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Abstract: Extracellular matrix (ECM) often becomes stiffer during tumor development, which not only gives the tumor's
hardness feel but also actively contributes to the tumor formation. A good example is hepatocellular carcinoma (HCC)
that usually develops within chronically stiffened liver tissues due to fibrosis and cirrhosis. On the other hand, HCC cells
exhibit reduced autophagy in a malignancy dependent manner, suggesting autophagy is suppressed during tumor
development. However, it is not known whether ECM stiffness would influence autophagy during tumor development. To
investigate this issue, We cultured the human liver (LO2) cells that stably expressed autophagosome indicator LC3 on
polydimethylsiloxane (PDMS) gels with stiffness varying from 11 to 1220 kPa. and on plastic cell culture dish as controls
for up to 48h. We found that the total protein level of LC3-Il in LO2 cells was not affected by the substrate stiffness.
However the autophagosomes in LO2 cells cultured on the soft substrate (11 kPa PDMS gel) were localized and
accumulated around the nucleus, while those on the stiff substrate (1220 kPa PDMS gel or plastic dish surface) were
dispersed throughout the cytoplasmic space. Therefore, our data suggest that ECM stiffness may not directly synthesize
nascent autophagosomes, but instead influence the location/translocation and ultimately distribution of autophagosomes

Influences the Distribution but not the

in the cells.
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1. INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most
common cancers with more than 700,000 cases
diagnosed yearly, and the third leading cause of
cancer-related death worldwide [1]. Interestingly, the
majority of HCC are known to be the progressive
outcomes of liver fibrosis and cirrhosis, an established
chronic liver disease characterized by stiffening of liver
tissue [1-3]. Normal liver tissue is very soft, of which
the elastic modulus is typically between 300 and 600
Pa. However, when the liver develops fibrosis and
cirrhosis, its stiffness can increase to 20 kPa or beyond
[4, 5]. This pathological stiffening of liver tissue is
largely attributable to increase of stiffness of the
extracellular matrix (ECM).

Previous studies have shown that changes of ECM
structure or mechanical properties, particularly the
stiffness (resistance to deformation) can exert great
influence on the cells residing within, including broad
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regulation of cell signaling [6], determination of cell
phenotype [7], facilitation of cell adherence and growth
[8], and even active contribution to tumor formation [9,
10]. Therefore, ECM or substrate stiffness is
increasingly appreciated as an important mediator of
cell behaviors either in vitro or in vivo.

On the other hand, recent data demonstrated that
pathogenesis of hepatology involves autophagy that is
the primary intracellular degradation system by which
cytoplasmic materials are delivered to and degraded in
the lysosome [11, 12]. There are about three classes of
autophagy, namely microautophagy, chaperone-
mediated autophagy, and macroautophagy. Here we
will focus on macroautophagy (hereafter referred to as
autophagy). Macroautophagy uses intermediate
organelle autophagosomes to capture and degrade
waste materials in the cytoplasm. The process starts
with the formation of a small vesicular called isolation
membrane or phagophore that then elongates and
subsequently encloses a portion of cytoplasm into a
double membraned phagophore [13]. The double
membraned phagoshore encircles degradable cellular
components, such as misfolded proteins, damaged
organelles or recyclable cytoplasmic constituents, and
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forms an autophagosome. Then, the outer membrane
of the autophagosome fuses with a lysosome to form
an autolysosome, leading to the degradation of the
enclosed materials together with the inner
autophagosomal membrane. Amino acids and other
small molecules that are generated by autophagic
degradation are delivered back to the cytoplasm for
either recycling or energy production [14].

In normal conditions and most liver diseases,
autophagy provides a protective function for the liver
tissue. For example, in fatty liver disease autophagy
protect the liver from lipid accumulation by degradating
the lipid droplets in the hepatic cells [15]. In some liver
diseases, however, the autophagy is impaired for
various reasons so that the autophagy-mediated
protection is hampered. For example, during hepatitis B
or C infection, autophagy is subverted by viruses to
promote their own replication [16], and in HCC tissues
or cell lines the autophagic level is progressively
reduced as the malignancy level of the tissue or cells
enhanced, especially when the anti-apoptotic B-cell
leukemia/lymphoma (Bcl)-xL protein is over-expressed
[17]. Pharmacological agents such as rapamycin,
tamoxifen, carbamazepine, sodium valproate and
lithium, cisplatin have been found to induce or stimulate
autophagy, whereas vinblastine, antimalarial
compounds chloroquine and hydroxychloroquine as
well as the antidepressant agent clomipramine are
known to inhibit this process [18-20].

