synthesis of [35S]-sulfated glycosaminoglycans

PGs synthesized by the cells (EC and
shRNA-Syn4-EC) were metabolically labeled with
carrier free [35S]-sulfate (150 μCi/ml) (National
Centre for Nuclear Research Radioisotope Centre -
Radioisotope Centre POLATOM) in serum-free F12
medium (18 h, 37 °C) in a humidified atmosphere
with 2.5% CO2. The culture-conditioned medium
was collected and the cells washed twice with PBS
buffer and then scraped from the dish with 3.5 M
urea in 25 mM Tris-HCl pH 7.8. The radioactive
GAG free chains were prepared from the cell lysates
and from the culture medium by incubation with 4 mg
of maxatase (Biocon do Brasil Industrial Ltda)
(0.1 mg/ml in 0.05 M Tris-HCl pH 8.0 containing
0.15 M NaCl) for 18 h at 60 °C in the presence of
carrier HS, chondroitin sulfate and dermatan sulfate
(Seikagaku Co.) (100 μg/ml). The sulfated GAGs
were identified and quantified by agarose gel
electrophoresis as previously described [30]. Radio-
Please cite this article as: R.P. Cavalheiro, et al., Coupling of vinc
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active [35S]-GAGs bands were located by exposure
of the gels (after fixation, drying and staining) to
Cyclone storage phosphor screen (Packard) for
24 h. For quantification, the radioactive bands were
scraped off the agarose gels, and counted in 5 ml of
Ultima Gold (PerkinElmer) in a liquid scintillation
spectrometer. Cell protein was determined using a
BCA protein kit assay (Thermo Scientific).

Cell adhesion assay

As described by Carneiro et al. [6], tissue culture
plates (96 wells, Costar Corp.) were coated for 2 h
with FN or laminin diluted in PBS in different
concentrations (2.5, 5, 10 and 30 μg/ml).
Non-adhesive substratum was prepared by coating
the wells with 1% BSA for 60 min at 37 °C under
2.5% CO2 atmosphere. The plates were washed
with PBS and blocked with 1% BSA in PBS for 1 h.
EC or shRNA-Syn4-EC were washed and sus-
pended at 5 × 104 in 0.5 ml F-12 medium and
allowed to attach to the substratum for 1 h at
37 °C under 2.5% CO2 atmosphere. Unattached
cells were removed by washing with PBS. Attached
cells were fixed in methanol for 20 min, stained with
0.8% crystal violet (Sigma) dissolved in 20%
ethanol and washed five times in PBS. The dye
was eluted with 50% ethanol in 0.1 M sodium
citrate, pH 4.2 and the optical density measured
at 540 nm using the SoftMax Pro Software (Molec-
ular Devices Co.) in VersaMax microplate reader
(Molecular Devices Co.). This assay was carried
out in quadruplicate.

Transwell migration assay

EC and shRNA-Syn4-EC were seeded (5 × 104 in
400 μl F12/well) in the upper chamber of the
pre-hydrated transwell insert (24 well plate). The
chemoattractant medium (10% FCS) was placed in
the lower chamber and the cells incubated at 37 °C
under 2.5% CO2 atmosphere, for 24 h. Then, the
wells were washed with PBS and non-migrating cells
on the upper chamber removed using a cotton swab.
Migrated cells were fixed with 2% paraformaldehyde
and nuclei stained with DAPI. Image acquisitions
were performed under an inverted microscope
(Axiovert 40 CFL, Carl Zeiss) and analyzed using
ImageJ software. DAPI fluorescence was adjusted
to the mean threshold and migrated cells counted
using particle analysis plugin. The cells were
counted in five different fields of each well and the
assay carried out in triplicate.

Cell proliferation assay

Sub confluent cells (EC and sh-RNA-Syn4-EC)
were maintained in 0.2% of FCS for 48 h (Serum
Deprivation), the cells were washed three times with
ulin to F-actin demands Syndecan-4 proteoglycan, Matrix Biol
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PBS, fixed with 2% paraformaldehyde and incubated
with Hoechst for 30 min (nuclei staining). Total
number of cells was counted using In Cell analyzer
2200 Imaging System (GE Healthcare Life Sci-
ences). In the full serum group, cells were also
starved for 48 h and afterwards exposed to 10%
FCS for additional 20 h. After this period, the cells
were fixed, the nuclei stained with Hoechst and the
number of cells counted by the same method. The
total number of cells was obtained from 9 random-
ized fields per well (3 wells per group). n = 2–4/
group *p b 0.05.

Capillary-like tube formation on reconstituted
basement membrane

Matrigel purified from EHS tumor [23] was thawed
at 4 °C, and aliquots of 300 μl (15 mg/ml) applied to
24 well plates, which were maintained at 37 °C in a
humidified atmosphere with 2.5% CO2 for 16 h for
gelation. EC and shRNA-Syn4-EC (1 × 105 cells) in
500 μl 10% FCS were then seeded on Matrigel
plates. The cultures were maintained at 37 °C in a
2.5% CO2 humidified atmosphere for 24 h. The
assay was performed in triplicate. Tube formation
was analyzed on Axiovert 40 CFL inverted light
microscope (Carl Zeiss) at 5× and 10×magnification
[13]. Three images were randomly taken in different
areas and quantified by two different observers. The
total length of connected cells forming tubular
structures on the Matrigel was measured and
determined using image analysis software (AxioVi-
sion software, Carl Zeiss). The results are expressed
as the number of tubes formed as well as mm tube
length/cm2 area.

