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Abstract
Renal endothelial cells (REc) are the first target of HIV-1 in the kidney. The integrity of REc

is maintained at least partially by heparin binding growth factors that bind to heparan sulfate

proteoglycans located on their cell surface. However, previous studies showed that the

accumulation of two heparin-binding growth factors, Vascular Endothelial Cell Growth Fac-

tor-A (VEGF-A) and Fibroblast Growth Factor-2 (FGF-2), in combination with the viral pro-

tein Tat, can precipitate the progression of HIV-renal diseases. Nonetheless, very little is

known about how these factors affect the behavior of REc in HIV+ children. We carried out

this study to determine how VEGF-A, FGF-2, and HIV-Tat, modulate the cytoskeletal struc-

ture and permeability of cultured REc, identify key signaling pathways involved in this

process, and develop a functional REc assay to detect HIV+ children affected by these

changes. We found that VEGF-A and FGF-2, acting in synergy with HIV-Tat and heparin,

affected the cytoskeletal structure and permeability of REc through changes in Rho-A, Src,

and Rac-1 activity. Furthermore, urine samples from HIV+ children with renal diseases,

showed high levels of VEGF-A and FGF-2, and induced similar changes in cultured REc

and podocytes. These findings suggest that FGF-2, VEGF-A, and HIV-Tat, may affect the

glomerular filtration barrier in HIV+ children through the induction of synergistic changes in

Rho-A and Src activity. Further studies are needed to define the clinical value of the REc

assay described in this study to identify HIV+ children exposed to circulating factors that

may induce glomerular injury through similar mechanisms.
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Introduction
HIV-infected children are at risk of developing several renal diseases, including HIV-associated
nephropathy (HIVAN), Hemolytic Uremic Syndrome, Thrombotic Thrombocytopenic Pur-
pura, and acute kidney injury [1]. Although these renal diseases are triggered by different etio-
logical factors, they cannot be prevented and treated successfully without decreasing the viral
load [2]. Previous studies showed that HIV-1 affects the survival, growth, and differentiation of
renal epithelial cells [3, 4]. However, the tubulo-reticular inclusions detected in patients with
HIVAN suggest that renal endothelial cells (REc) are also an important target of HIV-1 [5].
Moreover, despite the fact that changes in the cytoskeletal structure of REc may facilitate the
collapse of glomerular capillaries, very little is known about how cytokines and viral proteins
released by HIV-infected cells can affect the outcome of these lesions.

Heparan sulfate proteoglycans (HSGP) expressed on the surface of glomerular endothelial
cells act as low affinity receptors for heparin binding growth factors, and play a key role main-
taining the cytoskeletal and integrity of these cells [6, 7]. During inflammatory diseases, HSPG
increase the binding and recruitment of cytokines and mononuclear cells [8], and these events
facilitate the accumulation of viral proteins and heparin binding growth factors in renal glo-
meruli. Subsequently, these heparin-binding growth factors are accumulated the kidney and
excreted in the urine [9]. In support of this notion, previous studies in HIV+ children and
HIV-Tg26 mice with renal diseases showed an up-regulated expression of renal HSPG [10, 11],
and high urinary levels of Vascular Endothelial Growth Factor-A (VEGF-A) and Fibroblast
Growth Factor-2 (FGF-2) were detected in patients with HIV-renal diseases [9, 11–14]. In
addition, the HIV-1 transactivator of transcription (Tat) protein, which is released by HIV-
infected cells and taken up by endothelial cells, also functions as a heparin binding growth fac-
tor [15, 16]. In this manner, extracellular Tat can act in synergy with VEGF-A or FGF-2 to
modulate the cytoskeletal structure of endothelial cells [17] and podocytes [18, 19]. Further-
more, HIV-1 binds to HSPG through electrostatic interactions that involve the positively
charged domains of gp120 and the negative charges of HSPG on endothelial cells [20], and
these interactions increase virus infectivity and facilitate the release of HIV-Tat [21]. In sum-
mary, these findings provide compelling evidence to suggest that VEGF-A, FGF-2, and HIV--
Tat, acting in synergy, may play important roles modulating the cytoskeletal structure and
permeability of RGEc in HIV+ children.

Previous studies suggest that the Rho family of GTPases [22] play an important role modu-
lating the cytoskeletal structure and permeability of endothelial cells. GTPases are molecular
switches that cycle between active (GTP-bound) or inactive (GDP-bound) states [22–26] and
regulate several endothelial cell behaviors, including angiogenesis, cell adhesion, migration,
and permeability. Thus, a more complete knowledge of the pathogenesis of HIV-renal diseases
cannot be obtained without understanding how FGF-2, VEGF-A, and HIV-Tat modulate the
Rho family of GTPases in REc. Therefore, we carried out this study to determine how these
factors affect the cytoskeletal structure and permeability of cultured human REc, identify key
signaling pathways involved in this process, and develop a functional REc assay to identify
HIV+ children exposed to circulating factors that induce similar cytoskeletal and permeability
changes.

Material and Methods

Reagents
The reagents described below were obtained from the following sources: human recombinant
VEGF-165 (PeproTech (Rocky Hill, NJ); HIV-1 Tat protein (NIH AIDS Reagent Program);
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human recombinant FGF-2 (R&D Systems); Heparin derived from porcine intestinal mucosa,
USP 5,000 USP (Units /ml) APP Pharmaceuticals LLC; SU6656 (Calbiochem); C3 Transferase
(List Biological Labs, Campbell, CA); Y-27632, cyclic 3’5 monophosphate (cAMP) analog,
thrombin, DAPI and Beta-actin mouse monoclonal antibody (Sigma-Aldrich, MO); RO 20–
1724 (MyBiosource San Diego), and RhoA (67B9) rabbit monoclonal antibody, phospo-p44/42
MAP kinase (Thr202/Tyr204), p44/42 MAP kinase, Src rabbit monoclonal antibody, phospho-
Myosin Light Chain 2 (Thr/Ser 19) rabbit polyclonal antibody, Myosin Light Chain 2 rabbit
polyclonal antibody, and VEGF receptor 2 (VEGFR2) 55B11 rabbit monoclonal antibody, were
all obtained from Cell Signaling Technology (Danvers, MA). The anti-Rac1 mouse monoclonal
antibody was from BD Transduction Laboratories™, and the phospho-Src [pY418] or (pp60src)
rabbit polyclonal antibodies were from (Invitrogen). The VE-cadherin CD144 clone BV6
mouse monoclonal antibody was from EMDMillipore, MA); human VonWillebrand (vWF)
antibody from DAKO (Carpinteria, CA), CD31 for R&D System for immunofluorescence, and
Abcam, (Cambridge, MA) for Western blots. The goat anti-rabbit IgG-HRP and the goat anti-
mouse IgG-HRP, were from (Bio-Rad, CA). Rhodamine goat anti-mouse, Rhodamine goat
anti-rabbit, Alexa Fluor 488-labeled phalloidin, and FITC-dextran were all obtained from
(Molecular Probes, Inc.)

Generation and characterization of the human glomerular endothelial
cells line (HGEc-1)
Primary HGEc isolated by Cell Systems (ACBRI, Seattle, Washington USA), were character-
ized, and cultured as previously described [27]. To generate the HGEc-1 cell line, these cells
were transfected with the pSVT vector containing the coding sequences of the SV40 large T
(kindly provided by Dr. A Srinivasan, from the Wistar Institute, Philadelphia, PA), as
described before [28]. Subsequently, several transformed clones were transduced with 2x109

particles/ml of adenoviral vectors (rAd)-carrying the catalytic subunit of human telomerase
(hTERT) (from Applied Biological Materials, Inc. Richmond, BC, Canada) and cultured for
6–8 additional weeks. These cells express vWF, VE-cadherin, CD31, and VEGFR2, and
formed monolayers whose trans-endothelial electrical resistance (TEER) was ~ 60 ± 10
O /cm2 after one week in culture. In addition, these cells responded to cyclic 3’5 monophos-
phate (cAMP) analogs, thrombin, and VEGF-A (Fig 1H) in a similar manner as primary REc
[29]. HGEc-1 were cultured in DMEMmedia with 10% FBS without endothelial cell growth
factor supplements. The podocyte cell line used in this study (P-2) was generated from a child
with HIVAN as described in detail before [30]. Briefly, these cells were immortalized with ade-
noviral vectors carrying DNA sequences encoding the SV-40 large T antigen and human telo-
merase. P-2 cells express the podocyte specific markers WT-1, synaptopodin, nestin, and
nephrin, and show similar changes in Rho-A activity when compared to primary podocytes
exposed to FGF-2 and HIV-Tat [30]. Podocytes were cultured in DMEM supplemented with
10% fetal bovine serum (FBS), 100 units /ml of penicillin, 100 mg/ml of streptozocin, and 0.25
mg/ml of amphotericine B.

