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Hydrostatic pressure stabilizes HIF-1o expression in cancer
cells to protect against oxidative damage during metastasis
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Abstract. The tissue microenvironment is known to play a
pivotal role in cancer metastasis. Interstitial fluid hydrostatic
pressure generally increases along with the rapid growth of
malignant tumors. The aim of the present study was to investigate
the role and relevant mechanism of elevated hydrostatic pressure
in promoting the metastasis of cancer cells. Using a commer-
cial device, Lewis lung cancer (LLC) cells were exposed to
50 mmHg hydrostatic pressure (HP) for 24 h. The survival time
and morphology of the cells did not notably change; however, the
results from a PCR array revealed the upregulation of numerous
metastasis-promoting genes (Hgf, Cdhll and Ephb2) and the
downregulation of metastasis suppressing genes (Kiss/, Syk
and Htatip2). In addition, compared with that in the control, the
cells which had undergone exposure to 50 mmHg HP showed
significantly higher protein expression level of HIF-1a. and the
antioxidant enzymes, SOD1 and SOD2, as well as improved
tolerance to oxidative stress (P<0.05 vs. control). Following
an intravenous injection of the LLC cells into healthy mice, to
induce lung metastasis, it was found that the exposure of the LLC
cells to 50 mmHg HP for 24 h, prior to injection into the mice,
resulted in higher cell survival/retention in the lungs 24 h later
and also resulted in more metastatic tumor lesions 4 weeks later
(P<0.05 vs. control). Further investigation is required to confirm
the molecular mechanism; however, the results from the present
study suggested that elevated interstitial fluid HP in malignant
tumors may promote the metastasis of cancer cells by stabilizing
HIF-1a expression to defend against oxidative damage.
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Introduction

Metastasis occurs in ~90% of malignant tumors and is the
leading cause of cancer-associated mortality in patients with
cancer worldwide (1,2). A number of biological factors and
multiple signaling pathways, such as epithelial-mesenchymal
transition, resistance to apoptosis and angiogenesis have
been associated with the complex processes of metastasis (3);
however, a novel approach for effectively controlling tumor
metastasis is still required.

Metastasis is defined as cancer cells leaving the original
tumor mass and disseminating to other parts of the body via
the bloodstream or lymphatic system. Therefore, the metastatic
process represents a multi-step event (3). For example, remote
hematogenous metastasis requires the cancer cells to success-
fully pass through the following steps: i) Transendothelial
migration into the vessel (known as intravasation); ii) survival
in the circulatory system; iii) attachment to the vessel wall
and transendothelial migration out of the vessel (known as
extravasation) and iv) eventually live and propagate at the distal
site (4,5). All of these steps are accompanied with a change
in the surrounding microenvironment, with various biome-
chanical forces and oxidative stress (6); therefore, metastasis
can be a stressful and inefficient event to the cancer cell (7).

Biomechanical forces have been demonstrated to play
critical roles in regulating cell migration and prolifera-
tion (8,9). With the rapid advancement of mechanobiology in
recent years, it has become a hot topic for understanding
how biomechanical forces mediate malignant tumor progres-
sion (2,8). Beyond the mechanical stress during metastatic
processes, it is also well-known that elevated interstitial fluid
hydrostatic pressure (HP) occurs in solid tumors (10,11).
Higher interstitial fluid HP in tumor mass has been demon-
strated to be associated with a worse prognosis in patients
with head and neck cancer (12). Furthermore, the exposure
of cancer cells to 20 mmHg HP has been demonstrated to
accelerate cell motility (8). However, it is not clear whether
and how the elevation of interstitial fluid HP in tumor mass
promotes the metastasis of cancer cells.
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Notably, it has recently been reported that cyclical
mechanical force can induce the stabilization of HIF-la
and upregulate the protein expression level of CXCL2 in
monocytes (13). HIF-1a is well-known as a master upstream
regulator of oxidative stress, metabolism and DNA repair of
cells (14-16). Therefore, we hypothesized that elevated intersti-
tial fluid HP in a rapid growing malignant tumor may stabilize
HIF-1a to promote the metastasis of cancer cells.

