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INTRODUCTION

Abstract

Caveolin-1 (Cav-1) expression is increased in hepatic stellate cells (HSC) upon
liver cirrhosis and it functions as an integral membrane protein of lipid rafts and
caveolae that regulates and integrates multiple signals as a platform. This study
aimed to evaluate the role of Cav-1 in HSC. Thus, the effects of exogenous
expression of Cav-1 in GRX cells, a model of activated HSC, were determined.
Here, we demonstrated through evaluating well-known HSC activation markers —
such as a-smooth muscle actin, collagen I, and glial fibrillary acidic protein - that
up regulation of Cav-1 induced GRX to a more activated phenotype. GRX*CFF 1
presented an increased migration, an altered adhesion pattern, a reorganization
f-actin cytoskeleton, an arrested cell cycle, a modified cellular ultrastructure, and a

raised endocytic flux. Based on this, GRX®F-Cavt

represents a new cellular model
that can be an important tool for understanding of events related to HSC
activation. Furthermore, our results reinforce the role of Cav-1 as a molecular

marker of HSC activation.
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viral hepatitis, nonalcoholic steatohepatitis, cirrhosis,
and liver cancer and it is defined by the excessive

Chronic liver diseases (CDLs) have a large impact on
public health expenditures, significantly contributing
to human mortality rates." Worldwide, 844 million
people have CLDs with a lethality rate of 2 million
deaths per year.”> Liver fibrosis is a characteristic of
several CLDs, such as nonalcoholic fatty liver disease,

release of extracellular matrix (ECM).! Moreover, liver
has a unique competence to adapt to damage through
tissue repair. The imbalance of ECM release by hepatic
scarring leads to significant changes in architectural
and organ function, making it dangerous and clinically
significant.’
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Hepatic stellate cells (HSC) are the major orchestra-
tors of liver fibrosis by producing and altering the ECM in
acute injury of liver. Through stimuli of hepatic damage,
these cells are activate to a more proliferative and
fibrogenic phenotype, transforming their quiescent phe-
notype to a cell with classic myofibroblast character-
istics.* Indeed, HSC control the turnover of liver
connective tissue regulating homeostasis of ECM and
also participating in contractility of hepatic sinusoids.’
Besides the morphological changes,® some hallmarks of
HSC activation include the reduction on levels of
intracellular lipid droplets, increase on the production
of ECM, alpha-smooth muscle actin (a-SMA), type I
collagen (Col-I), desmin, and glial fibrillary acidic protein
(GFAP),”® cholesterol metabolism, induction of autop-
hagy, endoplasmatic reticulum stress, and oxidative
stresses.”

Integrins and focal adhesion (FA) proteins complex
are mechanotransducers and mechanosensors. Indeed,
these proteins can act with the cell-cell and cell-ECM
interactions through cytoskeleton, importantly participat-
ing in the initiation, maintenance, and resolve of fibrosis.
Moreover, integrins are capable to connect the cells to
ECM proteins, conducting a positional and mechanical
indication from the ECM to inside the cell, affecting cell
adhesion, migration, and proliferation.9

Caveolae are a subgroup of lipid rafts enriched in
cholesterol and sphingolipids. Classically, these orga-
nelles are described as invaginations of plasma mem-
brane or “little caves” of 60 to 80 nm.'° These structures
can act as mechanic sensors that react to plasma
membrane variations. Most importantly, caveolae regu-
late cholesterol homeostasis and cell physiology as a
platform signaling for cell proliferation, migration, and
endocytosis.'"'?

Caveolin-1 (Cav-1), a 22kDa transmembrane scaffold-
ing protein, is an essential regulator of caveolae present in
all plasma membranes and it is indispensable for its
formation.”> Cav-1 and caveolae are both involved in
fundamental cellular processes such as endocytosis,
transcytosis, signaling pathway transduction, lipid meta-
bolism regulation, and mechanosensors." Many studies
demonstrated the importance of cholesterol transport by
Cav-1 to membranes, showing a critical role of this protein
to membrane homeostasis and organelles functions.'*

Cav-1 exerts an important hepatic functions through
the balance of lipid homeostasis,’ tissue repair home-
ostasis, liver fibrosis,'” and regeneration." It was already
described that Cav-1 is increased in both sinusoidal
endothelial cells and HSC of cirrhotic livers. This fact was
suggested to be related to the portal hypertension that
accompanies liver fibrosis."®!” Another study demon-
strated that Cav-1 protein and messenger RNA increase
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in HSC after hepatic damage.® Importantly, in physiolo-
gical and pathophysiological conditions, Cav-1 regulates
the homeostasis of lipids and mitochondrial function,
appearing as a key sensor protein in the liver tissue. In
addition, the overexpression of Cav-1 in cirrhosis
condition is related to a defense mechanism that raises
the redox status by decreasing nitric oxide (NO) and
reactive species of nitrogen production.

