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Abstract

The autophagy in cancer cells is recognized as an essential hallmark of tumors, which can enhance
cancer cell migration and invasion, and result in high incidence of tumor metastasis. The fluid shear
stress (FSS) in tumor mechanical microenvironment plays a pivotal role in mediating the behaviors
and functions of cells. In this study, the hepatocellular carcinoma cells were exposed to 1.4 dyn/cm?
FSS to explore whether FSS could induce autophagy. The results of TEM, Ad-mCherry-GFP labeled
LC3B, and mRNA and protein expression of autophagy markers confirmed that FSS could induce
autophagy in a time-dependent manner. Additionally, the inhibition of autophagy significantly
downregulated the expression of PI3K, FAK and Rho GTPases, and attenuated the ability of cell
migration, suggesting that FSS-induced autophagy depended on PI3K- FAK-Rho GTPases pathway.
This study elucidated the role of FSS in inducing autophagy during tumor progression, which has

emerged as a promising clinical strategy for cancer.
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Introduction

Hepatocellular carcinoma (HCC) is a subtype of
liver cancer with poor prognosis and limited
treatments. The migration, invasion and metastasis of
primary hepatoma carcinoma cells are the main
causes of postoperative recurrence and poor curative
effect of HCC [1]. Autophagy is an evolutionarily
conserved physiologic process that is maintained at a
basal rate by cells throughout the body [2, 3].
Recently, increasing evidence suggests that
autophagy is a  double-edged  swordin
hepatocarcinogenesis, which autophagy prevents the
initiation of hepatocarcinogenesis by suppressing
oxidative stress and DNA damage at early
tumorigenesis, promoting tumor cell migration and
metastasis once hepatocarcinogenesis has been
initiated [4, 5].

The occurrence of autophagy in cancer cells
depends on the tumor microenvironment. The tumor
microenvironment is a complex environment which
consists of growth factors, chemokines and

surrounding matrix tissues, as well as mechanical
factors such as interstitial flow and fluid shear stress
(FSS) generated by the flow of blood, tissue fluid and
lymph fluid [6]. Zhang et al [7] reported that TGF-{32
could initiate autophagy and promote invasion of
glioma cells. The adipocytokine secreted by
adipocytes in the breast tumor microenvironment,
induced autophagy in breast cancer cells [8]. IL-37
induced the occurrence of autophagy in
hepatocellular carcinoma cells, mediating the
tumorigenesis and tumor suppression [9]. However,
these studies on the occurrence of autophagy in tumor
cells mainly focus on the induction of chemical
factors. There are few researches on the effect of
biophysical factors such as FSS triggering autophagy.
Due to dysplasia of tumor tissue vessel and
incompletion of endothelial layer, HCC is directly
exposed to blood or lymph flow, which results in the
high occurrence of tumor metastasis. Studies have
shown that cancer «cells in the tumor
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microenvironment are often exposed to FSS ranging
from 0.01 to 0.2 Pa (0.1 dyn/cm? to 2 dyn/cm?) [10]. 2
dyn/cm? FSS markedly upregulated the expression of
matrix metalloproteinase-12 (MMP-12) and promoted
the invasion of chondrosarcoma [11].

There are a lot of works highlight the direct
involvement of autophagy in cell migration and
cancer metastasis [5, 12]. The autophagy regulated
tumor cell motility by various mechanisms such as
synergistic interaction with epithelial-mesenchymal
transition (EMT), focal adhesion (FA) turnover,
PERK1 signaling pathway and FAK signaling
pathway [12]. Our previous studies have confirmed
that FSS regulated endothelial cell and tumor cell
migration through Integrins-FAK-Rho GTPases
signaling pathway [13]. As a crucial downstream
regulator of PI3K, FAK leads to a cascade of activation
of downstream signaling pathways [14], which is
involved in autophagy induction [15]. Especially,
PI3K/AKT/mTOR cascade is regarded as a classic
signaling pathway in mediating the occurrence of
autophagy [16]. The phosphatidylinositol-3 kinase
(PI3K) signaling pathway is an important regulator of
cell functions including survival and proliferation, as
well as cell migration [17]. Activation of PI3K further
activates a downstream serine/threonine protein
kinase (AKT) signaling via Ras and P110. The
phosphorylation of AKT determines the activity of
Rho GTPases (Rho A, Racl and Cdc42), which
eventually contribute to the cellular migration
behavior through the activation of cell filopodia,
pseudopodia and stress fibers [18-20]. Accordingly,
we hypothesized that autophagy induced by FSS
regulates the liver cancer cell migration depended on
PI3K-FAK-Rho GTPases signaling pathway.