In the present study, mouse Lewis lung carcinoma (LLC)
cells were exposed to 50 mmHg HP for 24 h, then the role of
HP on the metastatic property of these cells was investigated
using both in vitro and in vivo experiments.

Materials and methods

Cells and animals. The LLC cells (LL/2) were used for the
experiments. The cells were maintained in DMEM (FUJIFILM
Wako Pure Chemical Corporation), supplemented with 10%
fetal bovine serum (Cytiva) and 1% penicillin/streptomycin
(Gibco; Thermo Fisher Scientific, Inc.), and cultured at 37°C in
a humidified incubator with 5% CO,.

A total of 19, male C57BL/6 mice (10-12 weeks old;
weight, 23-25 g; CLEA Japan, Inc.) were used for the in vivo
study. The mice were kept in specific, pathogen-free condi-
tions and were allowed free access to food and water under
a controlled temperature (24+1°C) with 55% humidity in a
12-h light/dark cycle. The animal experiments were approved
by the Institutional Animal Care and Use Committee of
Nagasaki University (approval no. 1608251335-11). All the
animal procedures were performed in accordance with
institutional and national guidelines. At the end of the
experiments, the mice were administered with general anes-
thesia using an intraperitoneal injection of mixed anesthetics
(0.75 mg/kg medetomidine, 4 mg/kg midazolam and 5 mg/kg
butorphanol) and sacrificed by severing the abdominal aorta
for blood removal. The removal of vital organs (lung tissue)
was used as confirmation of the death of the mice following
sacrifice.

HP stimulation. HP was induced in the LLC cells using
a pneumatic pressurizing system (Strex. Inc.). Briefly, the
LLC cells were seeded in 60 mm diameter Petri dishes
(1x10° cells/dish) and cultured for 36 h to form an adherent
monolayer. The culture dishes were then randomly selected to
move into a sealed chamber in which 50 mmHg HP was stably
applied using the pneumatic pressurizing system and kept for
24 h (HP group). The culture dishes without HP exposure were
used as the control (CON group).

Cell morphology observation and cell count. Cell morphology
was observed under a light microscope (1X71S8F-3; Olympus
Corporation) at x200 magnification, 24 h following HP expo-
sure. Then, the cells were collected as a single cell suspension
to measure the total cell number using a TC20™ Automated
Cell Counter (Bio-Rad Laboratories, Inc.).

Reverse transcription (RT)? Profiler™ PCR array. To
investigate the mRNA expression level of genes associated
with metastasis, RNA was isolated from the cells using a
Quick-RNA™ MicroPrep kit (Zymo Research Corp.). The

concentration of RNA was measured using a NanoDrop® 2000
spectrophotometer (Thermo Fisher Scientific, Inc.). Then, 1 ug
RNA was used to generate cDNA using the RT? First Strand
kit (Qiagen Corporation), at 25°C for 10 min, 42°C for 60 min,
then 85°V for 5 min. Mouse Tumor Metastasis RT? Profiler™
PCR array (cat. no. 330231; Qiagen Corporation) was used
with a RT? SYBR-Green Master mix, according to the manu-
facturer's instructions and a Roche LightCycler 480 machine
(Roche Diagnostics). The array contained a total of 84 genes
associated with metastasis. The genes included in the assay
were also defined by biological function by the manufacturer.
The fold change in expression to the control was calculated
using a web-based data analysis program (https://geneglobe.
giagen.com/jp/analyze). Among the 5 available housekeeping
genes (Actb, B2m, Gapdh, Gusb and Hsp90abl) in the array,
Actb, Gusb and Hsp90abl were automatically selected as the
optimal set of internal control for normalization.