GRX cell line is an activated HSC model that was
isolated from a hepatic fiber granuloma produced by
infection of Schistosoma mansoni in C3H/HeN mice."® In
addition, GRX can be driven to manifest HSC quiescent-
like phenotype by treatment with {-carotene, retinol,
indomethacin, capsaicin, and lycopene; or to express the
HSC activated-like phenotype by stimuli of proinflam-
matory cytokines. In summary, GRX cell line is an
excellent toll for liver fibrosis study.'®?” Here, we show
that exogenous expression of Cav-1 can modify the
morphology and metabolism of GRX cells, thus reinfor-
cing its important role in HSC activation. Because Cav-1
has been considered as an attractive strategy for
therapeutic design against chronic liver diseases, the
GRXECFPCaI may be a first-rate tool to focus study Cav-1
as molecular marker of HSC activation.

2 | MATERIALS AND METHODS

21 | Cell culture

The GRX cell line was established by Borojevic et al'® and
kindly provided by the Cell Bank of Rio de Janeiro
(HUCFF, UFRIJ, RJ, Brazil). Cells were routinely main-
tained in Dulbecco's modified Eagle's medium (DMEM;
Invitrogen, Carlsbad, CA) supplemented with 5% FBS
and 2 g/L HEPES buffer, gentamicin 50 ug/mL, fungizone
250 ug/mL, pH 7.4, at 37°C and 5% CO,. All culture
reagents were purchased from Sigma-Aldrich.

2.2 | Preparation of stable GRX®¢FF ¢
cell line

To establish the GRX®FP“®! cell line that constitutively
overexpresses caveolin-1, we used pCavlEGFP (kindly
provided by Dr J. Daniotti, Cordoba University, Argentina)
cloned into the recombinant plasmid pcDNA3.1TOPO
(Invitrogen) and transformed into through thermal
shock. Plasmids were purified using the PureLink Quick
Plasmid Miniprep kit (Qiagen). The recombinant plasmid
pCavlEGFP (Amp®) was transfected into GRX cells at 50%
confluence with 2 uL of Lipofectamine™ (Invitrogen) and
0.3ng of pCavlEGFP. After 72hours, transfected cells
were selected by addition of 1000 ug/mL Geneticin 418
(G418; Sigma-Aldrich) to the culture medium for 4 weeks
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and then reduced to 500 ug/mL. pCI-neo:EGFP (pCI-neo
Mammalian Expression Vector; Promega) that expresses
EGFP was used as the control plasmid.

2.3 | Quantitative real-time reverse
transcription polymerase chain reaction

Total RNA (from 10° cells) was extracted using TRIzol
Reagent (Invitrogen) and was reverse-transcribed with
SuperScript-II (Invitrogen). RNA expression levels were
quantified using SYBR Green on StepOne Plus real-time
cycler (Applied-Biosystems, Grand Island, NY) Samples
were analyzed using the AAC, method®® with the Ct
values relative to the housekeeping gene (-actin. Gene
sequence information was collected from free-internet
databases (www.ensembl.org and https://www.ncbi.nlm.
nih.gov/refseq/) and used to design specific primers for
CAV-1 Forward- 5° GCACACCAAGGAGATTGACC 3,
Reverse- 5 GACAACAAGCGGTAAAACCAA3 and $-
Actin Forward-5° TATGCCAACACAGTGCTGTCTGG 3
Reverse- 5 TACTCCTGCTTGCTGATCCACAT 3’ using a
freely available software from Integrated DNA Technol-
ogies (www.idtdna.com).”