Accordingly, in the present study, HepG2 and
QGY-7703 cells as model cell lines were exposed to 1.4
dyn/cm? FSS for different duration (0.5h, 1h, 2h, 4h)
to explore whether FSS could induce autophagy in
hepatocellular carcinoma cells. The formation of
autophagosomes and the autophagy flux were
examined, and the time-dependent changes in mRNA
and protein expression of autophagy-relative genes
and proteins ATG5, ATG7, Beclinl, P62 and LC3I1/1
were examined. Using autophagy inhibitor
3-Methyladenine (3MA) which targeted PI3K Class
III, we further determined whether FSS-induced
autophagy depended on PI3K-FAK-Rho GTPases
signaling pathway. This work provides a further
understanding of mechanics in tumor
microenvironment regulating autophagy, which is
expected to provide new approaches to HCC
therapeutic applications.

Materials and methods

Ethics statement

This article does not contain any studies with
human participants or animals performed by any of
the authors.

Cells and cell culture

HepG2 and QGY-7703 cells were selected as
model cancer cells for the present study. HepG2 cells
(Institute of Cell Biology and Biochemistry, Shanghai,
China) are adherent, epithelial-like cells growing with
small aggregates. QGY-7703 cells (Institute of Cell
Biology and Biochemistry, Shanghai, China) were
derived from malignant hepatoma cells of the liver
epithelial cells. Both HepG2 and QGY-7703 cells were
maintained in RPMI-1640 complete growth medium
(Invitrogen Company, USA), supplemented with 10%
fetal bovine serum (FBS, Gibco BRL, USA), 2mM
L-Glutamine, 100 U/mL penicillin, 20 mmol/L
HEPES (Sigma, USA), 2%. NaHCO; and 50 mg/mL
streptomycin (Beyotime Institute of Biotechnology).

Fluid flow stimulation

HepG2 and QGY-7703 cells were seeded onto
glass slides (7.5 cmx2.5 cm*1.0 cm) at a concentration
of 4x10* cells/cm? and incubated in an incubator
(Heraeus Company, Germany) with 5% CO» at 37°C.
The cells on glass slides were cultured to about 90%
confluence and then placed the slides in a parallel
plate flow chamber with a laminar fluid shear stress of
1.4 dyn/cm?2 HepG2 and QGY-7703 cells were
subjected to FSS for 0.5h, 1h, 2h and 4h at 37°C with
5% CO,, which was defined as 0.5h group, 1h group,
2h group, and 4h group, respectively. In addition,
HepG2 and QGY-7703 cells were pre-treated with
autophagy inhibitor 3-methyladenine (3MA, 5 mM)
overnight, then exposed to FSS for 0.5h and 1h
respectively, which was defined as 0.5h+3MA and
1h+3MA group.

Analysis of autophagosome by TEM

HepG2 cells with 90% confluence were exposed
to 1.4 dyn/cm? FSS for 0.5h, 1h, and 2h, respectively.
After exposing to FSS for different duration, the cells
were washed three times with PBS for 5 min. The cells
were collected and centrifuged at 1500 rpm for 15
minutes. Discard the supernatant, add 0.5%
glutaraldehyde fixative (1: 6 dilution with PBS,
Amersco Company, USA) and then let the sample
stand still at 4 °C for 10 min. Then centrifuge it at
12000 rpm for 12 min, discard supernatant and slowly
add 3% glutaraldehyde fixative (Amersco Company,
USA). Finally, 1% osmium tetroxide fixed again,
acetone dehydration, Epon812 embedded, ultra-thin
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sections, uranyl acetate and lead citrate double
staining. The autophagosomes in cells were observed
by TEM (H-600IV, Japan) in all different fields of
view.

mCherry-GFP-LC3B infection

The mCherry-GFP-LC3B (Beyotime
Biotechnology Co., LTD, Beijing, China) is an
adenovirus that expresses the mCherry-GFP-LC3B
fusion protein and is used for the monitor of
autophagy flux after infection of cells or tissues.
HepG2 and QGY-7703 cells with 90% confluence were
prepared into 2 mL of cell suspension. Place a small
round glass slide (12 mm in diameter) into a 24-well
plate (Corning Company, USA), then add 100 pL to
120 pL of cell suspension to each slide, continue to
incubate. After cells adhering to the glass slide, add
500 pL of RMPI1640 complete medium into the
24-well plate, continue to culture. When the cells
grown to 50% confluence, the RMPI1640 complete
growth medium was replaced with pre-configured
virus solution with MOI=10. After 24h of infection,
the virus-containing medium was removed, washed
for three times with PBS, and added with 500 pL of
RMPI1640 complete growth medium, keeping culture
for 48h.