Trans-endothelial electrical resistance (TEER) and renal endothelial
permeability assay
TEER was measured using a EVOM voltohmeter connected to an Endohm 9 electrode cham-
ber (World Precision Instruments, Sarasota, FL) as previously described [29]. Tissue culture
inserts containing monolayers of HGEc cultured on Transwell-Collagen-coated membrane,
were placed in the chamber and the TEER was recorded after 10 sec [29]. The permeability
experiments were done as described before [31]. Briefly, 3 x 105 HGEC-1 were plated onto

Rho-A-Induced Permeability in Renal Endothelial Cells

PLOS ONE | DOI:10.1371/journal.pone.0153837 April 20, 2016 3 / 18



Transwell Collagen-coated membrane inserts (Corning Costar, Cat No 3415) in DMEMmedia
with 10% FBS, and left for 3 days to form mature monolayer with a trans-endothelial electrical
resistance (TEER) of ~ 60 ± 10 O /cm2. Subsequently, the cells were starved for 5 hours in
serum free DMEMmedia without phenol red, treated with the corresponding reagents, and
incubated with 1 mg/ml FITC-dextran (Molecular Probes, D-1844, Invitrogen) for 30 min at
37°C. Samples collected from the bottom chambers were read in triplicates on the Victor
3V1420 multi-counter (Perkin-Elmer, Wellesley, PA).

GST Pull-Down assays, Western blots, and transfections with Rho-A
DNA construct
Rho-A and Rac1 activation was assessed by GST pull-downs using GST-Rhotekin and PAK-
CRIB recombinant protein respectively bound to glutathione slurry resin as we have previously
described [30–32]. Western blots were performed using standard techniques as described
before [30]. Equal amount of protein (cell lysate without bound GST beads) were used to esti-
mate total Rho-A/Rac1. Results were detected using Supersignal West Pico Chemiluminescent
Substrate, from (Thermo Scientific, IL). The images were captured on Kodak film (X-OMAT)
from Kodak Scientific Imaging. All experiments were repeated three times, and quantified by
densitometric analysis using Adobe Photoshop 6.0. To assess the specific role of Rho-A,

Fig 1. Characterization of the human glomerular endothelial cell line (HGEc-1). (A) Phase contrast
microscopy picture of cultured HGEc-1, Magnification, X100. (B) Immunohistochemistry staining of cultured
HGEc-1 expressing the endothelial cell marker VonWillebrand Factor (vWf), red color, Magnification, X100.
Immunofluorescence staining of cultured HGEc-1 for (C) CD31, (D) VEGFR-2, (E) VE-cadherin, all in red
color, and (F) human podocytes incubated with the anti- CD31 antibody (negative controls). Cell nuclei are
visualized with DAPI in blue color. Scale bar = 20 μm. (G)Western blots show CD31, VEGFR2, VE-cadherin,
and Beta actin expression in cultured HGEc-1, human umbilical vein endothelial cells (HUVEC), and human
renal embryonic epithelial cells (HEK293). (H) Changes in trans-endothelial electrical resistance (TEER)
induced by the cyclic AMP analogue 8-pCPT-cAMP (30 μm) in combination with the cAMP-
phosphodiesterase inhibitor RO-20-1724 (20 μm); thrombin (100 units/ml), or VEGF-A (50 ng/ml). Results
are expressed as changes relative to controls. Bar graphs showmean ± SEM corresponding to three different
experiments. Values significantly different from control were marked with asterisk, *p<0.05 and **p<0.01.

doi:10.1371/journal.pone.0153837.g001
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HGEc-1 cells were transfected using Lipofectamine 2000 (Invitrogen), with the pCEFL-M-
Cherry control plasmid, the pCEFL-AU5-RhoAQL plasmid carrying a constitutively active
Rho, or the pCEFL-AU5-RhoAN19 plasmid carrying a dominant negative mutant Rho-A.
These constructs were generated and validated as described in previous studies [31, 33, 34].

Immunostaining
Immunofluorescence studies were done as described before [31]. Changes in F-actin were
assessed using phalloidin. Cell nuclei were visualized with Hoechst 33342 (Invitrogen), and
observed under an Axioplan 2 (Zeiss) confocal laser-scanning microscope. Stress fibers were
counted using ImageJ software.

Collection of Urine
These experiments were approved by the Institutional Review Board (IRB) of Children’s
National Medical Center (protocol # 00000002), and carried out in accordance with the princi-
ples of the Declaration of Helsinki. Urine samples were collected from HIV-infected children
with and without renal diseases (n = 5 per group), after obtaining written or verbal consent
from the patients or their parents, legal guardians, or caretakers on behalf of the younger chil-
dren. An Information Sheet explaining the purpose of the study was provided in each case as
requested by Children’s IRB that approved the consent procedure. Urine samples were given
a code number, and the records were kept anonymous to prevent the identification of the
patients. Urine samples were centrifuged to clear cell debris, and the supernatants were kept
frozen at -70°C until used. Samples were screened for endotoxin and those containing> 0.1
ng/μg protein were excluded. For the permeability assays the urine samples were diluted, and
control and HIV+ samples containing similar values of urinary creatinine (~ 10 mg/dl) were
compared. The urinary levels of FGF-2 and VEGF-A were measured using quantitative sand-
wich enzyme-linked immunosorbent assay (ELISA) kits for FGF-2 and VEGF-A (Quantikine,
R & D System, Minneapolis MN, USA), as previously described [9, 35], and the results were
expressed as a ratio of the urinary creatinine values.

Statistical Analysis
All data were from at least three independent experiments and statistical analysis was per-
formed using Prism 6. For parametrically distributed data, we used the Student’s or ANOVA
when more than two groups were compared. When the data were not normally distributed we
used the non-parametric Mann Whitney U test, or the Kruskal-Wallis test when more that two
groups were compared. P values< 0.05 were considered statistically significant.

Results

Generation of a human glomerular endothelial cell line (HGEc-1) and
permeability assay
Since primary HGEc have a limited life span and require serum and angiogenic growth factors
to survive in culture, we generated a HGEc line to assess the behavior of REc in the absence of
serum and angiogenic growth factors. Briefly, as described in the methods section, primary
HGEc were transfected with DNA carrying the simian virus 40-(SV40) T antigen and infected
with adenoviral vectors carrying the Telomerase reverse transcriptase protein (TERT). Colo-
nies of immortalized REc (HGEc-1) showing typical endothelial morphology were selected and
expanded. HGEc-1 express VEGFR-2, and stained positive for the endothelial cell markers
vWF, VE-cadherin, and CD31 (Fig 1). Furthermore, they form tight monolayers in tissue
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culture, and show changes in permeability and trans-endothelial electrical resistance (TEER)
(Fig 1). These changes are similar to those seen in primary HGEc treated with cAMP ana-
logues, thrombin, and VEGF-A [29].

VEGF-A or FGF-2, in combination with HIV-Tat increases the
permeability of HGEc-1 through the activation of Rho-A, phospho-
myosin light chain (pMLC), and Src
Initially, we explored how VEGF-A, FGF-2, HIV-Tat, and heparin, alone or in combination,
affected the permeability of cultured HGEc-1 (Fig 2). Thrombin was used as a positive control
[31], because it induces permeability changes through Rho-A activation. Heparin was used to
mimic the effects of endogenous HSPGs, which prevent the degradation of heparin binding
growth factors, and could either enhance or inhibit the angiogenic activity of FGF-2 or
VEGF-A [36–41]. As described before in primary HGEc [28], we found that VEGF-A induced
modest permeability changes in HGEc-1 (Fig 2). HIV-Tat or heparin, acting alone, did not
induce permeability changes in cultured HGEc-1. However, VEGF-A or FGF-2, in combina-
tion with HIV-Tat, induced significant permeability changes that were further increased by
heparin (Fig 2). Subsequently, considering that VEGF-A or FGF-2 in combination with HIV-
Tat and heparin induced the most significant permeability changes acting through similar sig-
naling pathways, all follow up experiments were done in cells treated with VEGF-A+ HIV-Tat
+ heparin. As shown in Fig 3, we confirmed that the permeability changes were mediated
through activation of the Rho-A, pMLC, and c-Src pathways, and prevented, at least partially,
by C3-Transferase, SU6656, or Y-27632, which inhibited the activity of Rho-A, Scr, and ROCK
respectively. In agreement with previous studies done in other endothelial cell types, we con-
firmed that the activation of Rho-A and Rac-1 changed in opposite directions. Moreover, we
found that an active Rho-A construct was sufficient to increase the permeability of HGEc-1,
although this construct also increased Src activity (Fig 4). Taken together, our findings support
the notion that cross-talk between Rho-A and Src play a critical role modulating the permeabil-
ity activity of VEGF-A + HIV-Tat + heparin in cultured HGEc [24].