Adhesion assay. To evaluate the adhesion ability, the cells
from both the HP and CON groups were harvested as single
cell suspensions. Freshly harvested cells (5x10* cells in 5 ml
DMEM) were seeded onto a 25-cm? Collagen I-coated Flask
(Thermo Fisher Scientific, Inc.). Following incubation for
60 min, the unattached cells were gently removed by washing
with PBS twice. The number of adherent cells was counted
under a light microscope at x200 magnification. The average
cell count from >20 randomly selected fields was used for
statistical analysis.

Western blot analysis. The protein expression level of HIF-1a,
SODI1 and SOD2 was evaluated using western blot analysis,
as previously described (17). Total protein from the cells
was extracted using 1X RIPA buffer (FUJIFILM Wako Pure
Chemical Corporation) and the concentration was detected
using a BCA assay. A total of 30 ug protein from each sample
was separated using 10-12% SDS-PAGE, then transferred to
0.2-ym PVDF membranes (Bio-Rad Laboratories, Inc.). After
blocking with 5% skimmed milk for 1 h at room temperature,
the membranes were incubated with primary antibodies against
HIF-1a (1:250 dilution; cat. no. abl; room temperature for 2 h;
Abcam), SODI1 (1:500 dilution; cat. no. sc11407; overnight
at 4°C; Santa Cruz Biotechnology, Inc.), SOD2 (1:500 dilution;
cat. no. sc30080; overnight at 4°C; Santa Cruz Biotechnology,
Inc.) and B-actin (1:1,000 dilution; cat. no. 8457S; overnight
at 4°C; Cell Signaling Technology, Inc.), followed by incubation
with horseradish peroxidase-conjugated secondary antibodies
(rabbit anti-mouse, 1:1,000 dilution; cat. no. P026002; goat
anti-rabbit, 1:1,000 dilution; cat. no. P044801) (both from
Dako; Agilent Technologies, Inc.) at room temperature for
1 h. The expression level was visualized using an enhanced
chemiluminescence detection kit (Thermo Fisher Scientific,
Inc.). Semi-quantitative analysis was done using ImageQuant
LAS 4000 mini detection system (v1.0; GE Healthcare Life
Sciences).

Evaluation of oxidative stress tolerance. To evaluate oxidative
stress tolerance, the cells from both groups were treated with
0, 20 or 50 uM hydrogen peroxide (H,0O,) in PBS at 37°C for
2 h. The apoptotic cells were stained with Annexin V-FITC,
while the necrotic cells were labelled with PI using an
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Annexin V-FITC Apoptosis Detection Kit (Abcam). The cells
without staining were used as negative control. Quantitative
flow cytometry analysis was performed using a FACSVerse™
flow cytometer and analyzed using BD FACSuite Software
(v1.2 Suite 1.0.2) (both from BD Biosciences).

In addition, intracellular reactive oxygen species (ROS)
was detected in the cells. Briefly, the cells from both groups
were treated with 0, 20 or 50 M H,0O,in PBS at 37°C for 1 h,
then incubated with 10 uM general oxidative stress indicator
(CM-H2DCFDA; Invitrogen; Thermo Fisher Scientific, Inc.)
for another 30 min in the dark. Cells without staining were
used as a negative control. The accumulation of intracel-
Iular ROS was measured by fluorescence intensity using a
FACSVerse™ flow cytometer (BD Biosciences) and analyzed
using BD FACSuite Software (v1.2 Suite 1.0.2) (both from
BD Biosciences).

Experimental lung cancer metastasis model. To evaluate the
metastatic potency, experimental lung cancer metastasis was
induced in mice using an intravenous injection of LL.C cells
(5x10° cells in 0.5 ml saline) from the HP (n=6) and the CON
(n=7) groups. A total of 4 weeks after the cells were injected
into the mice, all the mice were sacrificed as aforementioned.
Removal of lung tissue was used for both confirmation of mice
death and experimental evaluation. Excised lung tissue was
weighed and the number of tumor lesions on the lung surface
was counted. For the mice that spontaneously died during
the 4-week follow-up period, the date of death was recorded
and the lung tissue samples were collected for evaluation.
Statistical analysis of the overall survival rate of the mice was
also determined.