24 |

Protein expression of GRX and GRX"™"“*! was detected
by Western blot analysis. Cells were lysed in Tris-HCI buffer
(pH 6.8) with 2% SDS, 10% glycerol, and 2-f-Mercaptoetha-
nol. Equal amounts of protein previously measured accord-
ingly to Peterson®® were loaded into 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis, transferred into
nitrocellulose membranes (Hybond ECL Nitrocellulose
Membrane, Amersham), and immunoblotted with the
appropriate antibodies. Primary antibodies used were anti-
Cav-1 (1:500, SC-53564; Santa Cruz) and anti-g-actin
(1:500, SC-47778; Santa Cruz). Secondary antibodies used
were horseradish peroxidase conjugated antirabbit or anti-
mouse-IgG antibodies (1:1000; both from Bio Rad, CA).
Proteins blots were detected by chemiluminescence (ECL
detection system; Amersham Pharmacia, UK) using Image
Quant LAS 4000 (GE Healthcare Chicago). Band intensities
were quantified by densitometry using Alpha Easy FC
software (version 6.0.0; Genetic Technology Inc., Miami, FL).

Immunoblotting
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For cell counting, GRX and GRX®“*""“*! were seeded at the
density of 2.5 % 10%cells/cm2. After 24, 48, and 72 hours of
culture, cells were tripsinized and suspended in 200 uL of
phosphate buffered saline (PBS). Population doublings were
defined according to PD=1log N (f)—log (N(to))/log 2,
where N(f) is the number of cells per well at time of

Flow cytometry

ISR

passage, and N(to) is the number of cells seeded at the
previous passage.’! For morphological analysis, the size
and cytoplasmic complexity of GRX and GRX"GFFcavi
cells were analyzed using the forward scatter and the side
scatter) parameters, respectively. Cell cycle phase progres-
sion was analyzed after 48 hours of culture. A total of
3% 10° cells was incubated with cell cycle buffer (3.5 mM
de trisodium citrate, 0.5 mM Tris, with 0.05% nonidet),
RNase (10mg/ml) and the DNA was stained with
propidium iodide (50 ug/mL) for 15 minutes.

Endocytosis capacity of GRX and GRXECFPCavl yag
determined according to Lee et al** using red Fluo-
Spheres® (Fluorescent microspheres; Molecular Probes).
Briefly, cells were incubated in a ratio of 1:100 cell/
microspheres for 4, 8, and 16 hours. Cells were washed
two times with PBS, trypsinized, fixed with 4% paraf-
ormaldehyde, and submitted to flow cytometry.

The lysosome quantification was performed through
staining cells with Lysotracker Red DND 99 (LysRed)
(Invitrogen). Briefly, cells were cultured in 12-well plates,
trypsinized and incubated for 30 minutes with LysRed.

All data was acquired with a FACS Calibur cytometry
system (FACS Calibur; BD Bioscience, Mountain View,
CA) and Cell Quest software (BD Bioscience). Data
obtained (20.000 events) was analyzed with FCS Express
4 Software (De Novo Software, Los Angeles, CA).

2.6 | Sulphorhodamine B assay

To assess adhesion and proliferation properties, sulphor-
hodamine B assay was performed.** In short, GRX and
GRXECFPCa ywere seeded at 1x10* cells/cm? into 96-
well plates and 2.5x 10* cells/cm? into 24-well plates.
Cell adhesion and proliferation were assessed after 2, 4,
and 6 hours for adhesion experiments and 24, 48, and
72 hours for proliferation assay, respectively. Absorbance
was measured in a spectrophotometer (Spectra Max M5;
Molecular Devices, Sunnyvale, CA) at 560 nm.

2.7 | Cholesterol measurement

Free cholesterol content of cells was measured by
Amplex Red Cholesterol Assay Kit (Invitrogen) according
to the manufacturer's instructions. To measured free
cholesterol, cholesterol esterase was omitted from the
assay. The values obtained from a cholesterol standard
curve were normalized by protein content.

2.8 |
281 |

Microscopy analyses
Phase contrast microscopy

Cell morphology, transwell cell migration, and wound
healing capacity of GRX and GRX""" ! were analyzed
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by phase contrast microscopy using a Nikon Eclipse TE300
inverted microscope. Images were acquired using a Nikon
Digital Camera DXM1200C (Diisseldorf, Germany).