FGF-2 and VEGF- A, in combination with HIV-Tat and heparin, induce
the formation of stress fibers through activation of Rho-A in HGEc-1
Then, we explored whether the permeability and signaling changes described above were asso-
ciated with changes in the cytoskeletal structure of HGEc-1. We found that HGEc-1 treated
with thrombin alone, FGF-2 + Tat, VEGF-A + Tat, or both factors in combination with hepa-
rin, increased the number of central stress fibers running along the longitudinal axis of HGEc1
(Fig 5). These changes were inhibited with either C3-transferase from Clostridium botulinum,
which blocks Rho-A activity, SU6656, which blocks Src activity, and the ROCK inhibitor
Y27632 (Fig 5). Taken together, our findings suggest that Rho-A, MLC, and Src activation play
a critical role inducing the formation of central stress fibers in cultured HGEc-1. To confirm
that Rho-A activation per se affected the formation of central stress fibers, cultured HGEc-1
were transfected with DNA constructs encoding the MCherry red fluorescent protein
(pCEFL-MCherry), in combination with plasmids encoding a constitutively active Rho-A
(pCEFL-AU5-RhoAQL) or a dominant negative mutant Rho-A (pCEFL-AU5-RhoAN19) (Fig
6), as described in previous studies [31, 33, 34]. These experiments showed that Rho-A activa-
tion per se induced the formation of stress fibers, both in the presence and absence of VEGF-A
+ Tat + heparin (Fig 6).
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Urine samples harvested from HIV-infected children with renal diseases
increase the permeability of cultured HGEc-1 and podocytes through the
activation of Rho-A and Src
Previous studies done in patients with HIV-renal diseases reported high plasma and urine lev-
els of FGF-2 and VEGF-A [9, 11, 14]. Therefore we collected urine samples fromHIV+ children
with (HIV-RD) or without renal diseases (HIV-N), and measured the levels of FGF-2 and
VEGF-A. As expected, the urinary levels of FGF-2 and VEGF-A were elevated in children with
HIV-RD when compared to HIV-N (FGF-2 = 27.34 ± 17.61 vs. 3.44 ± 2,15 mean ± SD pg/μg
urinary creatinine (UCr); p< 0.01; VEGF-A = 1613 ± 1590 vs. 38.40 ± 21.45 mean ± SD pg/μg
UCr; p< 0.0079; for HIV-RD vs. HIV-N respectively, n = 5 per group). In addition, we found
that HIV-RD samples increased the permeability of cultured renal endothelial cells and podo-
cytes through Rho-A and Src mediated pathways that were inhibited by Rho-A, Src, and
ROCK inhibitors (Figs 7 and 8). These changes were not affected by the low levels of endotoxin
detected in the urine samples (< 25 pg/ml; S1 Fig). Taken together, these findings suggest that

Fig 2. FGF-2 and VEGF-A in combination with HIV-Tat and heparin increase the permeability of
cultured HGEc-1 through Rho-A and Src dependent pathways. (A)Monolayers of 5 hours-starved HGEc-
1 were stimulated by thrombin (100 units/ml) as a positive control, Tat (100 ng/ml), FGF-2 (50 ng/ml),
VEGF-A (50 ng/ml), and Heparin (50 units/ml) alone or in combination. The data represent FITC-dextran
permeability changes expressed as fold increase. (B)Overnight-starved HGEc-1 monolayer were treated for
5 min as described above and then harvested to assess the phosphorylation of Rho-A, Rac1, MLC, and Src,
as described in Methods. Panel B shows representative Western blots corresponding to the phosphorylation
changes. (C) The graphs showmean ± SEM values corresponding to three different Western blots that
assessed the phosphorylation of Rho-A, Rac1, MLC, and Src in cultured HGEc-1. Results were expressed in
arbitrary optical density units as a ratio of the total activity. Values significantly different from control cells
treated with serum free media were marked with asterisk, *p<0.05 and **p<0.01.

doi:10.1371/journal.pone.0153837.g002

Rho-A-Induced Permeability in Renal Endothelial Cells

PLOS ONE | DOI:10.1371/journal.pone.0153837 April 20, 2016 7 / 18



FGF-2 and VEGF-A can affect the cytoskeletal structure and permeability of REc and podo-
cytes acting through Rho-A and Src dependent mechanisms.

Discussion
Renal endothelial cells are a target of circulating viral proteins and heparin binding cytokines
released by HIV-infected cells. Therefore, it is important to understand how these factors affect
the cytoskeletal structure and permeability of REc. In the current study we found that FGF-2
and VEGF-A, in combination with HIV-Tat and heparin, induced cytoskeletal changes and
increased the permeability of cultured HGEc acting through synchronized changes in Rho-A,

Fig 3. VEGF-A in combination with HIV-Tat and heparin, increases the permeability of cultured HGEc-
1 through Rho-A and Src dependent pathways. (A)Monolayers of 5 hours-starved HGEc-1 were
stimulated by VEGF-A (50 ng/ml), Tat (100 ng/ml), and Heparin (50 units/ml) all combined. The Rho-A
inhibitor: C3 transferase (20 ng/ml), was added 4 hours before stimulation and the inhibitor of Src family
kinase SU6656 (1 μM) and ROCK inhibitor Y-27632 (10 μM) were added 1hr before stimulation. The data
represent FITC-dextran permeability expresses as fold increase. (B)Overnight-starved HGEc-1 monolayers
were treated for 5 min as described above and then harvested to assess the phosphorylation of Rho-A, Rac1,
MLC and Src, as described in Methods. Panel B shows representative Western blots corresponding to the
phosphorylation changes. (C) The graphs showmean ± SEM values corresponding to three different
Western blots that assessed the phosphorylation of Rho-A, Rac1, MLC, and Src in cultured HGEc-1. Results
were expressed in arbitrary optical density units expressed as a ratio of the total activity. Values significantly
different from control cells treated with serum free media were marked with asterisks **p<0.01, and those
significantly different from the cells treated with VEGF-A + Tat + Heparin were marked with crosses, + p<0.05
and ++ p<0.01.

doi:10.1371/journal.pone.0153837.g003
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Fig 4. Rho-A activation increases the permeability of HGEc-1. (A) Cultured HGEc-1 cells were
transfected with different plasmids, pCEFL-mock, constitutively active RhoAQL (pCEFL-AU5-RhoAQL), or
dominant negative mutant RhoAN19 (pCEFL-AU5-RhoAN19). Twenty-four hours later, the cells were treated
with VEGF-A (50 ng/ml) + Tat (100 ng/ml) + Heparin (50 units/ml), all together, and exposed to FITC-dextran
as described in methods. (B) In other experiments HGEc-1 cells were treated for 5 min as described above
and then harvested to assess the phosphorylation of Rho-A, MLC, Src as described in Methods. Panel B
shows representative western blots corresponding to the phosphorylation changes. (C) The graphs show
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Src, and Rac-1 activity. Furthermore, we found that urine samples collected from HIV+ chil-
dren with renal diseases induce similar changes in cultured HGEc and podocytes. Overall,
these findings suggest that FGF-2, VEGF-A, and HIV-Tat, released by HIV-infected cells, may
affect the integrity of the glomerular filtration barrier acting through synchronized changes in
Rho-A, Rac-1, and Src activity.

mean ± SEM values corresponding to three different Western blots that assessed the phosphorylation of
Rho-A, MLC and Src in cultured HGEc-1. Results were expressed in arbitrary optical density units as a ratio
of the total activity. In each group, mock, RhoAQL and RhoAN19 transfected cells were treated with either
serum free media (Controls) (-), or VEGF-A + Tat + Heparin (+). Groups that were significantly different from
controls (-) were labeled with asterisk, *p<0.05 and **p<0.01. Cells transfected with constitutively active
RhoAQL that were significantly different frommock or RhoAN19 cells, were labeled with crosses: + p <0.05
and ++ p<0.01.

doi:10.1371/journal.pone.0153837.g004

Fig 5. FGF-2 and VEGF-A, in combination with HIV-Tat and heparin, induce the formation of stress
fibers through Rho-A dependent pathways. (A) Panel A shows representative changes in the formation of
stress fibers detected in cultured HGEc-1. Overnight-starved HGEc-1 monolayer were stimulated by
thrombin (100 units/ml) as a positive control, Tat (100 ng/ml), FGF-2 (50 ng/ml), VEGF-A (50 ng/ml), and
Heparin (50 units/ml) alone or in combination. The RhoA inhibitor: C3 transferase (20 ng/ml), was added 4
hrs. before stimulation and the inhibitor of Src family kinase SU6656 (1 μM) and ROCK inhibitor Y-27632
(10 μM) were added 1hr before stimulation and 20 min after treatment, F-actin fibers were visualized in cells
by staining with 2 μg/ml of Alexa Fluor 488-labeled phalloidin. Cell nuclei were stained with Hoechst 33342.
The scale bar is 10 μm. (B) The graphs showmean ± SEM values corresponding to the formation of stress
fibers in three different experiments. Results were expressed as % changes in stress fibers formation relative
to control cells. Values significantly different from controls were marked with an asterisk, *p<0.05 and
**p<0.01, and those different from cells treated with VEGF-A + Tat + Heparin were marked with a cross, +p
<0.05 and ++p<0.01.