After mCherry-GFP-LC3B adenovirus infection,
the HepG2 and QGY-7703 cells were loaded with 1.4
dyn/cm? FSS for 05 and 1h, respectively.
Subsequently, slides were removed at above various
time points and put into 24-well plates, washed with
PBS for three times. Then they were fixed with 4%
paraformaldehyde for 8 min, washed with PBS 3
times for 5 min. Then DAPI 4,
6’-diamidino-2-phenylindole) with 1:400 dilution was
added and co-incubated for 15-30 min at 37°C.
Samples sealed with glycerol were observed by laser
scanning confocal microscopy (Leica TCS SP5,
Germany).

qRT-PCR

Quantitative real-time polymerase chain
reaction (qRT-PCR) was used to investigate the
expression of  autophagy-related genes in
hepatocellular carcinoma cells at different duration of
FSS loading. The static cultured HepG2 and
QGY-7703 cells were set as controls, and the cells
cultured with Earle’s balanced salt solution (EBSS)
contains no serum and other nutrients were used as
positive control. The ATG5, ATG7 and Beclin-1 gene
primers were designed and synthesized by Dalian
Bao biological company. Disintegrated by the Trizol
reagent (Thermo Fisher Scientific company, USA),
then cells were placed on ice and rinsed for three
times with cool PBS. The total RNA was collected and

quantified with Nano drop 2000 (Thermo Fisher
company, USA). Then the total RNA was reverse
transcribed into cDNA according to the procedure of
the PrimeScript® RT reagent Kit with gDNA Eraser
reverse transcription kit (Bao biological engineering
company, Dalian, China). Finally, real-time
fluorescence quantitative PCR mixture with SYBR®
Premix Ex Taqll (Tli RNaseH Plus) was prepared. The
amplification of autophagy-related genes was
achieved by the polymerase chain reaction (PCR). The
expression level of the target gene was corrected by
the expression level of reference gene GAPDH, and
the relative expression level of the target gene was
calculated by 2- 24Ct analysis. Each experiment was
performed in triplicates and the same protocol was
followed until the completion of the experiment.

Cell migration scratch-wound assays

The scratch wound assay was applied to
measure and evaluate migration ability of liver cancer
cells. HepG2 and QGY-7703 cells were cultured to
about 90% confluence, followed by fluid shear stress
exposure, autophagy inhibitor 3MA pre-treatment
combined FSS stimulation, EBSS pre-treatment, and
EBSS pre-treatment combined 3MA inhibitor,
respectively. Then a uniform scratch (about 500 pm
width) was performed in the cell monolayer using a
sterile micropipette tip. Washing the slides gently
with PBS three times, then the cells were cultured in
an incubator containing 5% CO, at 37°C. Three images
of the wounds were randomly chosen at Oh and
photographed consecutively at Oh and 24h under
static culture using an inverted microscope (CK2,
Olympus, Japan). The cell migration distance at the
end of each recording period was calculated as the
difference between the end length and the original
length of the wound edge.

Western blotting assays

The HepG2 and QGY-7703 cells were cultured to
about 90% confluency and then exposed to FSS of 1.4
dyn/cm?. The cells were disintegrated by cell lysis
solution. The total proteins were collected and
centrifuged with 12,000 rpm at 4°C for 8 min,
quantified by bicinchoninic acid (BCA) assay kit
(Beyotime Biotechnology Co., LTD, Beijing, China).
Equal amounts of protein (30 pg) were loaded onto
each lane of a 10% SDS-PAGE gel. After gel
electrophoresis and  membrane transferring,
polyvinylidene difluoride membranes (PVDF, GE
Healthcare) were blocked for 2h in 5% BSA in TBST
buffer (20 mM Tris-HCI [pH 8.0], 150 mM NacCl, 0.05%
Tween 20) at 37°C. Membranes were incubated with
primary antibodies including ATG5, ATG7, Beclinl
and P62 (Santa Cruz, Inc., USA) and LC3II/T (Sigma,
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USA), as well as PI3K (Sigma, USA), FAK, Racl, Rho
A, Cdc42 (Santa Cruz, Inc., USA) overnight at 4°C,
respectively. HRP binding secondary antibodies were
incubated for 2h at 37°C. Bands were visualized by
enhanced  chemiluminescence and  Molecular
Image®ChemiDoc™ XRS* system with Image Lab™
Software. The tests were performed three times and
quantification was done and analyzed by Image ]
1.44p software (National Institutes of Health, USA).
The intrinsic controls (GAPDH) were used to
guarantee the uniformity of equal loaded protein
amonyg all groups.

