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We examined the role of phagocyte-derived oxygen
radicals in tumor cell acquisition of metastatic phe-
notype by comparing gp91””°* '~ mice and C57BL/6J
wild-type (WT) mice. The gp917”°*~~ mouse is defi-
cient in the gp91P"°* gene, an essential subunit of the
phagocyte nicotinamide adenine dinucleotide phos-
phate oxidase that generates superoxide anion. QR-32
fibrosarcoma cells are nonmetastatic but are con-
verted into metastatic tumors once in contact with
foreign body (gelatin sponge)-induced phagocytes in
vivo. Compared to QR-32 cells co-implanted with the
foreign body in WT mice, those in gp91””°*~'~ mice
exhibited reduced metastasis. There was no differ-
ence in the incidence of primary tumors after injec-
tion of B16BL6 melanoma cells in WT and
gp91’”°*~~ mice. However, after resection of the
primary tumors, metastases were reduced in
gp91P?°*~'~ mice. Thymosin 84 gene expression and
cell motility/invasion were seen in the tumors from
WT mice but not in those from gp91””°*~~ mice. Adop-
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tive transfer of phagocytes from WT mice, but not those
from gp91””°~~~ mice, restored the metastatic ability
of tumors grown in gp917?°*~~ mice. These findings
show that tumor metastatic behavior can primarily be
endowed by phagocyte-derived superoxide anion and
its oxidative metabolites, which are generated through
activation of nicotinamide adenine dinucleotide phos-
phate oxidase. (4m J Pathol 2006, 169:294-302; DOI:
10.2353/ajpath.2006.060073)

Metastasis has a significant impact on the mortality in
cancer patients, as shown by the overall 5-year survival
rate being less than 20% because of metastases.” Met-
astatic disease is generally difficult to treat with currently
available therapies, and thus an improved understanding
of the underlying molecular and cellular mechanisms of
tumor metastasis is needed. A tumor undergoes a com-
plex series of processes to achieve metastasis,®> which
is termed “multistep carcinogenesis.” Tumor metastasis
is promoted by genetic alterations in each step,* and
epigenetic changes of crucial genes related to organ-
specific colonization have been elucidated to some
extent.>~”

Although little is known about the causative factors that
convert benign tumors into malignant ones, it has been
proposed that metastatic tumor cells originate in a pre-
existing or dynamic heterogeneity of tumor cells with
metastatic potential that reside in the primary tumor®®
and that expand to clinically distinguishable metastasis in
the environment of the host (selection). In the current
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study, we aimed to identify the endogenous factors that
can promote tumor metastasis.

Among endogenous factors potentially related to tu-
mor development and progression, oxygen radicals are
thought to have a major influence. Epidemiological stud-
ies have indicated that genotoxic reactive oxygen spe-
cies (ROS) are implicated in one-fourth to one-third of all
cancers.'®"" In vitro studies have revealed that oxygen
radicals may be associated with tumor development.'?
However, in general, research approaches have been
indirect, ie, they are performed using in vitro systems or
by using antioxidative enzymes,'®'* and thus interpreta-
tion of the results remains ambiguous. To verify the in-
volvement of ROS in tumor development and progres-
sion, we used mice that have targeted disruption of a
gene related to ROS production in inflammatory
phagocytes.

The nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase is a membrane-bound cytochrome
bssg composed of two subunits (gp91°7°* and p22 P°)
that coordinate flavin adenine dinucleotide and two heme
moieties.'® With inflammatory stimulation, the cytosolic
subunits p40F™©, p47F"°% p67°"*, and the small GTP-
binding protein Rac1/Rac? translocate to the membrane
and interact with cytochrome b..g."®'® The assembled
complex mediates electron transfer to extracellular mo-
lecular oxygen (O,), resulting in the generation of super-
oxide anion (O, ) during the phagocyte respiratory
burst.’®2° The physiological significance of the phago-
cyte NADPH oxidase in host defense is indicated by the
severe, recurrent bacterial or fungal infections that occur
in patients with chronic granulomatous disease. Phago-
cytes in those patients are unable to generate O, be-
cause of various mutations in four of the oxidase proteins
(p22PNox  p47PIOX pE7P™X and gp91P¥),2" especially a
glycosylated 91-kd glycoprotein (gp91°°x).1° gp91P1ox—/~
mice generated by disruption of the X-linked murine cy-
tochrome bssg lack a functional NADPH oxidase, and
their phagocytes are unable to generate superoxide an-
ion, thus providing a murine model of chronic granulo-
matous disease.??