doi:10.1371/journal.pone.0153837.g005
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In this study, we explored the role of FGF-2 and VEGF-A, because both heparin-binding
growth factors are accumulated in the kidney of children with HIV-renal diseases [9, 11–14],
and affect the outcome of HIV-nephropathy in HIV-Tg mice [10, 12, 30] and rats [42, 43]. As
discussed before, HSPG act as low affinity receptors increasing the accumulation of HIV-1 Tat
[44], as well as the binding of VEGF-A and FGF-2 to their high affinity tyrosine kinase recep-
tors [6, 7]. Although FGF-2 and VEGF-A act through different high affinity receptors, there is
substantial crosstalk between FGF receptors (FGFR) and vascular endothelial cell growth factor
receptors (VEGFR) [45–49]. VEGF-A and HIV-Tat induce permeability changes acting
through the KDR/Flk-1 (VEGR2) [15]. In addition, they regulate cell adhesion and angiogenic
behaviors acting through αvβ5 integrins [49], which interact with the Rho family of GTPases
[50]. In contrast, FGF-2 does not induce permeability changes acting alone, but increases the
permeability and angiogenic activity of HIV-Tat, probably acting through the stimulation of
FGFR and VEGFR2 receptors that induce changes in Rho-A and Src activity, and the expres-
sion of αvβ3 integrins [49]. Previous studies showed that VEGF-A decreases the TEER in pri-
mary HGEc, facilitating the transit of water and small molecules, but did not increase the
permeability to macromolecules [29]. We confirmed these findings, but also found that in the
presence of HIV-Tat or heparin, VEGF-A increases the permeability of HGEc to large macro-
molecules. Heparin mimics the action of HSPG, facilitating the binding of VEGF-A to the
VEGFR-2 [7], and blocking the cellular uptake of Tat [44], therefore, prolonging its interac-
tions with VEGFR2 on the cell surface [15, 16]. In agreement with this notion, the most

Fig 6. Rho-A activation increases the formation of stress fibers in HGEc-1. (A) HGEc-1 were transfected
with the corresponding Rho-A constructs described above. Subsequently, 24 hours later, they were seeded
on coverslips, treated with (VEGF-A + Tat + Heparin), and stained with F-actin to visualize the formation of
stress fibers as described above. Scale bar = 20 μm. (B) The graphs showmean ± SEM values
corresponding to three different experiments that assessed the formation of stress fibers in cultured HGEc-1.
Results were expressed as % changes in stress fibers relative to controls. Control cells (-) were treated with
serum free medium. Statistically significant differences between control cells (-) vs. VEGF-A + Tat + Heparin-
treated cells (+), were highlighted with an asterisk, *p<0.05. Difference between cells treated with VEGF-A
+ Tat + Heparin vs. other groups were highlighted with a cross, ++ p < 0.01.

doi:10.1371/journal.pone.0153837.g006
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significant permeability changes were found when VEGF-A, HIV-Tat, and heparin were all
used together.

The integrity of endothelial cell monolayers is maintained through the regulation of the size
of intercellular gaps. This process is controlled in tightly regulated manner through changes in
Rho-A and Rac-1 activity [22, 51–53]. Rho-A activation induces the contraction of actin and
myosin stress fibers, increasing the centripetal tension, the size of intercellular gaps, and
increasing the permeability of endothelial cells [22, 51–53]. In contrast, Rac-1 resists this ten-
sion, decreasing the permeability of REc by increasing the preservation of the VE-cadherin
adherens junctions between neighboring endothelial cells [51–53]. In agreement with this
notion, we found that Rho-A and Rac-1 changed in opposite directions in correlation with the

Fig 7. Urine samples harvested from HIV-infected children with renal diseases increase the
permeability of cultured HGEc-1 through RhoA and Src mediatedmechanisms. (A) Urine samples
harvested from HIV infected children with and without renal diseases (RD) were used (1:10 dilution) to
stimulate monolayers of 5 hours-starved HGEc-1. The RhoA inhibitor: C3 transferase (20 ng/ml), was added
4 hrs before stimulation. The inhibitor of Src family kinase SU6656 (1 μM) and the ROCK inhibitor Y-27632
(10 μM) were added 1hr before stimulation. The data represent FITC-dextran permeability expresses as fold
increase. (B)Overnight-starved HGEc-1 monolayer were treated with urine (1:20 dilution) for 5 min as
described above and then harvested to assess the phosphorylation of RhoA, Rac1, MLC, and Src, as
described in Methods. (C) The graphs showmean ± SEM values corresponding to three different Western
blots that assessed the phosphorylation of Rho-A, Rac1, MLC, and Src, in cultured HGEc-1. Results were
expressed in optical density units expressed as a ratio of the total activity. Values significantly different from
the control group (HIV-N; n = 5) were marked with asterisks **p<0.01, and those significantly different from
the HIV-RD group (n = 5) were marked with stars$ p<0.05 and$$ p<0.01 (for permeability), or crosses,
+ p <0.05 and ++ p<0.01 (for signaling).

doi:10.1371/journal.pone.0153837.g007
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permeability changes. The cytoskeletal distribution of actin and myosin fibers in cultured
endothelial cells reflect this balance, centralized stress fibers indicate an increased centripetal
force associated with Rho-A activation, whereas peripheral or cortical fibers reflect junctional
preservation associated with Rac-1 activation [51–53]. The generation of centripetal tension is
dependent on the activity of non-muscle myosin light chain (MLC) kinase, an enzyme required
to phosphorylate MLC leading to the contraction of the actin-myosin fibers [54]. Rho-A regu-
lates the activity of pMLC through a Rho-associated kinase (ROCK) that inhibits the activity of
a MLC phosphatase preventing the relaxation of actin-myosin fibers [54, 55]. In support of this
notion, we were able to block Rho-A-induced pMLC activation and the corresponding perme-
ability changes with ROCK inhibitors. Of interest, Rho-A activation was associated with the
loss of tight junctions in brain microvascular endothelial cells in patients with HIV-encephalitis
[56]. Finally, as reported in other endothelial cell types [57], we found that Src plays a critical
role modulating the permeability of cultured HGEc-1, since both Rho-A and Src inhibitors
were needed to block the permeability changes.

It is worth discussing that the permeability changes described in cultured RGEc do not
mimic the in vivo situation of the glomerular filtration barrier. The glomerular filtration barrier
is comprised of fenestrated endothelial cells, the basement membrane, and podocytes with
their foot processes and slit diaphragms [58–60]. Podocytes play a central role regulating
the permeability of the glomerular filtration barrier, and previous studies showed that the

Fig 8. Urine samples harvested from HIV-infected children with renal diseases increase the
permeability of cultured podocytes cell line (P-2) through Rho-A and Srcmediatedmechanisms. (A)
Urine samples harvested from HIV infected children with and without renal diseases (RD) were used (1:10
dilution) to stimulate monolayers of 5 hours-starved P-2 cells. The data represent FITC-dextran permeability
changes expressed as fold increase. (B)Overnight-starved P-2 monolayers were treated with urine (1:20
dilution) for 5 min as described above and then harvested to assess the phosphorylation of Rho-A, MLC, and
Src, as described in Methods. (C) The graphs showmean ± SEM values corresponding to three different
Western blots that assessed the phosphorylation of Rho-A, MLC, and Src in cultured podocytes. Results
were expressed in optical density units expressed as a ratio of the total activity. Values significantly different
from the serum free treated control cells (Control) were marked with asterisk, *p<0.05 and **p<0.01, and
differences between HIV-RD (n = 5) and HIV-N (n = 5) urine samples, were marked with stars$ p< 0.05 (for
permeability) or crosses + p<0.05 (for signaling).

doi:10.1371/journal.pone.0153837.g008
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cytoskeletal properties of HIV-podocytes are impaired [61]. However, the glycocalix that cov-
ers the fenestrations and endothelial cell bodies, and the HSPG located in the glomerular base-
ment membrane, also offer resistance to the filtration of water and small molecules [58–60].
The role of the anionic sites of HSPG is documented by the rapid effacement of podocytes in
rats kidneys perfused with protamine sulfate, and by the rapid reversal of these changes within
minutes of perfusion with the polyanion heparin [62, 63]. Therefore, glomerular endothelial
cells and podocytes may undergo similar cytoskeletal changes in vivo, and these changes could
potentially affect the size and charge of the fenestrations, the thickness of the glycocalix, and
the structure and function of podocytes. Further studies are needed to confirm this notion.