Immunohistochemical staining. The cell proliferation and
microvessel density in the metastatic lesions of the lungs
was detected using immunohistochemistry staining. The
lungs were fixed in 4% paraformaldehyde for 24 h, at 4°C,
and paraffin-embedded sections (6-¢m thick) were deparaf-
finized and rehydrated (xylene, 2x3 min washes; xylene 1:1
with 100% ethanol, 3 min; 100% ethanol, 2x3 min washes;
95% ethanol, 3 min; 70% ethanol, 3 min; 50% ethanol,
3 min; running cold tap water to rinse). After blocking
with 1% BSA in PBS (Sigma-Aldrich; Merck KGaA), the
sections were incubated with rabbit anti-mouse Ki67 antibody
(cat. no. ab16667; 1:100 dilution;) and rabbit anti-mouse CD31
antibody (cat. no. ab28394; 1:150 dilution) (both from Abcam)
overnight at 4°C, followed by incubation with the Alexa fluo-
rescent 546-conjugated goat anti rabbit IgG(H+L) secondary
antibody (cat. no. A11013; 1:350 dilution; Invitrogen; Thermo
Fisher Scientific, Inc.) at room temperature for 1 h. Nuclei
were stained with 4, 6-diamidino-2-phenylin-dole (DAPI;
cat. no. D21490; Thermo Fisher Scientific, Inc.) at room
temperature for 5 min. Positive staining was examined under
a fluorescent microscope (FV10C-W3; Olympus Corporation).
The percentage of Ki67-positive cells was calculated from 10
randomly selected fields of view (5 fields/slide in 2 slides)
and used for statistical analysis. The CD31-positive stained
structures were counted as microvessels and the average
number of microvessels counted from 10 randomly selected
fields of view (5 fields/slide in 2 slides) was used for statis-
tical analysis.
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PKH26 red fluorescent cell labeling. To evaluate the
survival/retention of the LLC cells in the lungs of the mice,
the cells were labelled with a PKH26 Red Fluorescent
Cell Linker kit (Sigma-Aldrich; Merck KGaA). Briefly, the
cells were incubated with 2 yuM PKH26 dye for 5 min at
room temperature, as the manufacturer's recommenda-
tions. Then, the mice were intravenously injected with the
PKH26-labelled cells (1x10°cells in 0.5 ml saline) from the
HP (n=3) and the CON (n=3) groups. The mice were sacri-
ficed 24 h following the injection and the lung tissue samples
were collected. Cryosections (8-pm thick) of the lung tissues
were used for the direct detection of PKH26-labelled LLC
cells under a fluorescent microscope (FV10C-W3; Olympus
Corporation).

Statistical analysis. The data are presented as the mean + SD.
Statistical significance between two groups was determined
using an unpaired t-test (SPSS; v20.0; IBM Corp.). The survival
of the mice was analyzed using a Kaplan-Meier curve and
statistical significance was determined using the log-rank test
(GraphPad Prism; v8.0.1; GraphPad Software, Inc.). P<0.05
was used to indicate a statistically significant difference.

Results

Exposure of the LLC cells to 50 mmHg HP altered the mRNA
expression level of numerous genes associated with metastasis.
Firstly, the mRNA expression level of genes associated with
metastasis was analyzed between the HP and CON groups.
The RT? Profiler™ PCR array revealed that numerous genes
were up- or downregulated, with a >1.3-fold difference in the
HP group compared with that in the CON group (Table SI).
The top 10 up- or downregulated genes are shown in Fig. 1A.
Within the top 10 upregulated genes, the upregulation of
several adhesion molecules was found, including Cdhl, Cdhll
and Fnl (Fig. 1B). In addition, the upregulation of numerous
metastasis-promoting genes, such as Hgf, Cdhll and Ephb2,
was also found. Within the top 10 downregulated genes,
metastasis suppressors, including Kiss/, Syk and Htatip2,
were frequently detected (Fig. 1B). The overall change in the
gene expression profile indicated the potential role of HP in
enhancing metastatic properties of the LLC cells.