Statistical analysis

All statistics were analyzed using statistical
software SPSS 11.5 (SPSS, Inc., Chicago, Illinois). Data
obtained from different treatment groups were
statistically compared and reported as means + SD. To
reveal differences among the groups, one-way
ANOVA followed by Tukey’s test was used.
Differences were considered significant at P< 0.05.

Results

FSS induced the formation of autophagosomes
in HepG2 cells

HepG2 cells were exposed to FSS, and the
autophagosomes in cells were then observed by TEM.
Autophagosomes are characterized by the
vacuole-like structure of bilayer or multilayer
membranes containing cytoplasmic components such
as organelles. As shown in Figure 1A, there was no

bilayer membrane structure could be found in control
group (static culture conditions), while it was evident
from the TEM images that a lot of autophagosomes
formed in the cytoplasm at 0.5h, 1h and 2h group,
respectively (Figures 1B-D). These results provided
direct evidence that FSS could induce autophagy in
HepG2 cells.

The LC3B distribution

HepG2 and QGY-7703 cells were infected with
mCherry-GFP-LC3B  adenovirus to detect the
occurrence of autophagy. The diffuse yellow
mCherry-GFP-LC3B dots (the combination of red
Cherry and green GFP) at the cytoplasm accumulate
to yellow spots at the autophagosome membrane
during the process of autophagy. As shown in Figure
2, HepG2 and QGY-7703 cells infected with
mCherry-GFP-LC3B  adenovirus showed diffuse
yellow fluorescence in the cytoplasm under static
culture conditions. Exposed to FSS for 0.5h, the yellow
mCherry-GFP-LC3B spots obviously aggregated at
autophagosome membrane. With the increase of FSS
loading duration, the areas of yellow spots enlarged
and further aggregated in 1h group (Figures 2A and
C). The Image] software was used to calculate the
number of spots in cells. The statistical results showed
that the number of yellow fluorescent spots in HepG2
and QGY-7703 cells in 0.5h and 1h group increased
significantly compared to static culture control
(Figures 2B and D).

Figure 1. The typical TEM images of autophagosomes in HepG2 cells. (A) The HepG2 cells were cultured under static culture conditions (control group). The cells
were exposed to 1.4 dyn/cm2 FSS for 0.5h, Th and 2h, which defined as 0.5h (B), 1h (C), and 2h group (D). Scale bar=1 pm. The enlarged images showed the autophagosomes with

bilayer membrane structure (indicated by red arrows). Scar bars in figures are 100 nm.
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Figure 2. The mCherry-GFP-LC3B puncta formation assays. Confocal images showed distribution of LC3B during the process of autophagy in HepG2 cells (A) and
QGY-7703 cells (C) transfected with mCherry-GFP-LC3B adenovirus. The static control (CT group) showed diffuse yellow dots at the cytoplasm; 0.5h group showed that yellow
mCherry-GFP-LC3B spots aggregated at the autophagosome membrane; the areas of yellow spots enlarged and further aggregated in 1h group. The statistical results of
fluorescent spots were analyzed in HepG2 cells (B) and QGY-7703 cells (D). *, P<0.05 vs CT.

The mRNA expression of autophagy-related
genes

ATGS5, ATGY?, and Beclin-1 are closely related to
the process of autophagy and have been regarded as
the markers of autophagy. Exposed to FSS for
different duration, the time-dependent mRNA
expression of autophagy-related genes ATG5, ATG?,
and Beclinl was examined to determine the
autophagy in HepG2 and QGY-7703 cells (as shown in
Figure 3).

As the positive control, EBSS significantly
upregulated the mRNA expression of ATG5, ATG7
and Beclinl compared to that of the static culture
control in two cell lines (P <0.05). In HepG2 cells, the
expression of ATG5 at 1h group was remarkably
higher than that of the control group. Exposing to FSS
significantly up-regulated ATG7 expression at 0.5h
and 1h, but ATG7 gene expression sharply decreased
at 2h and subsequently increased at 4h. Interestingly,
the mRNA expression of Beclinl gene decreased at
initial 0.5h compared with the control group, while

was significantly up-regulated at 2h (Figure 3A). In
QGY-7703 cells, FSS significantly upregulated mRNA
expression of ATG5 and Beclin-1 at initial 0.5h, and
ATG7 at 1h, respectively (Figure 3B). These results
suggested that, as an important physical factor, FSS
could induce the rapid occurrence of autophagy in
hepatocellular carcinoma cells. The upregulation of
autophagy-related genes suggested that FSS induced
autophagy in a relatively short duration (0.5h and 1h).