VEGF-A is secreted by podocytes and transported by diffusion across the glomerular base-
ment membrane, where it plays a key role maintaining the integrity of glomerular endothelial
cells [32]. HIV+ podocytes secrete high levels of VEGF-A in the urinary space [11]. In addition,
FGF-2 released into the circulation of HIV+ children is accumulated in renal glomeruli bound
to HSPG [13–15], and transported by convective flux to the urinary space. Therefore, as
expected, we found high urinary levels of FGF-2 and VEGF-A in children with HIV-RD. Fur-
thermore, previous studies showed that HIV-Tat and FGF-2, acting in a synergistic manner,
increased the activity of Rho-A in podocytes cultured from the urine of children with HIVAN,
and precipitated the development of HIV-nephropathy in HIV-Tg26 mice [30]. We should
mention however, that podocytes cultured from children with HIV-RD may behave differently
from normal podocytes, and that more studies are needed to determine how podocytes from
HIV-negative children will respond to FGF-2 and VEGF-A. Nonetheless, studies in other
transgenic mouse models showed that chronic activation of Rho-A in podocytes causes pro-
teinuria [64, 65]. Alternatively, chronic Rac-1 activation or deletion specifically in podocytes,
also causes proteinuria and glomerular disease [66, 67], and Rac-1 appears to be essential to
maintain the normal structure of endothelial cells in vivo [68]. Taken together, all these find-
ings suggest that changes in Rho-A and Rac-1 activity could play an important role in the path-
ogenesis of renal diseases associated with high circulating levels of FGF-2 and VEGF-A [11, 14,
69, 70].

In conclusion, we found that FGF-2, VEGF-A, and HIV-Tat, induced significant cytoskele-
tal changes and increased the permeability of cultured HGEc, acting through Rho-A, Rac-1,
and Src. Moreover, since other factors released into the circulation and urine of HIV+ children,
including TNF-α and thrombin, are also capable of inducing Rho-A activity in endothelial cells
[71, 72], we speculate that the chronic and synergistic stimulation of these signaling pathways
by multiple factors may accelerate the progression of HIV-RD in children. More studies are
needed however, to define the clinical value of the REc assay described in this study to identify
HIV+ children exposed to circulating factors that could induce glomerular injury through the
induction of chronic changes in Rho-A, Rac-1 and Src activity.

Supporting Information
S1 Fig. The low levels of endotoxin lipopolysaccharide (LPS) detected in the urine samples
of HIV-infected children do not affect the permeability of cultured HGEc. Urine samples
harvested from HIV infected children with (HIV-RD) and without renal diseases (HIV-N)
were used (1:10 dilution) to stimulate monolayers of cultured HGEc in presence or absence of
LPS (25 pg/ml) and thrombin (100 units/ml) as a positive control. The data show changes in
permeability assessed with FITC-dextran and expressed as fold increase in (A) primary human
glomerular endothelial cells (HGEc), and (B) the glomerular endothelial cell line HGEc-1.
Graph shows mean ± SEM corresponding to three different experiments (n = 5 samples per
group). Values significantly different from the control samples were marked with asterisks

Rho-A-Induced Permeability in Renal Endothelial Cells

PLOS ONE | DOI:10.1371/journal.pone.0153837 April 20, 2016 14 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153837.s001


��p<0.01. Values significantly different from HIV-N were marked with crosses + p<0.05 and
++p<0.01.
(DOCX)

Acknowledgments
The following reagents were obtained through the National Institutes of Health AIDS Research
and Reference Reagent Program, Division of AIDS, National Institutes of Allergy and Infec-
tious Diseases, National Institutes of Health: HIV-Tat (contributor Dr. John Brady). We thank
Children’s Research Institute Intellectual and Developmental Disabilities Research Center light
microscopy and image analysis core.

Author Contributions
Conceived and designed the experiments: JRD JSG PER. Performed the experiments: JRD PER.
Analyzed the data: JRD JSG PER. Contributed reagents/materials/analysis tools: JSG PER.
Wrote the paper: JRD JSG PER.

References
1. McCulloch MI, Ray PE. Kidney disease in HIV-positive children. Semin Nephrol. 2008; 28(6):585–94.

doi: 10.1016/j.semnephrol.2008.09.001 PMID: 19013330; PubMed Central PMCID: PMC2778302.

2. Lucas GM, Ross MJ, Stock PG, Shlipak MG, Wyatt CM, Gupta SK, et al. Clinical Practice Guideline for
the Management of Chronic Kidney Disease in Patients Infected With HIV: 2014 Update by the HIV
Medicine Association of the Infectious Diseases Society of America. Clin Infect Dis. 2014. doi: 10.1093/
cid/ciu617 PMID: 25234519.

3. Ray PE, Liu XH, Henry D, Dye L 3rd, Xu L, Orenstein JM, et al. Infection of human primary renal epithe-
lial cells with HIV-1 from children with HIV-associated nephropathy. Kidney Int. 1998; 53(5):1217–29.
doi: 10.1046/j.1523-1755.1998.00900.x PMID: 9573536.

4. Bruggeman LA, Ross MD, Tanji N, Cara A, Dikman S, Gordon RE, et al. Renal epithelium is a previ-
ously unrecognized site of HIV-1 infection. J Am Soc Nephrol. 2000; 11(11):2079–87. PMID:
11053484.

5. D'Agati V, Suh JI, Carbone L, Cheng JT, Appel G. Pathology of HIV-associated nephropathy: a detailed
morphologic and comparative study. Kidney Int. 1989; 35(6):1358–70. PMID: 2770114.

6. Aviezer D, Hecht D, Safran M, Eisinger M, David G, Yayon A. Perlecan, basal lamina proteoglycan, pro-
motes basic fibroblast growth factor-receptor binding, mitogenesis, and angiogenesis. Cell. 1994; 79
(6):1005–13. PMID: 7528102.

7. Cohen T, Gitay-Goren H, Sharon R, Shibuya M, Halaban R, Levi BZ, et al. VEGF121, a vascular endo-
thelial growth factor (VEGF) isoform lacking heparin binding ability, requires cell-surface heparan sul-
fates for efficient binding to the VEGF receptors of humanmelanoma cells. J Biol Chem. 1995; 270
(19):11322–6. Epub 1995/05/12. PMID: 7744769.

8. Rops AL, van der Vlag J, Lensen JF, Wijnhoven TJ, van den Heuvel LP, van Kuppevelt TH, et al.
Heparan sulfate proteoglycans in glomerular inflammation. Kidney Int. 2004; 65(3):768–85. doi: 10.
1111/j.1523-1755.2004.00451.x PMID: 14871397.

9. Soler-Garcia AA, Rakhmanina NY, Mattison PC, Ray PE. A urinary biomarker profile for children with
HIV-associated renal diseases. Kidney Int. 2009; 76(2):207–14. Epub 2009/04/10. doi: 10.1038/ki.
2009.115 PMID: 19357719; PubMed Central PMCID: PMC2778294.

10. Ray PE, Bruggeman LA, Weeks BS, Kopp JB, Bryant JL, Owens JW, et al. bFGF and its low affinity
receptors in the pathogenesis of HIV-associated nephropathy in transgenic mice. Kidney Int. 1994; 46
(3):759–72. PMID: 7996798.

11. Ray PE, Liu XH, Xu L, Rakusan T. Basic fibroblast growth factor in HIV-associated hemolytic uremic
syndrome. Pediatr Nephrol. 1999; 13(7):586–93. Epub 1999/08/25. PMID: 10460507.

12. Korgaonkar SN, Feng X, Ross MD, Lu TC, D'Agati V, Iyengar R, et al. HIV-1 upregulates VEGF in
podocytes. J Am Soc Nephrol. 2008; 19(5):877–83. doi: 10.1681/ASN.2007050629 PMID: 18443354;
PubMed Central PMCID: PMC2386717.

Rho-A-Induced Permeability in Renal Endothelial Cells

PLOS ONE | DOI:10.1371/journal.pone.0153837 April 20, 2016 15 / 18

http://dx.doi.org/10.1016/j.semnephrol.2008.09.001
http://www.ncbi.nlm.nih.gov/pubmed/19013330
http://dx.doi.org/10.1093/cid/ciu617
http://dx.doi.org/10.1093/cid/ciu617
http://www.ncbi.nlm.nih.gov/pubmed/25234519
http://dx.doi.org/10.1046/j.1523-1755.1998.00900.x
http://www.ncbi.nlm.nih.gov/pubmed/9573536
http://www.ncbi.nlm.nih.gov/pubmed/11053484
http://www.ncbi.nlm.nih.gov/pubmed/2770114
http://www.ncbi.nlm.nih.gov/pubmed/7528102
http://www.ncbi.nlm.nih.gov/pubmed/7744769
http://dx.doi.org/10.1111/j.1523-1755.2004.00451.x
http://dx.doi.org/10.1111/j.1523-1755.2004.00451.x
http://www.ncbi.nlm.nih.gov/pubmed/14871397
http://dx.doi.org/10.1038/ki.2009.115
http://dx.doi.org/10.1038/ki.2009.115
http://www.ncbi.nlm.nih.gov/pubmed/19357719
http://www.ncbi.nlm.nih.gov/pubmed/7996798
http://www.ncbi.nlm.nih.gov/pubmed/10460507
http://dx.doi.org/10.1681/ASN.2007050629
http://www.ncbi.nlm.nih.gov/pubmed/18443354


13. Liu XH, Aigner A, Wellstein A, Ray PE. Up-regulation of a fibroblast growth factor binding protein in chil-
dren with renal diseases. Kidney Int. 2001; 59(5):1717–28. Epub 2001/04/25. doi: 10.1046/j.1523-
1755.2001.0590051717.x PMID: 11318942.