Although both ECM stiffness, and autophagy has
been directly implicated in the pathogenesis of cancers
in general, and HCC in particular [21, 22], their
functions have usually been studied separately and
much has been learned of ECM stiffness and
autophagy as independent contributing factors to HCC.
Much less is known, however, whether autophagy
process would be dependent on the ECM stiffness,
which may be hypothesized as a molecular mechanism
for the liver cells to sense external physical cues of the
ECM and correspondingly regulate the biological
processes inside the cell. To address this question, we
investigated the autophagy behavior of normal human
liver (LO2 cell line) cells versus the stiffness of
polydimethylsiloxane (PDMS) substrate on which the
cells were cultured. The stiffness of the PDMS varied
from 11 to 1220 kPa, and plastic Petri dish was used
as control of rigid substrate. LO2 cells were cultured on
these substrates for up to 48h. Subsequently, the cells
were examined by florescent microscopy to identify and
locate the LC3-labelled autophagosomes inside the
cells, and by Western blot to quantify the protein
expression level of LC3-ll, respectively. The results

showed that the total protein level of LC3-1l in LO2 cells
was not affected by the substrate stiffness. However,
the autophagosomes in LO2 cells cultured for 48h on
the soft substrate (11 kPa PDMS gel) became localized
and accumulated around the nucleus, while those on
the stiff substrate (1220 kPa PDMS gel or plastic dish
surface) were dispersed throughout the cytoplasmic
space. Quantitatively, the number of cells with
autophagosomes accumulated around the nuclei
increased more than 6 fold as the substrate stiffness
decreased from 1220 to 11 kPa. Thus it was
demonstrated that ECM stiffness influenced not the
amount but the distribution of autophagosomes in the
cells, which provides the first evidence of physical
regulation of autophagy as complementary to the well-
known chemical regulations. This may not only help
better understand the molecular mechanism between
ECM stiffness and autophagy but also provide insight
for developing new therapeutic target aiming at
autophagy in liver disease.

2. MATERIALS AND METHODS
2.1. Chemicals and Reagents

pcDNA3-GFP, pcDNA3-GFP-LC3 plasmid (a gift of
Peking University; Beijing, China). Normal human liver
cell line LO2 (a gift of East China University of Science
and Technology; Shanghai, China). Dulbecco’s
modified Eagle’s medium (DMEM). Neomycin (G418),
rapamycin were purchased from SIGMA (St. Louis,
MO). Fetal bovine serum (FBS), Opti-MEM was
purchased from Gibco (North Andover, MA). Translipid
transfection reagent was purchased from TransGen
(Beijing, China). Anti-LC3B was purchased from Novus
(Colorado, USA). Anti-B-actin was purchased from
CWBIO (Beijing, China). Anti-rabbit IgG was purchased
from LI-COR (Nebraska, NV).

2.2. Cell Culture and Transfection of GFP-Tagged
LC3 Expression Vector

LO2 cells (4><105 cells/well) were plated onto the cell
culture Petri dish and maintained in DMEM containing
10% FBS. After 24 hours of cultivation, the cells were
transfected with pcDNA3-GFP, pcDNA3-GFP-LC3
plasmid using the translipid transfection reagent. Serial
cultures were performed according to the
manufacturer’s instructions.