In this study, we demonstrated the contribution of
NADPH oxidase-derived superoxide and its oxidative
metabolites to acquisition of the metastatic phenotype,
using two different models in which we were able to
observe the natural transition in vivo of nonmetastatic (or
metastatic) tumor cells to metastatic (or highly meta-
static) ones. We also present evidence that inflammatory
phagocytes can serve as an endogenous factor to irre-
versibly convert tumor cells into metastatic ones (ie, ge-
netic alteration) by generating ROS in vivo.

Materials and Methods

Tumor Cell Lines and Culture Conditions

The origin and characteristics of the tumor cell lines used
in this study have been described previously.?® Briefly,
the QR-32 tumor is a clone obtained from 3-methyl-chol-
anthrene-induced fibrosarcoma in a C57BL/6J mouse
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that spontaneously regressed when injected into normal
syngeneic mice.?* QR-32 and its derivative metastatic
cell line (QRsP-11) were maintained in Eagle’s minimum
essential medium (MEM; Nissui Pharm., Tokyo, Japan)
supplemented with 8% (v/v) fetal bovine serum (Filtron
Pty., Ltd., Brookyln, Australia). B16BL6 melanoma cells
were maintained in Dulbecco’s modified Eagle’s medium
(Sigma, Tokyo, Japan) with 10% fetal bovine serum.

Mice

gp91Pox=/= mice, established as previously de-
scribed,?? lack the membrane gp91°"°* subunit of the
NADPH oxidase multicomponent system. The knockout
mice were backcrossed with C57BL6J mice for more
than 20 generations. C57BL/6J mice (introduced from the
Jackson Laboratory, Bar Harbor, ME) were obtained from
Nippon SLC (Hamamatsu, Japan) and used as WT mice.
Age- and sex-matched mice were used for each set of
experiments. All experiments were approved by the
Committee of Institute for Animal Experimentation, Hok-
kaido University Graduate School of Medicine (no. 02048
and no. 03085).

Model of Inflammation-Based Tumor
Progression

Inflammation was induced by insertion of a foreign body,
gelatin sponge, as described previously.?® Sterile gelatin
sponge (Yamanouchi Pharm., Tokyo, Japan) was cut into
10 X 5 X 3-mm pieces and inserted into a subcutaneous
pocket in the right flank of the pelvic region of a mouse.
Then QR-32 tumor cells (1 x 10° cells/0.1 ml) were
immediately injected into the preinserted gelatin sponge.
On day 25, the arising tumors were aseptically removed,
and individual culture cell lines were established for eval-
uation of their metastatic potential in normal mice (1 X
106 cells injected intravenously). On day 25, the mice
were sacrificed, and metastatic nodules on the surface of
the lungs or other organs were counted macroscopically.

Model of Spontaneous Metastasis of B16BL6
Melanoma Cells

B16BL6 cells (4 x 10° in 0.05 ml) were injected into the
hind footpad. On day 25, the primary tumors were surgi-
cally removed under anesthesia. The mice were sacri-
ficed when they were in a moribund state, followed by
necropsy.

Subcutaneous Tumor Growth and Experimental
Metastasis

For evaluation of subcutaneous tumor growth, QRsP-11
tumor cells (2 x 10°) or B16BL6 cells (1 x 10°) were
injected, and the tumor diameters were measured twice a
week. For experimental metastasis assay, tumor cells
(QRsP-11, 1 X 10° cells; B16BL6, 1 X 10° cells) were
injected intravenously. The mice were maintained for 3
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and 2 weeks, respectively. After euthanasia, the lungs
and other organs were removed and weighed, and sur-
face metastatic lesions were counted macroscopically.