14. Ray PE, Tassi E, Liu XH, Wellstein A. Role of fibroblast growth factor-binding protein in the pathogene-
sis of HIV-associated hemolytic uremic syndrome. Am J Physiol Regul Integr Comp Physiol. 2006; 290
(1):R105–13. Epub 2005/12/15. doi: 10.1152/ajpregu.00492.2005 PMID: 16352855.

15. Albini A, Benelli R, Presta M, Rusnati M, Ziche M, Rubartelli A, et al. HIV-tat protein is a heparin-binding
angiogenic growth factor. Oncogene. 1996; 12(2):289–97. Epub 1996/01/18. PMID: 8570206.

16. Rusnati M, Coltrini D, Oreste P, Zoppetti G, Albini A, Noonan D, et al. Interaction of HIV-1 Tat protein
with heparin. Role of the backbone structure, sulfation, and size. J Biol Chem. 1997; 272(17):11313–
20. PMID: 9111037.

17. Urbinati C, Nicoli S, Giacca M, David G, Fiorentini S, Caruso A, et al. HIV-1 Tat and heparan sulfate pro-
teoglycan interaction: a novel mechanism of lymphocyte adhesion and migration across the endothe-
lium. Blood. 2009; 114(15):3335–42. doi: 10.1182/blood-2009-01-198945 PMID: 19661268.

18. Conaldi PG, Bottelli A, Baj A, Serra C, Fiore L, Federico G, et al. Human immunodeficiency virus-1 tat
induces hyperproliferation and dysregulation of renal glomerular epithelial cells. Am J Pathol. 2002;
161(1):53–61. doi: 10.1016/S0002-9440(10)64156-9 PMID: 12107089; PubMed Central PMCID:
PMC1850697.

19. Doublier S, Zennaro C, Spatola T, Lupia E, Bottelli A, Deregibus MC, et al. HIV-1 Tat reduces nephrin
in human podocytes: a potential mechanism for enhanced glomerular permeability in HIV-associated
nephropathy. AIDS. 2007; 21(4):423–32. doi: 10.1097/QAD.0b013e328012c522 PMID: 17301560.

20. Crublet E, Andrieu JP, Vives RR, Lortat-Jacob H. The HIV-1 envelope glycoprotein gp120 features four
heparan sulfate binding domains, including the co-receptor binding site. J Biol Chem. 2008; 283
(22):15193–200. doi: 10.1074/jbc.M800066200 PMID: 18378683; PubMed Central PMCID: PMC3258890.

21. Urbinati C, Chiodelli P, Rusnati M. Polyanionic drugs and viral oncogenesis: a novel approach to control
infection, tumor-associated inflammation and angiogenesis. Molecules. 2008; 13(11):2758–85. doi: 10.
3390/molecules13112758 PMID: 19002078.

22. Baumer Y, Burger S, Curry FE, Golenhofen N, Drenckhahn D, Waschke J. Differential role of Rho
GTPases in endothelial barrier regulation dependent on endothelial cell origin. Histochem Cell Biol.
2008; 129(2):179–91. doi: 10.1007/s00418-007-0358-7 PMID: 18030489.

23. Waschke J, Burger S, Curry FR, Drenckhahn D, Adamson RH. Activation of Rac-1 and Cdc42 stabi-
lizes the microvascular endothelial barrier. HistochemCell Biol. 2006; 125(4):397–406. doi: 10.1007/
s00418-005-0080-2 PMID: 16195887.

24. Huveneers S, Danen EH. Adhesion signaling—crosstalk between integrins, Src and Rho. J Cell Sci.
2009; 122(Pt 8):1059–69. doi: 10.1242/jcs.039446 PMID: 19339545.

25. Wang L, Ellis MJ, Gomez JA, Eisner W, Fennell W, Howell DN, et al. Mechanisms of the proteinuria
induced by Rho GTPases. Kidney Int. 2012; 81(11):1075–85. doi: 10.1038/ki.2011.472 PMID:
22278020; PubMed Central PMCID: PMC3352980.

26. Kistler AD, Altintas MM, Reiser J. Podocyte GTPases regulate kidney filter dynamics. Kidney Int. 2012;
81(11):1053–5. doi: 10.1038/ki.2012.12 PMID: 22584591; PubMed Central PMCID: PMC3354621.

27. Ray PE, Soler-Garcia AA, Xu L, Soderland C, Blumenthal R, Puri A. Fusion of HIV-1 envelope-express-
ing cells to human glomerular endothelial cells through an CXCR4-mediated mechanism. Pediatr
Nephrol. 2005; 20(10):1401–9. doi: 10.1007/s00467-005-1950-5 PMID: 16047221.

28. Dutt K, Scott M, Del Monte M, Agarwal N, Sternberg P, Srivastava SK, et al. Establishment of human
retinal pigment epithelial cell lines by oncogenes. Oncogene. 1990; 5(2):195–200. PMID: 2320373.

29. Satchell SC, Anderson KL, Mathieson PW. Angiopoietin 1 and vascular endothelial growth factor modu-
late human glomerular endothelial cell barrier properties. J Am Soc Nephrol. 2004; 15(3):566–74.
PMID: 14978158.

30. Xie X, Colberg-Poley AM, Das JR, Li J, Zhang A, Tang P, et al. The basic domain of HIV-tat transacti-
vating protein is essential for its targeting to lipid rafts and regulating fibroblast growth factor-2 signaling
in podocytes isolated from children with HIV-1-associated nephropathy. J Am Soc Nephrol. 2014; 25
(8):1800–13. doi: 10.1681/ASN.2013070710 PMID: 24578133; PubMed Central PMCID:
PMC4116058.

31. Gavard J, Gutkind JS. VEGF controls endothelial-cell permeability by promoting the beta-arrestin-
dependent endocytosis of VE-cadherin. Nat Cell Biol. 2006; 8(11):1223–34. doi: 10.1038/ncb1486
PMID: 17060906.

32. Rosenfeldt H, Castellone MD, Randazzo PA, Gutkind JS. Rac inhibits thrombin-induced Rho activation:
evidence of a Pak-dependent GTPase crosstalk. J Mol Signal. 2006; 1:8. Epub 2007/01/17. doi: 10.
1186/1750-2187-1-8 PMID: 17224083; PubMed Central PMCID: PMC1769496.

Rho-A-Induced Permeability in Renal Endothelial Cells

PLOS ONE | DOI:10.1371/journal.pone.0153837 April 20, 2016 16 / 18

http://dx.doi.org/10.1046/j.1523-1755.2001.0590051717.x
http://dx.doi.org/10.1046/j.1523-1755.2001.0590051717.x
http://www.ncbi.nlm.nih.gov/pubmed/11318942
http://dx.doi.org/10.1152/ajpregu.00492.2005
http://www.ncbi.nlm.nih.gov/pubmed/16352855
http://www.ncbi.nlm.nih.gov/pubmed/8570206
http://www.ncbi.nlm.nih.gov/pubmed/9111037
http://dx.doi.org/10.1182/blood-2009-01-198945
http://www.ncbi.nlm.nih.gov/pubmed/19661268
http://dx.doi.org/10.1016/S0002-9440(10)64156-9
http://www.ncbi.nlm.nih.gov/pubmed/12107089
http://dx.doi.org/10.1097/QAD.0b013e328012c522
http://www.ncbi.nlm.nih.gov/pubmed/17301560
http://dx.doi.org/10.1074/jbc.M800066200
http://www.ncbi.nlm.nih.gov/pubmed/18378683
http://dx.doi.org/10.3390/molecules13112758
http://dx.doi.org/10.3390/molecules13112758
http://www.ncbi.nlm.nih.gov/pubmed/19002078
http://dx.doi.org/10.1007/s00418-007-0358-7
http://www.ncbi.nlm.nih.gov/pubmed/18030489
http://dx.doi.org/10.1007/s00418-005-0080-2
http://dx.doi.org/10.1007/s00418-005-0080-2
http://www.ncbi.nlm.nih.gov/pubmed/16195887
http://dx.doi.org/10.1242/jcs.039446
http://www.ncbi.nlm.nih.gov/pubmed/19339545
http://dx.doi.org/10.1038/ki.2011.472
http://www.ncbi.nlm.nih.gov/pubmed/22278020
http://dx.doi.org/10.1038/ki.2012.12
http://www.ncbi.nlm.nih.gov/pubmed/22584591
http://dx.doi.org/10.1007/s00467-005-1950-5
http://www.ncbi.nlm.nih.gov/pubmed/16047221
http://www.ncbi.nlm.nih.gov/pubmed/2320373
http://www.ncbi.nlm.nih.gov/pubmed/14978158
http://dx.doi.org/10.1681/ASN.2013070710
http://www.ncbi.nlm.nih.gov/pubmed/24578133
http://dx.doi.org/10.1038/ncb1486
http://www.ncbi.nlm.nih.gov/pubmed/17060906
http://dx.doi.org/10.1186/1750-2187-1-8
http://dx.doi.org/10.1186/1750-2187-1-8
http://www.ncbi.nlm.nih.gov/pubmed/17224083


33. Marinissen MJ, Chiariello M, Gutkind JS. Regulation of gene expression by the small GTPase Rho
through the ERK6 (p38 gamma) MAP kinase pathway. Genes Dev. 2001; 15(5):535–53. doi: 10.1101/
gad.855801 PMID: 11238375; PubMed Central PMCID: PMC312639.