2.3. Selection of LO2 Cells Stably Expressing LC3

Because pcDNA3-GFP, pcDNA3-GFP-LC3 have
the neomycin (G418) resistance marker (NeoR), cells
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without transfection of pcDNA3-GFP, pcDNA3-GFP-
LC3 would not survive when exposed to G418. So we
added G418 in the culture medium to selectively
screen positive clones of LO2 cells. Instead of using
conventional method, here we established a simple,
new and high throughput method to generate cells
stably expressing LC3 as follows. First, the cells were
cultured in 96-well cell culture plate and transfected
with GFP-tagged LC3. After 16h transfection, the cells
were harvested by trypsinization. After brief wash and
resuspension into cell culture medium, the cells were
replaced into the 96-well plate at three different cell
density. As illustrated in Figure 1A, the 96-well plate
was divided into three parts, each with 4 columns of
wells. Cells were seeded into the 4 columns on the left,
middle, and right at the density of 2000, 1000, and 500
cells/well, respectively, with 280uL medium containing
400ug/mL G418. After 15 d in culture, non-transfected
cells would die out, because of the presence of G418 in
the medium, but transfected cells would survive and
grow into clone(s) in the well. The cells grown into two
or more clones as shown in Figure 1B were discarded,
and only cells grown into a single clone in one well as
shown in Figure 1C/D were selected and harvested by
trypsinization. In this way, multiple monoclones of cells
expressing GFP-tagged LC3 could be obtained from
each batch of 96-well plates. And these monoclonal
cells were then further expanded by culturing in 24-well
cell culture plate.

2.4. Preparation of PDMS Gel Substrates with
Varying Stiffness

PDMS used in the present work is a liquid bi-
component silicone pre-polymer. The stiffness of the
PDMS gel can be controlled by the concentration of
cross-linker (curing) agent in the PDMS solution, the
temperature and time of curing. We prepared the
PDMS solutions with mixture of curing agent/PDMS
polymer at concentration of 0.2:10, 0.3:10, 1:10 (w/w),
respectively. The PDMS solutions were first leveled for
30 min at room temperature, and then baked at
constant temperature of 100 °C until proper gel stiffness
was achieved. In order to ensure cell adhesion and
growth on the PDMS substrate, the surface of the
PDMS gel was plasma oxidized to render it hydrophilic,
and then coated with rat tail collagen Type | (1 mL at
0.01 mg/mL) overnight at 4°C.

The stiffness, or Young's modulus of the prepared
PDMS gel was measured by atomic force microscopy
(AFM), using NanoWizard 3 (JPK, Jena, Germany).

Briefly, V-shaped silicon nitride cantilevers (MLCT,
Bruker, Camarillo, CA) with a nominal spring constant
of 0.06 N m” were utilized in all measurements. The
spring constant of the cantilever was determined using
the thermal noise method [23]. A cantilever tip of
pyramidal shape with a half opening angle of 35° was
used to probe the substrate. The tip was indented into
the PDMS substrate at a rate of 2.5 ym s to produce a
force-distance curve. Young’s modulus, or stiffness of
the substrate was calculated from the force curves
according to Hertz model [24]. The Hertz model
described the elastic deformation of a soft sample by a
stiff cone using the following equation

F:( E j2tan0€52

1-v?) =

Where F was the loading force, E was the Young’s
modulus, v was the Poisson’s ratio (v = 0.5), a was the
half-opening angle of the pyramidal tip (in the case of
SixNy tips used in this study, a = 35°) and & was the
depth of indentation into the sample. All experiments
were performed in distilled water at room temperature.

2.5. Induction of Autophagy in LO2 Cells

It is known that intracellular autophagy can be
induced by either serum starvation, or drug treatment
with rapamycin or NH4Cl. Thus the LC3-expressing
LO2 cells were treated either with serum starvation, or
rapamycin with/out NH4Cl to induce autophagy in the
cells. However, before the treatment, the LO2 cells
were first incubated in DMEM for 3h. Then the cells
were washed and further incubated in Opti-mem,
DMEM with 10uM rapamycin, DMEM with 10mM
NH,Cl, DMEM with 10uM rapamycin together with
10mM NH,CI, respectively, for additional 4h. Cells
incubated in complete medium for the same time were
used as controls.

LO2 cells stably expressing LC3 were plated onto
PDMS substrates of various stiffness and the plastic
surface of Petri dish, then treated either with serum
starvation or drug to induce autophagy as described
above. Consequently, the induction of autophagy
resulted in generation of LC3-labeled autophagosomes
in the cells. And the amount and distribution of the
intracellular autophagosomes could be evaluated by
Western blot, and fluorescent microscopy, respectively.
However, before these evaluations, 10mM NH,Cl was
added to the cells' culture medium to stop the natural
degradation of the autophagosomes inside the cells.
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2.6. Evaluation of the Amount of Autophagosomes
in LO2 Cells

The amount of autophagosomes in the LO2 cells
stably expressing LC3 was evaluated by Western blot.
Briefly, cells were lysed and samples were normalized
for protein concentration and separated by SDS-PAGE.
The transferred PVDF membranes were probed with
the primary antibodies (anti-LC3 and anti-B-actin) and
then incubated with the secondary antibodies (anti-
rabbit 1gG). Immunoblots were evaluated using the
Odyssey imaging system.