FSS regulated the expression of
autophagy-related marker proteins

The expression of autophagy marker proteins
ATG5, ATGY7, Beclin-1, P62 and LC3II/1 was further
investigated in HepG2 cells (Figure 4A) and
QGY-7703 cells (Figure 4B). According to Fig.4A, it
was found that the expression of ATG5, ATG7 and
Beclinl protein in HepG2 cells was significantly
up-regulated at 0.5h group compared with the static
control group (P<0.05). The addition of 3MA
remarkably decreased the level of ATG5, ATG7 and
Beclinl at 0.5 and 1h. As a reporter of autophagy
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activity, P62 protein is a degraded substrate protein
during autophagy. Our results showed that P62
protein expression was significantly upregulated at
0.5h group, then decreased at 2h with FSS loading.
Additionally, the expression of P62 with the addition
of 3MA inhibitor showed a sharp upregulation at 1h.
During the process of autophagy, LC3B binds to
autophagosomes, then LC3I gradually converts to
LC3II, the ratio of LC3II/T becomes higher. LC3B is
the most widely used marker of autophagy flux [21].
As shown in Figure 4A, the ratio of LC3II/I
significantly increased in 0.5h, 2h and 4h groups, but
showed a decrease at 1h after exposing to FSS. With
addition of 3MA inhibitor, the ratio of LC3II/I was
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lower than that of the control, and there was a
significant difference compared with 0.5h FSS-loaded
group (P<0.05).

Similarly, = FSS  induced a  significant
up-regulation of ATG5, ATG7, Beclinl in QGY-7703
cells at 1h. Inconsistent with HepG2 cells, the ratio of
LC3II/I in QGY-7703 cells was significantly
up-regulated at 0.5h and 1h, then showed a sharp
decrease and was equal to control level at 2h and 4h.
Interestingly, the expression of P62 protein obviously
decreased not at initial 0.5h but at 2h in both cells.
Also, the addition of 3MA remarkably decreased the
level of ATG5, ATG7 and Beclinl at 1h (Figure 4B). In
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Figure 3. Effects of FSS on autophagy-related genes expression in HepG2 cells and QGY-7703 cells. FSS induced the time-dependent expression of
autophagy-related genes ATGS5, ATG7, Beclinl in HepG2 cells (A) and in QGY-7703 cells (B). *, P<0.05 vs CT.
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up-regulated the expression of autophagy-related
marker proteins ATG5, ATG7, Beclinl, LC3Il and
degraded P62 in HepG2 cells at 0.5h and in QGY-7703
cells at 1h, respectively, which could be significantly
suppressed by 3MA inhibitor.

FSS-induced autophagy enhanced the
migration of HepG2 and QGY-7703 cells

To explore the alteration of migration ability of
HepG2 and QGY-7703 cells, wound scratch assays
were performed (Figure 5A-B). The cells were
exposed to FSS for 0.5h and 1h, respectively. The
statistical results indicated that the migrated distance

of HepG2 and QGY-7703 cells after 24h were 210+10
pm/225+10 pm in FSS groups and 260+10 pm/275+10
pm in EBSS groups, which were larger than that of
static culture controls, suggesting that FSS-induced
autophagy significantly enhanced the migration
ability of both cell lines (Fig. 5C-D). Compared with
the FSS group, it could be found that the addition of
inhibitor 3MA significantly inhibited the migration of
both cells. Similarly, pre-treatment with 3MA in EBSS
groups also significantly inhibited the migration of
both cell lines, in contrast with the EBSS groups (Fig.
5C-D).
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Figure 4. Effects of FSS on the expression of autophagy marker proteins in HepG2 cells and QGY-7703 cells. Exposing to FSS, the expression of
autophagy-related proteins ATG5, ATG7, Beclinl, LC31TI/ LC3 I showed up-regulation in HepG2 cells (A) and QGY-7703 cells (B). Totally, the peak of autophagy-related
proteins expression changes in HepG2 at 0.5h and in QGY-7703 cells at Th. With the addition of 3MA, the expression of ATG5, ATG7, Beclinl protein and LC3II/LC3 I was
remarkably decreased, P62 level was up-regulated. Based on the gray value of Western blot bands, the statistic results were analyzed. *, P<0.05 vs CT; #, P<0.05 vs 0.5h group;

&, P<0.05 vs 1h group.