VEGF measurement

Sub confluent (80%) EC and shRNA-Syn4-EC in
60 mm plates were kept for 24 h in F12 medium at
37 °C in a humidified atmosphere with 2.5% CO2.
Media culture were collected and VEGF quantified
using VEGF Quantikine® ELISA kit (R&D Systems)
according to the manufacturer’s instructions. The
VEGF measurements were performed in Wallac
VICTOR2 1420 Multilabel Counter (Perkin Elmer).
This assay was carried out in triplicate.

Western blotting

The protein extraction was performed by two
different methods, for VEGF analysis, the protein
was extracted from confluent EC and shRNA-
Syn4-EC cell plates using cell lysis buffer (Cell
Signaling) in the presence of protease inhibitors for
2 h on ice. For fibronectin analysis, the ECM was
obtained as described [9]. After clearing by centrifu-
gation, protein concentration was determined using
a BCA protein kit assay (Thermo Scientific). An
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equal volume of sodium dodecyl sulfate (SDS) gel
loading buffer was added to samples and boiled for
5 min. Protein extracts (50 μg) were resolved by
SDS–PAGE and transferred to PVDF membranes
(Millipore). Membranes were blocked with 1%
fat-free dried milk in Tris-buffered saline anti-COX
IV antibody (Supplementary material Table 1). After
washing in TBS–T, the primary antibodies were
detected by anti-rabbit horseradish peroxidase
(HRP)-conjugated secondary antibody (GE Health-
care). The immunoblots were revealed by chemilu-
minescence with Super Signal reagent (Thermo
Scientific). COX IV protein was used for data
normalization. The bands were acquired using a
gel documentation system (MF-ChemiBIS) and the
intensities quantified using the ImageJ software.

Soft agar colony formation

Soft agar assays were performed in 24-well plates.
Firstly, an agarose base layer was prepared by
addition of 500 μL of 0.6% HGT agarose (Marine
Colloids, Inc., High Gelling Temperature) diluted in
F12 medium in each well, which were maintained at
room temperature until solidification. Afterwards, EC
and shRNA-Syn4-EC (1 × 104) were suspended in
500 μL of 0.3% agarose prepared in F12 medium
containing 10% FCS and placed on top of the base
layer of each well. The cells were allowed to grow at
37 °C in a 2.5% CO2 humidified atmosphere for
15 days and total colonies (≥ of 6 cells) counted by
three distinct analyzers in an inverted light micro-
scope (Axiovert 40 CFL, Carl Zeiss).

Subcutaneous tumor xenografts and assessment
of growth

The ability of both EC and shRNA-Syn4-EC cells
to induce tumor was tested using Balb/c-SCID mice.
Briefly, the cells were harvested, washed in PBS,
and subcutaneously injected (2 × 106 EC or
shRNA-Syn4-EC in 200 μl of PBS) at the dorsal
region of 8-wk-old male SCID mice. For control
group only 200 μl of PBS was injected. The animals
were kept in 12 h light/12 h dark room conditions
with free access to food and water. The mice were
monitored for tumor formation over a period of
4 weeks, and tumor size was measured by macro-
scopic examination using an electronic digital
caliper, every 5 days by two independent observers.
Tumor volume was calculated as length × width2.
BALB/c-SCID (severe combined immunodeficient)
mice were obtained from the animal breeding unit of
the Biomedical Institute of Universidade de São
Paulo. All experiments were in accordance with the
Brazilian Federal Law for Animal Experiments that
takes into consideration the 3Rs and were approved
by the Animal Care and Ethics Committee of the
University (number 0658/05).
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Tumor specimens

At the end of the observation period, the mice were
killed and tumors were dissected and fixed in 4%
buffered paraformaldehyde at 4 °C for 12 h. After-
wards the tumors were submerged in 30% sucrose for
24 h at 4 °C and embedded in tissue conditioning
medium (Tissue Tek, Sakura Finetek Inc.). All animals
were macroscopically evaluated for tumor growth.
Tumor was only detected at the site of inoculation.
Tumors were cut in sections (4 μm), washed in PBS
and stained with hematoxylin and eosin (H&E). The
sections stained with H&E were photographed under
an inverted light microscope (Axiovert 40 CFL, Carl
Zeiss) at 40× magnification and the sections without
stainwere analyzed under a TCSSP8CARSConfocal
Microscope.

Statistics

The data are expressed as the mean ± standard
error of the mean (SEM). Statistical analyses were
performed using paired Student's t-tests for compar-
ison between two groups and analysis of variance
(ANOVA) by Bonferroni post-test for multiple com-
parisons among groups. A probability value of
p b 0.05 was considered significant. Statistical
analysis was performed with the GraphPad Prism
version 5 software package (GraphPad Software).
Supplementary data to this article can be found

online at http://dx.doi.org/10.1016/j.matbio.2016.12.
006.
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