2.7. Examination of the Distribution of Autophago-
somes in LO2 Cells

The LO2 cells stably expressing LC3 were
examined under a live cell imaging system (Axio
Vert.A1, Zeiss, Jena, Germany) equipped a cooled
CCD camera (Orca-Rz, Hamamatsu), definite focus
and automated excitation and emission filter wheels
controlled by a X-cite SERIES 120Q (LUMEN
DYNAMICS) operated by Axio Vision software.
Fluorescence was excited through an excitation filter
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for FITC (BP 475/40) to visualize the LC3-labeled
autophagosomes distributed inside the LO2 cells.

3. RESULTS

3.1. Stable Protein
Monoclonal LO2 Cells

Expression of LC3 in

Figure 1E and 1F respectively show the immunoblot
image and quantitative results of LC3-l/ll protein
expression in four different monoclones (numbered 3,
4,5, 7) of LO2 cells transfected with GFP-tagged LC3,
and one with pcDNAS3 as control. For quantification of
the protein expression, the immunoblot data of each
monoclones were normalized to that of the house-
keeping B-actin. And results from three independent
experiments (n=3) were presented as mean+SD. The
results demonstrate that the selected monoclonal cells
all stably expressed LC3, as compared to the control.
Since cells in No.3 monoclone expressed the highest
level of LC3 than those in the other monoclones
(No.4/5/7), cells from this monoclone were used for
further experiments.
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Figure 1: Establishment of LO2 cells with stable expression of GFP-tagged LC3. (A) Cells were seeded in 96-well plates at
2000, 1000, 500 cells per well, respectively, with each cell density in every 4 columns of wells in each plate. (B) Cells formed
two or more colonies in the well during the process of G418 selection were discarded. Scale bar equals 50um. (C and D) Cells
formed only one clone and stably expressed fluorescent labeled LC3 were selected for further experiment. Scale bar equals
50um. (E) Cells from four monoclonal (Numbered as 3, 4, 5, 7) selections with GFP-LC3 transfection, and transfected with the
vehicle of pcDNA3 as control were lysated, and the content of LC3-l was analyzed by Western blot. (F) Quantification of the
immunoblots as in (E) for LC3-1l in LO2 cells. Values represent the relative levels (Mean+SD) of protein expression normalized

to B-actin from three independent experiments.
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Figure 2: Induction of autophagy in LO2 cells with stable expression of GFP-tagged LC3. (A) LO2 cells stably expressing GFP-
LC3 were incubated in complete medium (control), amino acid-free medium for (starvation), complete medium with 10pyM
rapamycin (RAPA), or complete medium with 10mM NH4Cl (NH4"), respectively, for 4h. Scale bar equals 20um. (B)
Immunoblots of LC3-I/ll in LO2 cells with stable transfection of pcDNA3 vehicle, cultured in regular DMEM culture medium
(lane1), LO2 cells with stable transfection of GFP-LC3 and cultured in regular DMEM culture medium (lane 2), or DMEM without
amino acids and serum (lane 3), DMEM containing 10uM rapamycin (lane 4), DMEM containing 10mM NH4CI (lane 5), DMEM
containing 10pM rapamycin+10mM NH4Cl (lane 6), respectively. (C) Quantification of the immunoblots as in (B) for LC3-lI
expression in LO2 cells. Values represent the relative levels (Mean+SD) of protein expression normalized to B-actin from three
independent experiments.