2.8.2 |

To test cell migration, transwell migration assay using
transparent PET membrane 24 well 8.0 um pore size
according manufactures protocol (ref 353097; Falcon,
Corning, NY) was performed. Briefly, cells were plated in
transwell chambers at density of 2 x 10* cells/cm? using
serum free DMEM. A total of 700 uL of 10% FBS DMEM
was added to the lower chamber and cells were
maintained at 37°C and 5% CO,. For the migration test,
cells were fixed after 16 hours and 22hours with 4%
paraformaldehyde for 15 minutes and then stained with
1% toluidine Blue O (Sigma) for 5minutes. Cells that
migrated were photographed in six randomly selected
fields for each membrane in triplicate and counted using
the ImageJ software (National Institute of Health, Rock
Ville Pike, Bethesda, MD).

Transwell cell migration assay

283 |
assay

Wound-healing cell migration

For analyzing cell migration, we followed standard
methods with modifications.**** Briefly, GRX and
GRXECFP-Cal were seeded into 24 well and cultured
until reach 80% of confluence. After, cells were scratched
with a micropipette tip and images were captured at 0, 6,
and 24 hours later.

2.8.4 | Laser-scanning confocal
microscopy

Expression and localization of Cav-1, Col-1, aSMA,
GFAP, 1 integrin and paxillin were assessed by
fluorescence labeling. Lysosomal function and endocy-
tosis were respectively analyzed by LysRed staining and
microspheres uptake FluoSpheres®. For all experiments,
GRX and GRX"CFPCa1 cells were cultured in appropriate
glass bottom culture plates (CELLview Glass bottom
plates; GreinerBioone).

For immunofluorescence labeling, cells were fixed
with 4% paraformaldehyde before incubating with the
primary antibodies (1:500) Cav-1, collagen-I, aSMA, 1
Integrin (sc53564, sc8784, sc1615, sc8978, respectively; all
from Santa Cruz Biotecnology, Dalas), GFAP (Z0O334,
from DAKO, Glostrup, Denmark), and paxillin (610051;
BD Biosciences, San Jose, CA). Sequentially, cells were
incubated with the secondary antibody (1:1000) Alexa-
Fluor 408, AlexaFluor 555, or AlexaFluor 647
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(Invitrogen). The fluorescent dye Hoechst 33342
(H1398; Invitrogen) was used for labeling cell nuclei.

LysRed staining were performed as in accordance
to the manufacturer's instructions. To visualize
microspheres uptake cells were incubated by 8 hours
with 1:100 cells/microspheres according.** To contrast,
actin cytoskeleton was stained with Phalloidin -
AlexaFluor 488 (Invitrogen) and cell nuclei with
Hoechst 33342 (Invitrogen). In this experiment, images
underwent a three-dimensional reconstruction of the
sweep on the Z axis. For actin cytoskeleton analysis,
cells were stained with Actin Red™ 555 (R37112;
Invitrogen) for 30 minutes in accordance to the manu-
facturer's instructions

All images were collected using Olympus FV1000
laser-scanning confocal microscope. Ten single confocal
sections of 0.7uM were taken parallel to the bottom
plates (xy sections). All experiments were performed at
least four times for each sample. Images from six random
fields were acquired, deconvolved using the Interactive
3D plugin and cell fluorescence intensity was analyzed
using the software ImageJ (National Institute of Health,
Rock Ville Pike, Bethesda, MD, EUA). Colocalization
analysis was performed using intensity correlation
analysis plugin of ImageJ.*®

2.8.5 | Electron microscopy

Cells were fixed in 4% paraformaldehyde plus 2.5%
glutaraldehyde in 0.1 M phosphate buffer (PB) at room
temperature. Afterwards, they were washed in PB and
fixed in 1% osmium tetroxide, OsO, (Sigma) in PB, pH 7.4
for 1 hour at room temperature. They were washed again
with PB and then gradually dehydrated with acetone
(Merck) and soaked in epon resin. Polymerization was
carried out for 48 hours at 60°C. Semi-thin sections
(1 um) were made in ultramicrotome (Leica EM UC7)
and stained with 1% toluidine blue. Ultrafine cuts were
obtained in an ultramicrotome for the assembly of copper
grids (200 mesh). Samples were counterstained with 1%
uranyl acetate (Merck) and then with 1% lead citrate
(Merck). Cell morphology, autophagosomes, and auto-
lysosomes were observed using TEM at an 80-kV
acceleration voltage (JEM 1200; EXII, Japan).