FSS-induced autophagy depended on
PI3K-FAK-Rho GTPases pathway

Our previous results indicated that HepG2 cells
and QGY-7703 cells revealed obvious autophagy
exposed to FSS at 0.5h and 1h respectively, and
autophagy inhibitor 3MA significantly inhibited
autophagy and cell migration. We further explored
the potential mechanism of FSS-induced cellular

autophagy. As shown in Figure 6, consistent with
positive control EBSS group, FSS significantly
up-regulated the intracellular PI3K (III) and FAK
expression in both HepG2 cells and QGY-7703 cells at
0.5h and 1h. The expression of PI3K (III) and FAK was
significantly decreased with pre-treatment of 3MA
inhibitor, suggesting that FSS and EBSS-induced
autophagy both depended on PI3K (I)-FAK
signaling pathway.
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The downstream signals of Rho GTPases were
further explored (Figure 7). As illustrated in Western
blot assays and statistical analysis, FSS significantly
up-regulated the levels of Rho A, Racl and Cdc42 in
both HepG2 cells and QGY-7703 cells, and the total
expression of these small G proteins was significantly
down-regulated with the treatment of 3MA inhibitor
(P<0.05). The EBSS positive control group also
significantly increased the expression of three
proteins in both cells, which was
significantly decreased with autophagy inhibitor
3MA addition (P<0.05). Accordingly, these results
confirmed that FSS-induced autophagy depended on
PI3K (1IT)-FAK signaling pathway, and the occurrence
of autophagy enhanced cell migration ability via Rho
GTPases.

Discussion

HCC has the characteristics of high malignancy,
rapid progression, poor curative effect and short
survival time. During the progression of cancer, the
tumor cells migrated from the primary tumor and

invaded into the nascent blood vessel, metastasized to
form new solid tumors. Therefore, the study of the
mechanism of tumor cell migration is crucial for
developing new treatment strategies for cancer

patients.
The tumor microenvironment is composed of
extracellular matrix molecules, tumor cells,

endothelial cells, fibroblasts and immune cells, which
contributes to tumor growth, invasion and metastasis
[22]. Dynamic stresses which exerted by the
interactions among these cellular components and the
blood and lymphatic flow, constitute together a
complicated tumor mechanical microenvironment
[23]. Increasing evidence reveals that multiple
mechanical forces such as FSS have been identified as
crucial factors in cancer initiation and progression. 2
dyn/cm?FSSincreased the release of cyclic AMP and
interleukin-1p via the induction of MMPs (MMP-1,
MMP-7  and  MMP-12) in PIBK  and
ERK1/2-dependent manner, which significantly
promoted motility and invasion of chondrosarcoma
cells [24, 25].
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Figure 6. Western blot analysis of the effects of autophagy on PI3K and FAK proteins expression. Western blot bands of PI3K and FAK level in HepG2 cells (A) and
QGY-7703 cells (B) under the conditions of FSS, EBSS and 3MA inhibitor. PI3K and FAK level increased in FSS and EBSS groups, while decreased with the treatment of 3MA.
Quantification of PI3K and FAK level based on Western blot bands. The expression of GAPDH in each group was used as intrinsic controls, and relative expression of each
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in QGY-7703 cells; &, P<0.05 vs EBSS group.

As an important mechanism for tumor cells
metastasis, tumor cell autophagy has been
widespread concerned [26]. In tumor
microenvironments, a variety of factors, including
starvation, low cellular energy levels, endoplasmic
reticulum (ER) stress, oxidative stress and organelle
damage have been indicated to trigger autophagy in
cells [27]. Interestingly, the role of FSS in the
occurrence of autophagy is controversial. Grabias et al
[28] revealed that FSS (2 and 4 dyn/cm?) increased
type I collagen deposition and reduced cell motility
and transmigration of proximal tubular epithelial cells
(PTECs), suggesting that shear stress did not induce
autophagy in proximal tubular epithelial cells.
Conversely, King et al [29] noted that the
autophagosome level increased rapidly in cells upon
compression (0.2-1 kPa) and reverted to the basal
levels after 90 min. Hep3B cells exposed to FSS of
0.5-12 dyn/cm? exhibited autophagy and enhanced

resistance to shear stress [30]. In this study, we also
confirmed that 14 dyn/cm? FSS could enhance
cellular autophagy in both HepG2 and QGY-7703
cells. Besides, autophagy associated with cancer cell
migration was investigated. We aimed to clarify: 1)
whether FSS regulated hepatocellular carcinoma cell
migration through the activation of autophagy. 2)
Especially, to explore the potential mechanism of
FSS-induced autophagy, and further regulated cell
migration.