3.2. Autophagy was Induced in LO2 Cells Stably
Expressing GFP-Tagged LC3

Figure 2B shows the immunoblot image of LC3-
I/LC3-II expression in LO2 cells either non-transfected
and non-treated (control, lane 1), or transfected with
pcDNA3 but non-treated (lane 2), transfected with
GFP-tagged LC3 and treated with serum starvation
(lane 3)/ rapamycin (lane 4, RAPA, 10uM)/ NH,CI (lane
5, NH,", 10mM)/ rapamycin plus NH,4CI (lane 6, RAPA,
10mM, NH,*, 10mM), respectively. It appeared that
LC3-ll was strongly increased as the GFP-LC3
transfected cells were treated with starvation,
rapamycin (10uM), NH,CI (10mM), or rapamycin
(10uM) plus NH4CI (10mM) as compared to the cells
non-transfected or transfected with pcDNA3 vehicle
(lane 3-6 versus lane 1-2 in Figure 2B). Figure 2C

As shown in Figure 2, autophagy was induced in
LO2 cells stably expressing GFP-LC3, by either serum
starvation, or treatment with rapamycin and NH,CI for
4h. As compared to the control (left panel in Figure 2A)
the number of puncta of GFP-tagged LC3 increased in
all cases of treatment including serum starved cells
(second panel from the left in Figure 2A), rapamycin
treatment (second panel from the right in Figure 2A),
NH.CI treatment (right panel in Figure 2A). However,
the increase of GFP-tagged LC3 puncta was most
rapid in cells treated with rapamycin. On the other
hand, the increase of GFP-tagged LC3 puncta was due

to accumulation rather than generation of GFP-tagged
LC3, because NH,Cl is known to inhibit lysosome-
autophagosome fusion and thus reduce
autophagosomal degradation, rather than stimulation of
new growth of autophagosomes.

further confirmed quantitatively that LC3-1l increased
markedly in cells treated with starvation/rapamycin
(10mM)/ NH,CI (10mM)/ rapamycin (10mM) plus NH,CI
(10mM) as compared with control/ pcDNA3.
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3.3. The Stiffness of the Prepared PDMS Substrate

We prepared PDMS gels of different stiffness by
varying the concentration of PDMS crosslinking agent
in PDMS polymer suspension. In particular PDMS gels
were prepared at three different concentrations of
PDMS crosslinking agent in PDMS polymer solution,
i.e. at 0.2:10, 0.3:10, and 1:10 (w/w), respectively. As
shown in Figure 3A, the Young's modulus, or stiffness
of the PDMS gel substrate was derived from the force-
distance curve measured by atomic force microscopy
(AFM). The zero on the x-axis indicated the contact
point of the AFM tip on the substrate. When the tip
indented into the substrates at a rate of 2.5 um s, the
force exerted on the tip increased exponentially. Thus
the Young’s modulus was calculated according to Hertz
model as described in the Methods. It appeared that
the PDMS substrate prepared with PDMS crosslinking
agent concentration at 2% (0.2:10 w/w), 3% (0.3:10
wiw), 10% (1:10 w/w) resulted in stiffness of
11+1.3kPa, 124+25kPa and 1220+51kPa, respectively.

3.4. Substrate Stiffness Influenced the Morphology
of LO2 Cells

Figure 3B shows that the LO2 cells grown on
substrates with different stiffness were in distinct
morphology. The LO2 cells stably transfected with
GFP-tagged LC3 were cultured on PDMS substrate of
stiffness at 11, 124, and 1220kPa, as well as plastic

Petri dish, respectively, for 48h. Using phase-contrast
microscopy, it could be observed that the cells grown
on the stiff PDMS substrate (1220kPa, lower left panel
in Figure 3B) were almost indistinguishable in terms of
morphology from those grown on the plastic surface of
Petri dish (plastic, lower right panel in Figure 3B).
However, the cells grown on increasingly softer PDMS
substrate (124 to 11kPa, upper right panel to upper left
panel in Figure 3B) were increasingly less spread and
rounded or irregularly shaped.