HP exposure enhances the adhesion property of the LLC
cells. The exposure of the LLC cells to 50 mmHg HP for 24 h
did not induce notable morphological changes (Fig. 2A). The
total number of harvested cells was also comparable between
the groups (P=0.70; Fig. 2A), indicating a limited effect of
50 mmHg HP exposure on cell growth.

As the PCR array data indicated the upregulation of
numerous adhesion molecules, the adhesion property of
the cells was investigated. It was found that the exposure to
50 mmHg HP significantly increased the number of adherent
cells on a collagen I-coated flask (P<0.05; Fig. 2B).

HP exposure increases the protein expression level of HIF-1a
and antioxidant enzymes in the LLC cells. HIF-1a, a master
regulator of the cellular adaptive response to hypoxia, is known
to play critical roles in metabolic reprogramming (16) and
metastasis (14) in cancer cells. Western blot analysis showed
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Figure 1. Change in the mRNA expression level of genes in the Lewis lung cancer cells following treatment with or without 50 mmHg HP for 24 h. The mRNA
expression level of metastasis-related genes was measured using a reverse transcription® Profiler™ PCR array. The data are presented as the fold change in the
cells with HP compared with that in the CON. The top 10 up- and downregulated genes are according to the (A) fold change and (B) the biological functional
categories of the genes. HP, hydrostatic pressure exposure; CON, control.
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Figure 2. Survival and adhesion property of the Lewis lung cancer cells following treatment with or without 50 mmHg HP for 24 h. (A) Representative
images of cell morphology under a phase-contrast microscope (left) and quantitative analysis of the total number of surviving cells per petri dish (right).
(B) Representative images (left) and quantitative data (right) of the adherent cells in collagen I-coated flasks. Scale bar, 200 ym. The data are presented as the
mean + SD from 3 independent experiments. HP, hydrostatic pressure exposure; CON, control.

that the protein expression level of HIF-1a was significantly The protein expression level of the antioxidant enzymes,
increased in cells exposed to 50 mmHg HP for 24 h (P<0.01; SODI and SOD2, which are HIF-1a downstream signals
Fig. 3A). (18,19), was also investigated. As expected, the exposure
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Figure 3. Protein expression level of HIF-1a, SODI and SOD?2 is increased following exposure of the LLC cells to 50 mmHg HP for 24 h. Representative blots and
semi-quantitative analysis of the protein expression level of (A) HIF-1a, (B) SOD1 and (C) SOD2 in the LLC cells following treatment with or without 50 mmHg
HP for 24 h. The data are presented as the mean + SD from 5 independent experiments. HP, hydrostatic pressure; CON, control; LLC, Lewis lung cancer.

of the cells to 50 mmHg HP for 24 h also significantly
upregulated the protein expression level of SOD1 and SOD2
(P<0.05; Fig. 3B and C).

HP exposure induces the tolerance of the LLC cells to
oxidative stress. In addition, the oxidative stress tolerance
of the cells was investigated in vitro. Cell necrosis, under
20 or 50 uM H,O, treatment was significantly reduced in the
LLC cells pretreated with 50 mmHg for 24 h (P<0.05; Fig. 4A);
however, the percentage of apoptotic cells was not significantly
different between the 2 groups treated with 20 or 50 M H,0,
(P=0.26 and P=0.45, respectively; Fig. 4A).

The intracellular ROS level at the baseline (without H,0,
stimulation) was detected at comparable levels between the HP
and CON groups (Fig. 4B). Unexpectedly, 1-h stimulation with
20 or 50 uM H,0, notably decreased the ROS accumulation
in the LLC cells without pretreatment with 50 mmHg HP
compared with that at baseline (Fig. 4B). By contrast, after
1-h stimulation with 20 uM H,0,, the ROS accumulation was
slightly increased in the LLC cells pretreated with 50 mmHg
HP compared with that at baseline. We hypothesized that the
less intracellular ROS accumulation in the LLC cells without
HP exposure was due to the severe cell damage or cell death,
rather than the resistance to oxidative stress.