The occurrence of autophagy requires alterations
in many in vitro functional markers, including the
formation of autophagosomes, the distribution of
LC3B and the expression of autophagy-related makers
ATG5, ATG7, Beclinl, P62, LC3 11/ I in cells [31].The
process of autophagy can be divided into three steps:
1) forming a liposome-like membrane structure in the
cytoplasm, which is called phagophore; 2) extending,
wrapping certain cytoplasm and organelles together
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to form autophagosomes. 3) autophagosomes and
lysosomes fuse to form autophagic lysosomes,
eventually autophagic substrates are degraded or sent
back to the cytoplasm for reuse. The whole process of
cell autophagy is described as autophagy flux [32]. In
the current study, bilayer membrane structure of
autophagosome was clearly observed at 0.5h, 1h, 2h
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group in HepG2 cells by TEM, while almost not
observed in the control group (Figure 1). As a result, it
preliminarily indicated that FSS could induce
autophagy in HepG2 cells.

The microtubule-associated protein LC3B, a
member of the highly conserved ATGS protein family,
is a central protein in the autophagy pathway that
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Figure 7. Effects of autophagy on the expression of Racl, Rho A, and Cdc42. Western blot bands of Racl, Rho A and Cdc42 in HepG2 cells (A) and QGY-7703 cells
(B). FSS and EBSS upregulated Racl, Rho A and Cdc42 level, which could be effectively suppressed by 3MA inhibitor. Quantification of Racl, Rho A and Cdc42 level based on
Western blot bands. The expression of GAPDH in each group was used as intrinsic controls, and relative expression of each protein /GAPDH were calculated. Values are
presented as the mean * SD of three independent experiments. *, P<0.05 vs CT;#, P<0.05 vs 0.5h group in HepG2 cells or 1h in QGY-7703 cells; &, P<0.05 vs EBSS group.
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plays an important role in autophagy substrate
selection and autophagosome formation. During the
process of autophagy, LC3B will bind to
autophagosomes, and LC3I gradually converted to
LC3II, the ratio of LC3 II/1 becomes higher [33, 34].
LC3B is the most widely used marker of autophagy
flux [21]. Using mCherry-GFP-LC3B adenovirus
infection of hepatocellular carcinoma cells, we can
observe clearly that more yellow LC3B spots were
clustered in the FSS group compared with the control
group. With increased duration of exposing to FSS,
the expression of LC3B enhanced (as shown in Figure
2). These results were consistent with previous
studies, which further confirmed that exposing to FSS
could induce autophagy in hepatoma carcinoma cells.

It has been well-demonstrated that autophagy
depends on Atg5/Atg7, which is associated with
microtubule-associated protein LC3 truncation and
lipidation and may originate directly from the ER
membrane and other membrane organelles. ATG5
and ATG? regulate the formation of autophagosomes,
but they are separated from autophagosomes after the
formation of autophagosomes [35, 36]. Therefore,
there is an upregulation in the expression of ATGb
and ATG?, but it may not be a positive correlation
between the ATG5/ATG7 mRNA levels and the
autophagosomes in the spatial-temporal distribution.
Recently, Atg5/Atg7-independent pathway in
autophagy has been identified. This pathway of
autophagy was not associated with LC3 processing
but appeared to involve autophagosome formation
from late endosomes and the trans-Golgi [37].
Atg7-independent autophagy had been implicated in
mitochondrial clearance from reticulocytes [38].
Beclinl is required for Atg5/Atg7-dependent and
-independent autophagy. This protein interacts with
BCL-2 or PI3K class III and plays a key role in the
regulation of autophagy and cell death [31]. However,
a research suggested that despite its sustained
expression, Beclin-1 was dispensable for autophagy
induction in ovarian tumor cells in vitro, which may
be retained to promote cell viability by a mechanism
independent of autophagy or apoptosis regulation
[39]. P62, an autophagosome that is targeted for
degradation by interaction with GATA4, which
inhibits GATA-4-related senescence and
senescence-associated secretory phenotypes [40, 41].
P62 protein is an autophagic substrate that is
selectively degraded. There is an inverse relationship
between the amount of P62 protein and the
autophagic flux. The detection of P62 protein by
Western Blot can be used to evaluate the autophagy
and the flux of autophagy.