3.5. Substrate Stiffness had no Effect on the Cell's
Synthesis of Autophagosomes

Figure 4 displays the effect of substrate stiffness on
the intracellular level of autophagosomes in LO2 cells.
The intracellular level of autophagosomes was
determined by the endogenous protein level of LC3-II
in the cells. LO2 cells stably expressing LC3 were
seeded on PDMS substrate with stiffness of 11, 124,
1220kPa, and plastic substrate of Petri dish,
respectively, and cultured for up to 48h in the absence
or presence of NH,CI (10uM). Subsequently, the cells
were lysed and the total intracellular protein levels of
LC3 (both LC3-1 and LC3-Il bands) were measured by
Western blot. Panel A and B presented the data for
LO2 cells grown on different substrates for 24 and 48h,
respectively, with both the immunoblot images of
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Figure 3: PDMS substrate stiffness and its effect of morphology of LO2 cells. (A) Typical force versus distance curves
measured by AFM with approach of a sharp cantilever tip on the PDMS substrate with curing agent/PDMS polymer ratio in
weight percentage of 2% (a), 3% (b), 10% (c), respectively. The inset shows the Young's modulus of the PDMS substrate
obtained from the AFM indentation experiments. (B) Light microscopy images of LO2 cells with stable expression of GFP-LC3
and grown on PDMS substrate with stiffness of 11, 124, 1220kPa, respectively, and on plastic surface of Petri dish (plastic).

Scale bar equals 20pm.
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Figure 4: Effect of substrate stiffness on the expression level of LC3 in LO2 cells. (A) Immunoblots (left) and quantification
(right) of LC3-l/Il in LO2 cells with stable transfection of GFP-tagged LC3 and grown on PDMS substrate with stiffness of 11,
124, 1220kPa, pastic surface of Petri dish (plastic), respectively, in the absence or presence of lysosomal inhibitor NH4ClI for
24h. (B) Immunoblots (left) and quantification (right) of LC3-I/ll in LO2 cells with stable transfection of GFP-tagged LC3 and
grown on PDMS substrate with stiffness of 11, 124, 1220kPa, pastic surface of Petri dish (plastic), respectively, in the absence
or presence of lysosomal inhibitor NH4Cl for 48h. Values represent the relative levels (Mean+SD) of protein expression of LC3-II
in LO2 cells normalized to B-actin from three independent experiments.

endogenous LC3 (on the left hand side) and the
corresponding  quantification of LC3-Il  protein
expression (on the right hand side). It can been seen
that regardless of the presence of NH4CI, the
intracellular protein level of LC3, particularly the LC3-I
appeared to be independent on the substrate stiffness,
indicating that the substrate stiffness had no effect on
the synthesis of autophagosomes in the LO2 cells.

3.6. Substrate Stiffness Altered the Distribution of
Autophagosomes in LO2 Cells

Figure 5 shows the distribution of autophagosomes
in the LO2 cells stably expressing LC3 when cultured
on substrates with different stiffness in the absence or
presence of NH,Cl (10mM). The intracellular
autophagosomes were visualized by the GFP-tagged
LC3 associated with the autophagosomes under
fluorescence microscope. When the cells were cultured
for 24h on the substrate with stiffness of 11kPa,
124kPa, 1220kPa, and plastic surface of Petri dish,
respectively (panel A from the left to right hand image),

the GFP-tagged LC3 appeared as a diffusive
cytoplasmic pool with only a few small punctate
autophagosomes emerged on the edge of the cell. This
indicates that the substrate stiffness seemed unable to
influence the distribution of autophagosomes inside the
LO2 cells when cultured on the substrate for less than
24h.

However, as shown in the panel C, when the cells
were cultured on the substrates for 48h, a large
number of punctate autophagosomes localized around
the peripheral of nucleus of the cells in all cases. More
interestingly, the intracellular autophagosomes were
increasingly less diffusive and more clustered into
spheres around the nucleus as the substrate became
increasingly softer (panel C from the right to left hand
image). And at 48h the cells grown on stiff PDMS
substrate (1220kPa) and plastic surface of Petri dish
(plastic) still exhibited dispersed autophagosomes
throughout the cytoplasm. When cultured in the
presence of NH4CI, the substrate stiffness dependent
phenomenon of accumulation and spherical clustering
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Figure 5: Effect of substrate stiffness on the distribution of autophagosomes in LO2 cells with stable transfection of GFP-tagged
LC3. (A, C) From left to right, fluorescent microscopy images of autophagosomes labeled by GFP-LC3 in LO2 cells grown on
PDMS substrate with stiffness of 11, 124, 1220kPa, plastic surface of Petri dish (plastic) for 24h (A) or 48h (C). Scale bar equals
20um. (B, D) Same as (A) and (C) except that the cells were cultured in the presence of 10mM NH4CI. Scale bar equals 20pm.