34. Coso OA, Chiariello M, Yu JC, Teramoto H, Crespo P, Xu N, et al. The small GTP-binding proteins
Rac1 and Cdc42 regulate the activity of the JNK/SAPK signaling pathway. Cell. 1995; 81(7):1137–46.
PMID: 7600581.

35. Kim NH, Oh JH, Seo JA, Lee KW, Kim SG, Choi KM, et al. Vascular endothelial growth factor (VEGF)
and soluble VEGF receptor FLT-1 in diabetic nephropathy. Kidney Int. 2005; 67(1):167–77. doi: 10.
1111/j.1523-1755.2005.00067.x PMID: 15610240.

36. Ornitz DM, Yayon A, Flanagan JG, Svahn CM, Levi E, Leder P. Heparin is required for cell-free binding
of basic fibroblast growth factor to a soluble receptor and for mitogenesis in whole cells. Mol Cell Biol.
1992; 12(1):240–7. PMID: 1309590; PubMed Central PMCID: PMC364088.

37. Ornitz DM, Leder P. Ligand specificity and heparin dependence of fibroblast growth factor receptors 1
and 3. J Biol Chem. 1992; 267(23):16305–11. PMID: 1379594.

38. Schlessinger J, Plotnikov AN, Ibrahimi OA, Eliseenkova AV, Yeh BK, Yayon A, et al. Crystal structure
of a ternary FGF-FGFR-heparin complex reveals a dual role for heparin in FGFR binding and dimeriza-
tion. Mol Cell. 2000; 6(3):743–50. PMID: 11030354.

39. Guimond S, Maccarana M, Olwin BB, Lindahl U, Rapraeger AC. Activating and inhibitory heparin
sequences for FGF-2 (basic FGF). Distinct requirements for FGF-1, FGF-2, and FGF-4. J Biol Chem.
1993; 268(32):23906–14. PMID: 7693696.

40. Zakrzewska M, Wiedlocha A, Szlachcic A, Krowarsch D, Otlewski J, Olsnes S. Increased protein stabil-
ity of FGF1 can compensate for its reduced affinity for heparin. J Biol Chem. 2009; 284(37):25388–403.
doi: 10.1074/jbc.M109.001289 PMID: 19574212; PubMed Central PMCID: PMC2757240.

41. de Paz JL, Noti C, Bohm F, Werner S, Seeberger PH. Potentiation of fibroblast growth factor activity by
synthetic heparin oligosaccharide glycodendrimers. Chem Biol. 2007; 14(8):879–87. doi: 10.1016/j.
chembiol.2007.07.007 PMID: 17719487.

42. Ray PE, Liu XH, Robinson LR, Reid W, Xu L, Owens JW, et al. A novel HIV-1 transgenic rat model of
childhood HIV-1-associated nephropathy. Kidney Int. 2003; 63(6):2242–53. Epub 2003/05/20. doi: 10.
1046/j.1523-1755.2003.00028.x PMID: 12753314.

43. ReidW, Sadowska M, Denaro F, Rao S, Foulke J Jr, Hayes N, et al. An HIV-1 transgenic rat that devel-
ops HIV-related pathology and immunologic dysfunction. Proc Natl Acad Sci U S A. 2001; 98
(16):9271–6. doi: 10.1073/pnas.161290298 PMID: 11481487; PubMed Central PMCID: PMC55410.

44. Mann DA, Frankel AD. Endocytosis and targeting of exogenous HIV-1 Tat protein. EMBO J. 1991; 10
(7):1733–9. PMID: 2050110; PubMed Central PMCID: PMC452844.

45. Jerebtsova M, Das JR, Tang P, Wong E, Ray PE. Angiopoietin-1 prevents severe bleeding complica-
tions induced by heparin-like drugs and fibroblast growth factor-2 in mice. Am J Physiol Heart Circ Phy-
siol. 2015; 309(8):H1314–25. doi: 10.1152/ajpheart.00373.2015 PMID: 26276817.

46. Samaniego F, MarkhamPD, Gendelman R, Watanabe Y, Kao V, Kowalski K, et al. Vascular endothelial
growth factor and basic fibroblast growth factor present in Kaposi's sarcoma (KS) are induced by
inflammatory cytokines and synergize to promote vascular permeability and KS lesion development.
Am J Pathol. 1998; 152(6):1433–43. PMID: 9626048; PubMed Central PMCID: PMC1858461.

47. Cornali E, Zietz C, Benelli R, Weninger W, Masiello L, Breier G, et al. Vascular endothelial growth factor
regulates angiogenesis and vascular permeability in Kaposi's sarcoma. Am J Pathol. 1996; 149
(6):1851–69. PMID: 8952523; PubMed Central PMCID: PMC1865351.

48. Ensoli B, Gendelman R, Markham P, Fiorelli V, Colombini S, Raffeld M, et al. Synergy between basic
fibroblast growth factor and HIV-1 Tat protein in induction of Kaposi's sarcoma. Nature. 1994; 371
(6499):674–80. doi: 10.1038/371674a0 PMID: 7935812.

49. Barillari G, Sgadari C, Palladino C, Gendelman R, Caputo A, Morris CB, et al. Inflammatory cytokines
synergize with the HIV-1 Tat protein to promote angiogenesis and Kaposi's sarcoma via induction of
basic fibroblast growth factor and the alpha v beta 3 integrin. J Immunol. 1999; 163(4):1929–35. PMID:
10438928.

50. Schwartz MA, Shattil SJ. Signaling networks linking integrins and rho family GTPases. Trends Biochem
Sci. 2000; 25(8):388–91. PMID: 10916159.

51. Waschke J, Baumgartner W, Adamson RH, Zeng M, Aktories K, Barth H, et al. Requirement of Rac
activity for maintenance of capillary endothelial barrier properties. Am J Physiol Heart Circ Physiol.
2004; 286(1):H394–401. doi: 10.1152/ajpheart.00221.2003 PMID: 14512275.

52. Waschke J, Curry FE, Adamson RH, Drenckhahn D. Regulation of actin dynamics is critical for endo-
thelial barrier functions. Am J Physiol Heart Circ Physiol. 2005; 288(3):H1296–305. doi: 10.1152/
ajpheart.00687.2004 PMID: 15528228.

Rho-A-Induced Permeability in Renal Endothelial Cells

PLOS ONE | DOI:10.1371/journal.pone.0153837 April 20, 2016 17 / 18

http://dx.doi.org/10.1101/gad.855801
http://dx.doi.org/10.1101/gad.855801
http://www.ncbi.nlm.nih.gov/pubmed/11238375
http://www.ncbi.nlm.nih.gov/pubmed/7600581
http://dx.doi.org/10.1111/j.1523-1755.2005.00067.x
http://dx.doi.org/10.1111/j.1523-1755.2005.00067.x
http://www.ncbi.nlm.nih.gov/pubmed/15610240
http://www.ncbi.nlm.nih.gov/pubmed/1309590
http://www.ncbi.nlm.nih.gov/pubmed/1379594
http://www.ncbi.nlm.nih.gov/pubmed/11030354
http://www.ncbi.nlm.nih.gov/pubmed/7693696
http://dx.doi.org/10.1074/jbc.M109.001289
http://www.ncbi.nlm.nih.gov/pubmed/19574212
http://dx.doi.org/10.1016/j.chembiol.2007.07.007
http://dx.doi.org/10.1016/j.chembiol.2007.07.007
http://www.ncbi.nlm.nih.gov/pubmed/17719487
http://dx.doi.org/10.1046/j.1523-1755.2003.00028.x
http://dx.doi.org/10.1046/j.1523-1755.2003.00028.x
http://www.ncbi.nlm.nih.gov/pubmed/12753314
http://dx.doi.org/10.1073/pnas.161290298
http://www.ncbi.nlm.nih.gov/pubmed/11481487
http://www.ncbi.nlm.nih.gov/pubmed/2050110
http://dx.doi.org/10.1152/ajpheart.00373.2015
http://www.ncbi.nlm.nih.gov/pubmed/26276817
http://www.ncbi.nlm.nih.gov/pubmed/9626048
http://www.ncbi.nlm.nih.gov/pubmed/8952523
http://dx.doi.org/10.1038/371674a0
http://www.ncbi.nlm.nih.gov/pubmed/7935812
http://www.ncbi.nlm.nih.gov/pubmed/10438928
http://www.ncbi.nlm.nih.gov/pubmed/10916159
http://dx.doi.org/10.1152/ajpheart.00221.2003
http://www.ncbi.nlm.nih.gov/pubmed/14512275
http://dx.doi.org/10.1152/ajpheart.00687.2004
http://dx.doi.org/10.1152/ajpheart.00687.2004
http://www.ncbi.nlm.nih.gov/pubmed/15528228


53. Mammoto T, Parikh SM, Mammoto A, Gallagher D, Chan B, Mostoslavsky G, et al. Angiopoietin-1
requires p190 RhoGAP to protect against vascular leakage in vivo. J Biol Chem. 2007; 282(33):23910–
8. Epub 2007/06/15. doi: 10.1074/jbc.M702169200 PMID: 17562701.