HP exposure promotes the metastasis of the LLC cells to the
lungs. To evaluate the metastatic potency in vivo, the LLC cells
were intravenously injected into healthy adult mice. Compared
with that in the mice that received LLC cells without HP expo-
sure, significantly worse survival was observed in the mice
that received LLC cells pretreated with 50 mmHg HP (P<0.05;
Fig. 5A). All the mice were killed 4 weeks following the injec-
tion of the cells and the maximum percentage body weight
loss observed was 9.3%. There were significantly more meta-
static tumor lesions in the lungs of the mice in the HP group
compared with that in the CON group (P<0.05; Fig. 5B and C).
The weight of the lung tissue was also significantly higher in
the HP group compared with that in the CON group (P<0.05;
Fig. 5D). These data suggested that HP exposure promoted the
metastasis of the LLC cells to the lungs.

To further understand the mechanism involved, the LLC
cells were labelled with PKH?26 before intravenous injection
into the mice, then the survival/retention of the cells in the
lungs was analyzed 24 h later. As expected, more LLC cells
(or cell clusters) were detected in the lungs from mice in the
HP group compared with that in the CON group (Fig. 6A),
suggesting an improved survival/retention of the LLC cells by
pretreatment with 50 mmHg HP.

Cell proliferation and neovascularization in the meta-
static lesions was also analyzed using immunostaining. The
percentage of Ki67-positive cells was not significantly different
between the HP and CON groups (P=0.20; Fig. 6B). However,
the density of the CD31-positive microvessels in the metastatic
lesions was significantly higher in the HP group compared
with that in the CON group (P<0.05; Fig. 6C).

Discussion

Various mechanical forces within the microenvironment of
the tumor mass have been reported to play critical roles in the
progression of malignant tumors (2). Owing to the hyper-perme-
ability of immature capillaries, the elevation of the interstitial
fluid HP could be commonly induced by the presence of excess
fluid accumulation within malignant tumors (20,21). A previous
study has reported that HP may drive breast cancer cells toward
a more invasive phenotype (9); however, the precise role and
relevant mechanism of the mechanical forces in mediating
metastasis is still not well understood.

To investigate the role of HP on the metastatic property of
cancer cells, the LLC cells were exposed to 50 mmHg HP to
mimic the in vivo tumor microenvironment, then the mRNA
expression level of genes associated with tumor metastasis was
analyzed. A PCR array indicated noticeable changes, including
the upregulation of metastasis promotors (Hgf, Cdhll and
Ephb2) and the downregulation of metastasis suppressors
(Kissl, Syk and Htatip2) in the LLC cells following expo-
sure to 50 mmHg HP for 24 h. The most upregulated gene,
Ephb2, has been demonstrated to modulate the metastatic
phenotype (22) and induce angiogenesis (23). The most down-
regulated gene, Elane, has been demonstrated to modulate
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Figure 4. Tolerance of the LLC cells to oxidative stress. The LLC cells were treated with or without 50 mmHg HP and with 0, 20 and 50 M H,0O,. The
apoptotic/necrotic cells and intracellular ROS was subsequently detected using flow cytometry. (A) Representative flow cytometry plots (left) and quantitative
data (right) of the number of apoptotic and necrotic cells. (B) Representative histograms (upper) and quantitative data (lower) of the mean intensity of the
intracellular ROS levels. The data are presented as the mean + SD from three independent experiments. HP, hydrostatic pressure; CON, control; LLC, Lewis

lung cancer; ROS, reactive oxygen species; H,O,,hydrogen peroxide.

neutrophil expression, inflammation and repair (24). Using
an experimental lung metastasis model in mice, it was further
confirmed that the LLC cells pretreated with 50 mmHg HP
developed a significantly higher number of tumor metastasis
lesions in the lungs. These data suggested that an elevated
interstitial fluid HP in a rapidly growing malignant tumor may
enhance the metastatic property of cancer cells.