Figure 6: Zoom-in images of GFP-LC3 labeled autophagosomes in LO2 cells. LO2 cells cultured for 48h on PDMS substrate
with stiffness of 11kPa (A), 124 kPa (B), 1220kPa(C), and plastic surface of Petri dish (D).

of autophagosomes seemed to be enhanced at both 24
and 48h (panel B and D). Figure 6 displays zoom-in
images to show more details of the increasing spherical
clustering of autophagosomes inside the LO2 cells as
the substrate became increasingly softer (D to A
corresponding to the substrate stiffness from plastic to
1220kPa, 124kPa, and 11kPa, respectively). This
observed phenomenon was further quantified by
counting the number of cells either with or without
autophagosomes accumulated around the nuclei
(perinuclear accumulation). The results indicate that

the difference in the number of cells with perinuclear
autophagosomes accumulation increased from 17 + 3
to 117 + 15 (>6 fold) when the stiffness changed from
1220 to 11kPa (p < 0.05) (Figure 7).

4. DISCUSSION

In this study, we used a classical method to
measure autophagic flux by monitoring the turnover of
LC3 inside the LO2 cells. It is well-known that the
amount of LC3-ll usually correlates well with the
number of autophagosomes, or more precisely in
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theory, the amount of autophagic membrane labeled
with LC3-Il [25]. Although there are many autophagy
proteins known to participate in the process of
autophagy, only a few of them would turn up in
autolysosomes, among which LC3 would not only
appear throughout the process of autophagy, but also
could appear in autolysosomes, thus LC3 could act as
a specific marker of autophagy [25, 26]. However, LC3
itself could be a protein prone to aggregation, mainly
due to over expression by ftransient transfection.
Therefore, it is highly recommended to use cells stably
expressing transfected GFP-LC3 because such cells
do not posses aggregated LC3 [27].
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Figure 7: Summary of perinuclear autophagosome
accumulation in LO2 cells. In each experiment, at least 120
LO2 cells stably expressing GFP-LC3 grown on PDMS
substrate with stiffness of 11, 124, 1220kPa, plastic surface
of Petri dish (plastic) were analyzed. Data are shown as
mean + SD of triplicate experiments (*, p < 0.05 vs. plastic
with perinuclear autophagosome accumulation; #, p <0.05 vs.
plastic without perinuclear autophagosome accumulation, n =
3).

There are two conventional methods for
establishing cells stably expressing GFP-tagged LC3.
One is to plate cells in 24-well cell culture plate after
transfection of GFP-tagged LC3 for 48h, and then
further culture the cells in the medium containing G418.
Depending on the cell type and concentration of G418
in the medium, the transfected cells in culture would
form a large positive clone after 9 or more days. At that
point, a cloning cylinder is placed to encircle the cells
and afterwards harvest the cells by trypsinization or
EDTA inside the cylinder. Subsequently the harvested
cells were plated into 96-well cell culture plates to
expand the cultivation. The other follows the same first

few steps as described above, but differs in the way to
select a positive clone. It selects the positive clone
under a microscope in a super-clean bench, and
scrapes off the negative clones at high magnification.
Then the positive clone is digested and expanded in
culture.

However, the above two methods have some
common problems. For instance, both are very tedious
to operate, easy to cause contamination, as well as
difficult to ensure the monoclonal state of the selected
cells. The method we used, as described in Methods,
was simple, and high throughput, which enabled
selection of multiple wells of positive cells with ensured
monoclonal state at one time.

Rapamycin is known to induce autophagy by
inhibiting mTOR, a protein kinase that regulates cell
growth and protein synthesis, and the formation of
autophagosomes [28, 29]. The dynamic processes of
autophagosome synthesis, delivery of autophagic
substrates to the lysosome, and degradation of
autophagic substrates inside the lysosome are often
termed “autophagic flux” [30]. Since the number of
autophagosome is not only dependent on the
production of autophagosomes but also the
degredation of them. Therefore, to accurately study the
"autophagic flux" requires exclusion of the confounding
factor of autophagosome degradation. For this
purpose, NH,CI that is a known inhibitor of lysosomal
proteolysis was added to the culture medium in which
the cells were grown. As shown in Figure 4, the time-
dependent accumulation of LC3-Il in LO2 cells was
markedly greater when the cells were exposed to
NH4Cl as compared to those not exposed to it,
indicating effective inhibition of the degradation of
autophagosomes in the cells.