54. Kimura K, Ito M, Amano M, Chihara K, Fukata Y, Nakafuku M, et al. Regulation of myosin phosphatase
by Rho and Rho-associated kinase (Rho-kinase). Science. 1996; 273(5272):245–8. Epub 1996/07/12.
PMID: 8662509.

55. Amano M, Chihara K, Kimura K, Fukata Y, Nakamura N, Matsuura Y, et al. Formation of actin stress
fibers and focal adhesions enhanced by Rho-kinase. Science. 1997; 275(5304):1308–11. PMID:
9036856.

56. Persidsky Y, Heilman D, Haorah J, Zelivyanskaya M, Persidsky R, Weber GA, et al. Rho-mediated reg-
ulation of tight junctions during monocyte migration across the blood-brain barrier in HIV-1 encephalitis
(HIVE). Blood. 2006; 107(12):4770–80. doi: 10.1182/blood-2005-11-4721 PMID: 16478881; PubMed
Central PMCID: PMC1895810.

57. Eliceiri BP, Paul R, Schwartzberg PL, Hood JD, Leng J, Cheresh DA. Selective requirement for Src
kinases during VEGF-induced angiogenesis and vascular permeability. Mol Cell. 1999; 4(6):915–24.
Epub 2000/01/15. PMID: 10635317.

58. Satchell SC, Tasman CH, Singh A, Ni L, Geelen J, von Ruhland CJ, et al. Conditionally immortalized
human glomerular endothelial cells expressing fenestrations in response to VEGF. Kidney Int. 2006; 69
(9):1633–40. doi: 10.1038/sj.ki.5000277 PMID: 16557232.

59. Quaggin SE, Kreidberg JA. Development of the renal glomerulus: good neighbors and good fences.
Development. 2008; 135(4):609–20. doi: 10.1242/dev.001081 PMID: 18184729.

60. Rostgaard J, Qvortrup K. Electron microscopic demonstrations of filamentous molecular sieve plugs in
capillary fenestrae. Microvasc Res. 1997; 53(1):1–13. doi: 10.1006/mvre.1996.1987 PMID: 9056471.

61. Tandon R, Levental I, Huang C, Byfield FJ, Ziembicki J, Schelling JR, et al. HIV infection changes glo-
merular podocyte cytoskeletal composition and results in distinct cellular mechanical properties. Am J
Physiol Renal Physiol. 2007; 292(2):F701–10. doi: 10.1152/ajprenal.00246.2006 PMID: 17047167.

62. Seiler MW, Rennke HG, VenkatachalamMA, Cotran RS. Pathogenesis of polycation-induced alter-
ations ("fusion") of glomerular epithelium. Lab Invest. 1977; 36(1):48–61. PMID: 63647.

63. Vehaskari VM, Root ER, Germuth FG Jr., Robson AM. Glomerular charge and urinary protein excre-
tion: effects of systemic and intrarenal polycation infusion in the rat. Kidney Int. 1982; 22(2):127–35.
PMID: 7132058.

64. Murakami M, Nguyen LT, Hatanaka K, Schachterle W, Chen PY, Zhuang ZW, et al. FGF-dependent
regulation of VEGF receptor 2 expression in mice. J Clin Invest. 2011; 121(7):2668–78. doi: 10.1172/
JCI44762 PMID: 21633168; PubMed Central PMCID: PMC3223828.

65. Babelova A, Jansen F, Sander K, Lohn M, Schafer L, Fork C, et al. Activation of Rac-1 and RhoA con-
tributes to podocyte injury in chronic kidney disease. PLoS One. 2013; 8(11):e80328. doi: 10.1371/
journal.pone.0080328 PMID: 24244677; PubMed Central PMCID: PMC3820652.

66. Yu H, Suleiman H, Kim AH, Miner JH, Dani A, Shaw AS, et al. Rac1 activation in podocytes induces
rapid foot process effacement and proteinuria. Mol Cell Biol. 2013; 33(23):4755–64. doi: 10.1128/MCB.
00730-13 PMID: 24061480; PubMed Central PMCID: PMC3838009.

67. Blattner SM, Hodgin JB, Nishio M, Wylie SA, Saha J, Soofi AA, et al. Divergent functions of the Rho
GTPases Rac1 and Cdc42 in podocyte injury. Kidney Int. 2013; 84(5):920–30. doi: 10.1038/ki.2013.
175 PMID: 23677246; PubMed Central PMCID: PMC3815690.

68. TanW, Palmby TR, Gavard J, Amornphimoltham P, Zheng Y, Gutkind JS. An essential role for Rac1 in
endothelial cell function and vascular development. FASEB J. 2008; 22(6):1829–38. doi: 10.1096/fj.07-
096438 PMID: 18245172.

69. Eremina V, Jefferson JA, Kowalewska J, Hochster H, Haas M, Weisstuch J, et al. VEGF inhibition and
renal thrombotic microangiopathy. N Engl J Med. 2008; 358(11):1129–36. Epub 2008/03/14. 358/11/
1129 [pii] doi: 10.1056/NEJMoa0707330 PMID: 18337603.

70. Ray P, Acheson D, Chitrakar R, Cnaan A, Gibbs K, Hirschman GH, et al. Basic fibroblast growth factor
among children with diarrhea-associated hemolytic uremic syndrome. J Am Soc Nephrol. 2002; 13
(3):699–707. PMID: 11856774.

71. McKenzie JA, Ridley AJ. Roles of Rho/ROCK and MLCK in TNF-alpha-induced changes in endothelial
morphology and permeability. J Cell Physiol. 2007; 213(1):221–8. doi: 10.1002/jcp.21114 PMID:
17476691.

72. Funderburg NT, Lederman MM. Coagulation and morbidity in treated HIV infection. Thromb Res. 2014;
133 Suppl 1:S21–4. doi: 10.1016/j.thromres.2014.03.012 PMID: 24759134; PubMed Central PMCID:
PMC4021706.

Rho-A-Induced Permeability in Renal Endothelial Cells

PLOS ONE | DOI:10.1371/journal.pone.0153837 April 20, 2016 18 / 18

http://dx.doi.org/10.1074/jbc.M702169200
http://www.ncbi.nlm.nih.gov/pubmed/17562701
http://www.ncbi.nlm.nih.gov/pubmed/8662509
http://www.ncbi.nlm.nih.gov/pubmed/9036856
http://dx.doi.org/10.1182/blood-2005-11-4721
http://www.ncbi.nlm.nih.gov/pubmed/16478881
http://www.ncbi.nlm.nih.gov/pubmed/10635317
http://dx.doi.org/10.1038/sj.ki.5000277
http://www.ncbi.nlm.nih.gov/pubmed/16557232
http://dx.doi.org/10.1242/dev.001081
http://www.ncbi.nlm.nih.gov/pubmed/18184729
http://dx.doi.org/10.1006/mvre.1996.1987
http://www.ncbi.nlm.nih.gov/pubmed/9056471
http://dx.doi.org/10.1152/ajprenal.00246.2006
http://www.ncbi.nlm.nih.gov/pubmed/17047167
http://www.ncbi.nlm.nih.gov/pubmed/63647
http://www.ncbi.nlm.nih.gov/pubmed/7132058
http://dx.doi.org/10.1172/JCI44762
http://dx.doi.org/10.1172/JCI44762
http://www.ncbi.nlm.nih.gov/pubmed/21633168
http://dx.doi.org/10.1371/journal.pone.0080328
http://dx.doi.org/10.1371/journal.pone.0080328
http://www.ncbi.nlm.nih.gov/pubmed/24244677
http://dx.doi.org/10.1128/MCB.00730-13
http://dx.doi.org/10.1128/MCB.00730-13
http://www.ncbi.nlm.nih.gov/pubmed/24061480
http://dx.doi.org/10.1038/ki.2013.175
http://dx.doi.org/10.1038/ki.2013.175
http://www.ncbi.nlm.nih.gov/pubmed/23677246
http://dx.doi.org/10.1096/fj.07-096438
http://dx.doi.org/10.1096/fj.07-096438
http://www.ncbi.nlm.nih.gov/pubmed/18245172
http://dx.doi.org/10.1056/NEJMoa0707330
http://www.ncbi.nlm.nih.gov/pubmed/18337603
http://www.ncbi.nlm.nih.gov/pubmed/11856774
http://dx.doi.org/10.1002/jcp.21114
http://www.ncbi.nlm.nih.gov/pubmed/17476691
http://dx.doi.org/10.1016/j.thromres.2014.03.012
http://www.ncbi.nlm.nih.gov/pubmed/24759134