Additional experiments were performed to further under-
stand how HP enhanced the metastatic property of the LLC cells
from different aspects, according to the multi-step processes of
hematogenous metastasis. It is well-known that cancer cells enter
the circulation system and are exposed to hyperoxic arterial
blood for hematogenous metastasis (6). Accumulating evidence
suggests that oxidative stress kills most of the circulating cancer
cells, resulting in a very poor efficiency of metastasis (6,7).
Therefore, oxidative stress tolerance is essential for the
successful metastasis of cancer cells. HIF-1a is well-known
as an important mediator of metabolism reprogramming of
cancer cells by regulating antioxidant enzymes and antioxidant
properties (25). Notably, it has been recently demonstrated that
cyclic mechanical force stabilizes HIF-1a by reducing protein

degradation (13). Consistently, the results from the present study
showed the upregulation of HIF-1a protein expression level in
the LLC cells following exposure to 50 mmHg HP for 24 h.
In addition, the protein expression level of the antioxidant
enzymes, SOD1 and SOD2, the direct downstream targets
of HIF-1a (18,19), were also significantly increased in cells
exposed to 50 mmHg HP. This could contribute to enhancing
antioxidant capacity of cancer cells for remote hematogenous
metastasis. Consistent with the upregulation of various adhesion
molecules, the exposure to 50 mmHg HP also enhanced the
adhesion property of the LLC cells, as shown by the results of
the in vitro adhesion and the in vivo cell tracking assays.

HIFs are heterodimeric proteins composed of HIF-a and
HIF-1p subunits. HIF-1a is an O,-regulated subunit, while
HIF-1p is a constitutively expressed subunit (26). The protein
expression level of HIF-1a has been reported to be overexpressed
in numerous malignant tumors, including lung, prostate, breast
and colon carcinomas (27,28). It has been demonstrated that the
enhanced protein expression level of HIF-1a was associated with
poor prognosis in patients with breast, oropharyngeal and pros-
tate cancer (29-31). As a master regulator of cellular response
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Figure 5. Experimental lung metastasis model in healthy adult mice. The Lewis lung cancer cells were treated with or without 50 mmHg HP and were
intravenously injected into the mice, then lung metastasis was evaluated 4 weeks later. (A) Kaplan-Meier curves show the survival probability of the mice.
(B) Quantitative data and (C) representative images of tumor metastasis lesions on the surface of lungs. (D) The weight of lung tissues. The data are presented

as the mean + SD. HP, hydrostatic pressure; CON, control.

to hypoxia, HIF-1 can induce the transcription of several genes
involved in angiogenesis, cell proliferation and cell metabo-
lism (15,32). One of the most popularly recognized downstream
genes of HIF-1 is vascular endothelial growth factor (VEGF),
which is known to induce angiogenesis for the rapid growth of
malignant tumors (33). VEGF, originally named as vascular
permeability factor, was first identified as a tumor-secreted factor,
which increases vascular permeability and promotes the accu-
mulation of ascite fluid (21). Considering the hyper-permeability
of microvessels in the tumor (34), it is reasonable to hypothesize
that an excess accumulation of exudate in the interstitial space
contributes, at least in part, to the increase of the interstitial fluid
HP in the tumor mass. As a result, elevated HP may stabilize
HIF-1a, which thereby induces VEGF and antioxidant enzymes
to accelerate the growth and metastasis of malignant tumors.

There is a caution in Cellosaurus that the LLC cells (LL/2)
could be identical to 3LL cells. It is reported that LL/2 cell line
could be identical to 3LL cell line because both of them are from
mouse Lewis lung carcinoma and show the same biological
characteristics. Therefore, this will not affect the conclusion of
the present study.

A total of 4 weeks after the cells were injected into the
mice was used as the humane endpoint, based on clinical signs
(reduced intake and activity) and pathophysiological changes
(weight loss >20%). During the follow-up for 4 weeks, the
progression of tumor metastasis in the lungs of the mice was
not directly monitored; however, it was indirectly monitored
by observing the clinical signs (intake and activity) and patho-
physiological changes (weight loss) of mice.