In this study, we used PDMS gel as substrate to
culture LO2 cells so that the stiffness of the substrate
could be easily varied in order to examine the effects of
substrate stiffness on autophagy in LO2 cells. PDMS is
a biocompatible material that has been widely used in
studies of cellular behaviors, in particular the
interaction behavior between cells and the substrate,
largely due to its availability and convenience for
manipulation of its mechanical properties [31, 32].
Using PDMS as cell culture substrate, it has been
extensively demonstrated that the stiffness of substrate
regulates a broad range of cell functions including
growth, motility, and viability. However, it has not been
studied whether the substrate stiffness would have any
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effect on the cell's autophagy, which may be important
in understanding tumor formation that is associated
with both tissue stiffening and autophagy.

Our data show that the intracellular level of LC3-I1l in
LO2 cells was not affected by the substrate stiffness
whether cultured for 24 or 48h, with or without NH,CI
treatment (Figure 4). This strongly suggest that the
substrate stiffness does not influence the synthesis or
the degradation of the endogenous autophagosomes,
thus ECM stiffness may not well be a determinant of
the autophagic level in the cell. However, the structure
and distribution of intracellular autophagosomes were
strongly dependent on the substrate stiffness. On stiff
substrate the autophagosomes were scattered
throughout the cytoplasm, without particular structural
characteristics. In contrast, on the soft substrate the
autophagosomes quickly translocated towards the
nucleus and accumulated into spherical bodies around
the nucleus. The underlying mechanisms of the effect
of substrate stiffness on the distribution of
autophagosomes inside the cell remain to be
elucidated. Nevertheless, we may speculate that this
phenomenon is probably, at least in a large part, due to
substrate stiffness induced modification of structural
organization of the cytoskeleton, especially the
microtubule filament network. In our observation the
clustered spherical bodies of LC3 mostly locate in the
region around the microtubule-organizing center
(MTOC).

It is known that microtubule network provides an
important function as transport tracks along which
introcellular organelles such as autophagosomes move
and transport cargos from one place to another inside
the cell. This network system, however, is not static,
instead is highly dynamic. Throughout the life cycle of
the cell the cytoskeleton system undergoes constant
rearrangement. The microtubule filaments in the living
cell are of no exception, constantly change their length
and orientation as they shift between the slow growth
phase to rapid shrinkage phase at the plus ends,
depending on the rate of polymerization of pure tubulin
[33]. The conversion from growing to shrinking is called
catastrophe, whereas the reverse is called rescue. And
the balance between catastrophe and rescue
constitutes the dynamic instability of the microtubule
structure in the living cell [34, 35]. Furthermore, this
highly instable intracellular microtubule structure is
known to be influenced by both the physical and
chemical cues from the ECM [36-38]. For example,
increase of substrate stiffness is known to elevate the
intracellular tension. As predictable by the well-known

tensegrity model of cell mechanics, the microtubules in
the cells of great tension must be also stiffer and more
stable, just like the cables of a tensed tent. And it is
reasonable to assume that the organelles such as
autophagosomes would move faster and more easily
along stiff and stable microtubule filaments as
compared to moving along floppy and unstable ones. In
such perspective, it is not surprising to see uniformly
dispersed autophagosomes in cells grown on stiff
substrate, but localized and clustered autophagosomes
in cells grown on soft substrate.

5. CONCLUSION

The primary finding of this study is that under the
condition of in vitro culture the substrate stiffness had
no effect on the intracellular synthesis of
autophagosomes, but did influence the intracellular
distribution of the autophagosomes in LO2 cells that
stably expressed GFP-tagged LC3. On stiff substrate,
the autophagosomes tended to disperse throughout the
cytoplasm of the cells. In contrast, on soft substrate the
autophagosomes tended to aggregate or cluster into
spherical bodies around the nucleus. This finding
serves as a proof of concept that the pathological
stiffening of liver tissue occurring during progression of
liver fibrosis and cirrhosis might not simply cause
abnormal autophagy by influencing the synthesis of
intracellular autophagosomes, but instead cause
abnormal function of autophagy by modifying the
distribution of intracellular autophagosomes. What is
important to be studied in future is the motion dynamics
of autophagosomes in relation to microtubule structural
remodeling and the exact functional role of
autophagosomes distribution in regulation of autophagy
during health and disease process.
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