2.9 | Statistical analysis

Data were obtained at least from three independent
experiments done in triplicate and expressed as mean
values + SD. Statistical comparisons were carried out
by one- or two-way analysis of varianc followed by
Bonferroni's post hoc test. When necessary, Student t-test



ILHA ET AL.

was used. Statistical significance was accepted at P < .05.
All analyses and graphics were performed using the
statistical software GraphPad Prism 6 for Windows
(version 6; GraphPad Software Inc., Sa Diego).

3 | RESULTS
3.1 | Caveolin-1 expression in the
GRXECFP-Cavl 4ctivation

GRXECTFCavl expresses around 83% more Cav-1 when
compared to nontransfected GRX and the green fluores-
cence form EGFP colocalizes with anti-Cav-1 antibody in
red, revealing Pearson coefficient of 0.82+0.02, as
expected (Figure S1). To ensure that Cav-1 may be
responsible by all changes in GRX® TP we tested the
GRX cells transfected with a plasmid that expresses only
the EGFP, GRX®CFPPCine® (hCl.neo mammalian expres-
sion vector; Promega). Thus, we found that EGFP did not
interfere in cell proliferation, cell adhesion after 2 hours,
Cav-1 expression, lysosomal function and GRXFCFFPCineo
cell ultrastructure (Figure S2). Activation of HSC,
transdifferentiation of quiescent into activated myofibro-
blasts, is well defined as a primary driver of liver fibrosis.
The expression of a-SMA, Col-I, GFAP, as well as the
changes on the cholesterol metabolism and the autop-
hagy rate by lysosomal stimulation, are reliably markers
that are generally used to assess HSC activation.*
Therefore, we investigated the activation state of GRX
and GRX"CFPC! through analyzing these classical
parameters. In all immunofluorescence labeling for a-
SMA, Col-I and GFAP, it was noticed an increase on the
intensity of fluorescence (IF) in GRX*S* <! in compar-
ison to GRX cells (Figure 1A).

Caveolae may show a homogeneous distribution on
the plasma membrane with association of actin stress
fibers."? In a previous work, our group showed that the
treatment with proinflammatory cytokines induce the
GRX cells to a more activated state with a reorganization
of actin cytoskeleton.”” GRX cells present a typical
myofibroblast phenotype grow in a “hills and valleys”
model, characteristic of the smooth muscle cells lineages,
had low contact inhibition and have a well-organized
stress-fibers.’? On the other hand, GRXFCFPCavl (cellg
grow into small clusters composed of several cells
climbing over each other. In addition, labeling with
Actin Red 555 in GRX®S™F ™1 showed that stress fibers
were reduce in length with a granular actin perinuclear
zone. An extensive dense peripheral actin-rich border
and distant large focal adhesions at the end of long
pseudopodia (Figure 1B). In concordance with previously
description for the activation of GRX,?” these results
reinforce the hypothesis that the cell-cell adhesion was

ISR

stronger than cell-substrate adhesion. In addition, the IF
for Actin Red 555 was higher in GRX"CFP"C™! thus
suggesting an interconnection between the increased
Cav-1 expression and the amount/structure of the actin
cytoskeleton (Figure 1B). We further examine whether
expression of Cav-1 is implicated in cholesterol metabo-
lism by Amplex Red method and it was found an increase
of free cholesterol in GRX"C**™! compared to GRX
(Figure 1C). Altogether, these results are in accordance to
the previous description of GRX and/or HSC activation.

3.2 |

Cav-1 and caveolae play an important role in cell
migration.37 Therefore, we conducted the transwell
experiments to view chemotaxis attractive interaction in
response to the increased expression of Cav-1. GRX"¢F"
€avl presented an increased capacity on migrating toward
the chemo-attractant after 16 and 22 hours in comparison
to the GRX. Interestingly, GRX®S**"“™! remained in
clusters when passing through the transwell, showing
strong attraction between cells produced by the activation
process, suggesting enhances polarity and collective cell
movement migration (Figure 2A).