For the 7 mice that died spontaneously, prior to the end
of the 4-week follow-up time in the lung metastasis mice
model, it was confirmed that the 7 mice did not die from lung
metastasis-induced respiratory failure or systemic cachexia.

We hypothesized that the cause of spontaneous death may be
due to another cause, based on the following: i) There were no
signs of severe clinical symptoms in the 7 mice following daily
monitoring; ii) based on the assessment of the exercised lungs,
there were fewer metastatic lesions in the lungs of the 7 mice;
iii) according to the examination of the 7 mice after sacrifice,
there was no serious bleeding, inflammation or purulent
secretions in the body, no notable signs of metastasis or organ
necrosis was found in the chest cavity or in any of the other
organs and no obvious occurrence of cachexia was found.
The present study has several limitations. First, a single cell
line was used and the cells were only exposed to 50 mmHg HP
for all the experiments. This is due to the following reasons:
i) The present study was designed to examine whether an elevated
HP could promote the metastasis of cancer cells; ii) the C57BL/6
mice were used for in vivo experiments and the LLC cell line is
the most reproducible syngeneic model for evaluating lung metas-
tasis to date (35); iii) interstitial fluid pressure in solid malignant
tumors could be elevated to ~30 mmHg HP (12,36) and iv) the
exposure of the LLC cells to 50 mmHg HP altered the mRNA
expression level of genes associated with metastasis; however,
higher pressure (100 mmHg) induced cell death and cell debris
production (data not shown). Therefore, further experiments are
required to exposure different cancer cell lines with different
HPs. Second, the PCR array was not repeated due to a limited
budget. In addition, the fold-change result may also have greater
variations if P>0.05; therefore, it is important to have a sufficient
number of biological replicates to validate the array data. However,
a mixture of RNA samples was used from three independent
experiments to generate the cDNA for a single PCR array in each
group. Therefore, the PCR array data was expressed as the average
level in 3 samples from each group. Third, further interventional
experiments, such as the interference of the HIF-1a signaling
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Figure 6. Survival/retention of the LLC cells and immunostaining analysis of proliferating cells and microvessels in the metastatic lesions. The LLC cells were
treated with or without 50 mmHg HP, then intravenously injected into the mice. (A) Representative confocal microscopy images of the survival/retention of
the PKH26-labelled cells or cell clusters (arrows) in the lungs, 24 h following injection. Scale bar, 40 ym. (B) Representative images (left) and quantitative data
(right) of the Ki67-positive proliferative cells in the metastatic lesions in lungs. Scale bar, 20 ym. (C) Representative images (left) and quantitative data (right)
of the CD31-positive microvessels in the metastatic lesions in the lungs. Scale bar, 20 ym. The nuclei were stained with DAPI. The data are presented as the
mean = SD. HP, hydrostatic pressure; CON, control; LLC, Lewis lung cancer.

pathway was not performed, as silencing HIF-1a alone would
change cell biological properties. Furthermore, multiple factors,
including the increase in mRNA expression level of HIF-1a and
adhesion molecules could be involved in the HP-induced cancer
cell metastasis; therefore, a genetic intervention approach to
directly confirm the role of HIF-1o was not performed in the
present study. Forth, Annexin V-positive apoptotic cells were only
analyzed using flow cytometry and the expression level of other
apoptotic proteins, such as the caspase family, can also be used
to indicate apoptosis. In addition, a colony-forming assay was
not included, as the potential role of HP in cancer cell metastasis,
rather than tumorigenesis and tumor growth was the aim of the
present study.

From the results in the present study, an elevated HP in
rapidly growing malignant tumors may enhance the metastatic
potency of cancer cells via complex mechanisms, including the
increase in the mRNA expression level of adhesion molecules to
improve cell adhesion and the stabilization of HIF-1a to induce
the expression of antioxidant enzymes to defend against oxida-
tive damage during metastasis (Fig. 7). It is critical to elucidate
the comprehensive molecular mechanisms underlying the stabi-
lization of HIF-1a by HP in further investigations.
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