Large number of studies have confirmed that
cells rapidly responded to biophysical factors such as

shear stress (ranged from 10min to 2h) [13, 42], which
are faster than biochemical factors [43, 44]. Our
studies determined the effects of FSS on the
expression of ATG5, ATG7, Beclin-1 and P62 at
mRNA and protein levels, respectively. The results
showed that the expression levels of these proteins
changed with FSS stimulation in a time-dependent
manner (Figure 3 and 4). In HepG2 cells, the
expression of ATG5, ATG7 and Beclinl reached the
peak at 0.5h, decreased to the control level at 1Th and
2h, and subsequently up-regulated again at 4h. The
ratio of LC3 II/1 also significantly increased at 0.5h,
2h, 4h in HepG2 cells, but there was no statistical
difference between 1h and CT group. However, in
QGY-7703 cells, the expression of these three proteins
peaked at 1h, and the ratio of LC3 II/I significantly
increased at 1h. In addition, our results indicated that
the expression of P62 protein in both cells reached the
lowest value in the 2h group. Compared with other
marker proteins that the peak of expression appeared
at 0.5h and 1h, the degradation of P62 protein was
delayed. We speculated that the degradation of P62
protein may retard behind the expression of ATGS,
ATG7 and Beclinl. By synthetically analyzing the
mRNA levels and protein expression of
autophagy-related genes, we concluded that FSS
could induce the rapid occurrence of autophagy in
hepatoma cells (0.5h in HepG2 cells and 1h in
QGY-7703 cells, respectively), which is consistent with
previous findings.

To investigate the effects of FSS-induced
autophagy on cell migration, scratch tests were
performed. It is known that FSS regulated cell
migration, independent of autophagy [13]. It is
difficult to determine whether the enhanced
migration was induced by autophagy process or by
FSS. As an inhibitor of autophagy, 3MA is widely
used in the literature to inhibit autophagy through the
Class III PI3K pathway [45]. Recent studies have
shown that 3MA also has a sustained inhibitory effect
on class I PI3K [46]. Our results suggested that FSS
induced the occurrence of autophagy, which
accompanied by significantly enhanced liver cancer
cell migration ability and the inhibition of autophagy
decreased its migration (Figure 5).

PIBK/AKT/mTOR cascade is regarded as a
classic signaling pathway in mediating the occurrence
of autophagy [16]. 3MA is a well-established
autophagy inhibitor, which targeted on Class III PI3K
[45]. Our previous studies have confirmed that FSS
regulated endothelial cell and tumor cell migration
through Integrins-FAK-Rho GTPases signaling
pathway [13]. As a crucial downstream regulator of
PI3K, FAK leads to a cascade of activation of other
downstream signal pathways [14], which is involved
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in autophagy induction [15]. To further explore
whether FSS-induced autophagy depends on
PI3K-FAK-Rho GTPases signaling pathway, the
expression of PI3K, FAK and several small G proteins
were examined. It was found that FSS and EBSS
significantly up-regulated the expression of PI3K,
FAK and Rho GTPases, which could be inhibited by
3MA (Figure 6 and 7). The results indicated that the
occurrence  of  FSS-induced  autophagy in
hepatocellular carcinoma cells improved its migration
ability, which is related to PI3K-FAK-Rho GTPases
signaling pathway. Based on the current results, we
demonstrated that the FSS-induced autophagy
enhanced cell motility by Rho GTPases. However,
whether Rho GTPases are required for FSS-induced
autophagy remains unclear. A recent report indicated
that the small GTPase functioned as an organizer for
autophagosome biogenesis [47]. On the contrary,
other studies previously reported a negative role of
Rho GTPases in regulating autophagy activation [36].

In addition, recent publications proposed that
autophagy promoted FA disassembly and cell
motility of metastatic tumor cells through the direct
interaction of Paxillin with LC3. The key FA protein
paxillin is degraded by autophagy, and paxillin is
targeted to the autophagosome through the
Src-regulated interaction of LC3 with a conserved
LC3-interacting region (LIR) in paxillin [48-50]. Other
data demonstrated that autophagy positively
regulated TGF B1-induced EMT in non-small cell lung
cancer (NSCLC) cells, thereby promoting tumor cell
migration [51]. Interestingly, Shen et al [52]
demonstrated that Ubiquitin conjugating E2 enzyme
variant proteins 1 (Ube2vl) promotes EMT and
metastasis in colorectal cancer by epigenetically
transcriptional suppression of autophagy.

In conclusion, we demonstrated FSS could
induce autophagy in hepatocellular carcinoma cells in
vitro in a time-dependent manner. The FSS-induced
autophagy was triggered in a relatively short duration
and enhanced the migration of hepatocellular
carcinoma cells, which was dependent on the
PIBK-FAK-Rho GTPases signaling pathway. These
findings clarified the role of FSS in the occurrence of
autophagy during tumor progression, which may
provide a potential clinical strategy for the treatment
of liver carcinoma.
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