In wound healing experiment at time Ohours
GRXECGTFC1 gpened a larger wound. Curiously, cells
detached from the substrate as a layer and these
cells adhere again on the edges of wound (Figure 2B
black arrow). On the other hand, GRX detached from
the substrate individually. These phenomena are very
interesting because GRX®“""“®! showed an enhanced
mechanosensory, surface tension, and cell-cell affinity
to continually attached to others.*® Curiously, at time
6 hours, migration pattern of both cell lines is different.
GRX expanded pseudopodium-like projections into the
free space and have a cell single migration. On the other
hand, GRXECFF-CaVl oells showed a collective migration
pattern, suggesting a lamellipodial crawling movement
(Figure 2B white arrow). After, 24 hours both cells lines
closed the wound. Collectively, these results demon-
strated that Cav-1 accelerated transwell migration in
chemo-attractant conditions, and in the wound healing
experiment demonstrated a different pattern of migration
for both cell lines, higher superficial tension and cell-cell
affinity in GRX®9FF¢®1 (Figure 2B).

Cav-1 in cell migration

3.3 | Effects of caveolin-1 expression on
cell cycle

Although the proliferation curve of transfected cells
appears to indicate a higher rate of proliferation compared
to GRX cells, the calculation of population doubling
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After 6 hours migration pattern was different in both cell lines. In zoom, detailed GRX cells demonstrated a single cell pattern of migration
(white arrow) whereas GRX"9**"“®"! demonstrated a collective pattern of migration. In 24 hours, both cell lines closed wound. ****P < .0001.

Caveolin-1, Cav-1

(CPD) and growth coefficient did not differ between the two
cell lines (Figure 3A). This can be explained by the
comparison between the adhesion proprieties of GRX cells
and GRXECTPCal GRXECTPCaVl presented an increased

cell adhesion, when evaluated in 2hours, and this
pattern was maintained over 4 and 6 hours after plating
(Figure 3B). Despite the increased number of adhered cells,
GRXECFPCaVL exhibited a distinct adhesion pattern since
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cells remained rounded for at least 2 hours after plating.
In contrast, 2hours after plating, GRX cells already
have well-formed cytoplasmic processes, demonstrating
its cell spreading, traction force magnitude, cytoskeleton
remodeling, and possibility more hydrophilic proprieties by
substrate (Figure 3B). Thus, cell cycle progression in GRX
and GRX"CTFC™! were analyzed by flow cytometer.
Significantly, GRX®C""“™! showed a reduction in percent
of cells in GO/G1 phase and an increase in percent of cells
in the S phase, but number of cells in G2/M was similar in
both cell lines (Figure 3C). Caveolin regulate cell cycle and
tumor progression in some cases."

3.4 | Effects of caveolin-1 expression in
adhesion complex

Integrins communicate positional and mechanical signals
from the ECM to the extracellular milieu, modulating
important cell function such as adhesion, migration, and
proliferation. {1 integrin and paxillin are adhesions
proteins connected with Cav-1 and ECM.*** To in-
vestigate if these proteins are involved in the aforemen-
tioned adhesion pattern, we evaluated their expression by
measurement of IF in GRX and GRX®CFP“2! seeking for
the potential proteins colocalizations. As expected, the IF
of both proteins was increased in response to exogenous
expression of Cav-1 (Figure 4A and 4B). Colocalization

GRXEGFP-Cav1

(A) GRX

48h

O GRX

% of Cells

204

G0/G1 S G2/M

ILHA ET AL.
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between f1 integrin and Cav-1 in GRX and GRX®GFP-cavt
was demonstrated by the analysis of images presented in
Figure 4A. Furthermore, the {1 integrin/Cav-1 colocali-
zation was clearly enhanced in GRX®SFF“2"! Moreover,
B1 integrin and paxillin are distributed and colocalized
throughout all cell cytoplasm (Figure 4B), thus indicating
a strong interaction between these proteins. Indeed,
immunofluorescence of paxillin showed more FA sites
and increased of IF in GRX"F¢™1 which may implicate
in the recruitment of many structural and regulatory
proteins to the cell adhesion sites. In summary, these
results support the evidence that exogenous expression of
Cav-1 is capable to modify the cell cycle and to change the
cell adhesion pattern.

3.5 | Impact of Cav-1 expression on cell
morphology and endocytosis flux

Caveolin proteins are best known for their facilitations of
the formation of plasma membrane caveolae.'* To
examine the effect of exogenous expression of Cav-1 on
GRX cell line, we analyzed cellular ultrastructure by
TEM (Figure 5A). Among the observed differences
between transfected and nontransfected cells, the most
remarkable fact was the presence of autophagosome-like
structures and autophagolysosomes (AL). Also, we
visualized a notable of clumping caveolae (white circles)
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FIGURE 3 Effects of Caveolin-1 on cell proliferation and adhesion. A, Images from phase-contrast microscopy on cell morphology on
48 hours and cell proliferation after 24, 48, and 72 hours of culture. For GRX and GRX®FP“*! calculation of population doubling (CPD)
revealed a growth coefficient of 0.835 and 0.818 and a duplication time of 20 and 19 hours. B, Images from phase-contrast microscopy in
2 hours after plating (black arrows) and cell adhesion measured by sulphorhodamin B. assay after 2, 4, and 6 hours. Magnification of 200x.
C, Cell cycle was analyzed by flow cytometry. *P <.05; ***P < .001; **** P <.0001
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as described in Material and Methods. *P < .05; ***P < .001. Caveolin-1, Cav-1

in transfected cells (Figure 5A). Likewise, the data of
TEM (Figure 5A) showed an endoplasmic reticulum (ER)
dilated in GRXECFPCavl when compared with GRX, thus
suggesting ER stress. In addition, HSC activation is
triggered by ER stress and autophagy, producing thus
fatty acids from cleavage of retinyl esters.* These
results indicated that exogenous Cav-1 promoted a great
change in the cytoplasm of GRX"®*P"“@! which may be
responsible for the greater granularity shown by these
cells in the morphological analysis by flow cytometry
(Figure S1F-G).

Because TEM analysis revealed presence of autopha-
gosome-like structures and AL, we examined whether

Cav-1 expression affects lysosomal function by evaluating
LysRed stained cells. Notably, there was a significant
increase in LysRed in GRX®CFP“! when comparing
to GRX, indicating enhanced acidification of lysosomes
(Figure 5B). Autophagy is a dynamic process constituted
by a succession of steps leading to the formation of
autophagosomes. After fusion with lysosomes, the cargo
material is degraded.*!

Since TEM analysis revealed many caveolae (Figure 5A),
we evaluated the endocytosis capacity of GRX and
GRXFCFPCVL cells using FluoSpheres® by flow cytometry.
Endocytosis capacity was increased in GRXECFPCavi
cells after 8 hours of cell incubation, reaching a plateau
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caveolae (white C), lysosome (L). Scale bars, 2, 1, and 0.5 um. B, Representative images of lysosomal function after staining with LysRed. C,
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after 16 hours. Phalloidin counterstaining for the three- 4 | DISCUSSION

dimensional imaging reconstruction confirmed that the

FluoSpheres® were inside the cells (Figure 5C). These data Our group*>* has demonstrated that GRX has GFAP and
indicated that exogenous expression of Cav-1 was able to Col-I expression and we show that exogenous expression
accelerate the endocytosis flux in GRXECFP-CavL (i, of Cav-1 increases the expression of GFAP, Col-I, a-SMA
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and the amount of free cholesterol in GRXFCFPcaV!

cell line than in GRX. HSC have an important typical
transcriptomic profile that expresses a variation of genes
and proteins that differentiate these cells from others
liver cells. There are well-known molecular markers for
myofibroblast differentiation like the increased content of
a-SMA and Col-1.* In addition, GFAP is expressed in vivo
in HSC’ and is increased in the chronic liver fibrotic
response.*® Another characteristic involved in HSC activa-
tion is enhances of free cholesterol content. It is important
to note that dilated or stressed ER is associated to the
fibrogenic gene expression in HSC and to the increased
autophagy during HSC activation. Indeed, ER is the cellular
site of cholesterol synthesis. Cav-1 binds to cholesterol and
regulates the cholesterol trafficking — import and export - to
and between the plasma membrane and other cellular
sites.*!* Unlike in most organs, such as heart, lung, and
kidney, Cav-1 operates as a pro-fibrotic role in hepatic
tissue. Cav-1 binds to cholesterol and its levels are increased
in cirrhosis, showing an interdependence of two molecules
in the pathophysiology of liver diseases.*?

Cav-1 was linked to proliferation and cell cycle in
several studies.’®> Furthermore, exogenous expression of
Cav-1 did not change the CPD; however, modified cell
cycle through enhancing the percentual number of cells at
phase S and decreasing at phase GO/G1. Indeed, Cav-1 is
thought to regulate cell cycle and tumor progression
through modulating of signaling by the Ras/MAPK
pathway. This fact could indicate that soluble Cav-1 is
carried into the nucleus, regulating gene expression. In the
nucleus, Cav-1 can bind to promoters and can down-
regulate the expression of genes responsible for controlling
of cell proliferation, such as cyclin D1 and folate receptor.*?

Our findings support the notion that Cav-1 modulated
actin cytoskeleton, 1 integrin, and paxillin complex by
enhancing cell polarization, directional migration, adhe-
sion proprieties, and cell-cell affinity. We showed that
exogenous expression of Cav-1 increases the protein
content of 1 integrin, paxillin, and f-actin, which are
important FA proteins on promoting the connection
between cell cytoskeleton and ECM. In addition, we
evaluated the impact of Cav-1 in the cell migration.
GRXECFFCavL cells presented an accelerated and collec-
tive migration toward chemoattractant media and an
extended abroad (lamellipodia) migration. On the other
hand, GRX cells presented an extended spike-like
protrusion (filopodia) and a single cell migration. In the
wound healing assay, it was possible to note the
formation of FA in both GRX®SF" ! and GRX cells.
Mechanosensing is when cells transduce the mechanical
proprieties to cells-ECM and cell-cell interactions
through FA that are linked to actin fibers.*® Integrins
are an important cell adhesion proteins that act in cell-

WILEY— L2

cell and cell-ECM interactions, and are the first to be
activated among FA proteins during wound healing
responses.*>** Indeed, B1 integrin protein increase is
associated with the progression of fibrotic liver diseases.*
Cav-1 and 1 integrin have a strong association with
adhesion proprieties and migration, remodeling actin
cytoskeleton and stabilizing the focal adhesion kinase at
FA.*” How cells collectively adjust their forces and how
they sense and transduce the mechanical properties of
their neighbors cells are currently under intensive
investigation.*?

In the present study, expression of Cav-1 enhanced the
number of caveolae, revealing noticeable changes in cell
morphology of GRX"S™PC!  Accordingly, GRXECFF-Ca!
cells have greater size and cytoplasmic complexity. The
appearance of autophagolysosomes in GRXFSFFCa! wag
higher and concomitant to the increase of lysosome revealed
by the LysRed signal in comparison to GRX. Cav-1 has an
extensive membrane distribution in all organelles, including
lysosomes. Moreover, autophagy drives HSC activation by
generating metabolic homeostasis.*"**

In fact, in ours results we demonstrated that
GRXFCFPCaL cells endocytosed more FluorSpheres®
when compared with GRX. Importantly, Cav-1 and its
interactions with actin cytoskeleton and ATP play a
pivotal role in the structure, formation, and function
of caveolae.'>'**14>4¢ Although these results may be
related to the increase on the caveolae number, it is
possible that FluorSpheres® uptake can be being driven
by both caveolar endocytosis or clathrin-dependent
endocytosis.'>*’

GRX cells represent a heterogeneous population that
can be induced to have majority activated or quiescent
cells.2%25484% Here, we showed for the first time that
exogenous expression of Cav-1 (GRX"CFPC1) jnduced
the majority of the GRX population into an activated-like
HSC state. The established cell lines can have a high
impact on strategy and comprehension of cellular
biology, substantially contributing to novel therapeutic
design for liver fibrosis study. Our results suggest that
Cav-1 is a new possible candidate for molecular marker
of HSC activation. Because Cav-1 is enhanced in the
context of pathophysiology, an advantage on establishing
a GRX model that expresses increased levels of Cav-1, is
the possibility to focus on future pivotal studies and the
role of Cav-1 on molecular mechanisms involved in HSC
activation at cellular level. In this sense, further studies
are indispensable to fully understand possible healing
cooperation of Cav-1 in liver fibrosis, when rapid reversal
is required. The GRX®CFF"“®! cel line is accessible to be
used for research to further understand the pathology
and physiopathology of liver fibrosis and its susceptibility
to new available medications.
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