Adoptive Transfer of Inflammatory Phagocytes

In the recipient gp91”"*~/~ mice, QR-32 cells with the
foreign body had been implanted or B16BL6 cells had
been injected into the footpad. Inflammatory phagocytes
(2 X 10° cells), prepared as described below, were then
transferred adoptively to the growing site of QR-32 cells
daily from day O (simultaneously) to day 5 and to the
growing site of B16BL6 cells three times each week for 4
weeks.

The inflammatory phagocytes were collected by la-
vage of the peritoneal cavity of WT and gp91°"*~/~ mice
in which a sterile gelatin sponge had been inserted 5
days before. The peritoneal exudate cells were then pu-
rified for phagocytes by using Mono-Poly resolving me-
dium (Dainippon Pharmaceutical Co. Ltd., Tokyo, Japan).
Histological examination revealed that the purified cellu-
lar population was composed of ~70% neutrophils and
30% macrophages/lymphocytes.

Determination of the Total Number and the
Types of the Cells Infiltrated into Gelatin Sponge

The gelatin sponge pieces subcutaneously injected into
WT and gp91°"*~/~ mice were removed and digested
with 0.2% collagenase in serum-free minimum essential
medium for a few minutes at 37°C. After collecting all of
the infiltrated cells by centrifugation, we counted the total
number of the cells per piece of gelatin sponge. We also
performed differential counts of more than 200 cells in
smear preparations of the collected cells stained with
May-Grunwald’s and Giemsa solution (Wako Pure Chem-
ical Inc., Osaka, Japan). Mean percentages of differential
cells were obtained from the mean values of independent
counts by two pathologists.

Assay for Determining Scavenging Capacity of
Plasma Antioxidants

The aim of this assay was to determine scavenging ca-
pacity of plasma antioxidants by evaluation of Cu™ de-
rived from Cu™™ by the combined action of all antioxi-
dants in plasma (TAO1; Oxford Biomedical Research,
Oxford, MI). Generation of Cu™ was detected after stable
complex formation between Cu™ and bathocuproine as
monitored at 490 nm wavelength on a microplate reader
(model 550; Bio-Rad, Tokyo, Japan). The decrease in
absorbance after addition of the plasma was plotted on a
calibration curve estimated by application of known con-
centrations of uric acid as standard. Results were ex-
pressed as wmol/L uric acid equivalents.

In Vitro Cell Motility Assay (Phagokinetic Track
Assay)

Uniform carpets of gold particles were prepared on glass
coverslips (22 X 22 mm). The coverslips were placed in
35-mm culture dishes (Greiner Labortechnik, Tokyo, Ja-
pan) and 2 X 103 tumor cells were placed in each dish.
After 48 hours, phagokinetic tracks of 40 cells were
traced under a microscope. The area cleared of gold
particles by cells was quantified by using a microscope
analyzer (Cosmozone R500; Nikon, Japan).

In Vitro Cell Invasion Assay

A nucleopore filter (8-um-pore size) was coated with
Matrigel matrix (156 ug/cm?; Becton, Dickinson and
Company, Tokyo, Japan) and placed between blind-well
chemotactic chamber compartments (Costar Transwell,
Tokyo, Japan), and then 5 x 10% tumor cells were placed
in the upper compartment. Fibronectin (25 ug/ml) was
used as chemoattractant. After 6 hours of incubation, the
filters were removed, fixed in 5% glutaraldehyde, and
stained with May-Grinwald Giemsa stain. The number of
cells that had penetrated into the filter was counted under
a microscope.

Reverse Transcriptase-Polymerase Chain
Reaction (RT- PCR) Analysis

The detail of RT-PCR for gene amplification of thymosin
B4 or GAPDH has been described previously.?®

Statistical Analysis

The significance of the differences in tumor and meta-
static incidences was evaluated by the x* test, and the
differences in organ weight, number of lung colonies, and
antioxidative capacity were calculated by Student’s
t-test.

Results

Decreased Acquisition of Spontaneous
Metastatic Phenotype in gp91°"*~"~ Mice

The QR-32 fibrosarcoma cells did not produce tumors or
form metastases after subcutaneous (2 X 10° cells) or
intravenous (1 X 10° cells) injection into C57BL/6J
mice.®* However, they were converted to grow lethally
after being co-implanted with a piece of gelatin sponge,
which induced inflammation at the site of implantation,
and the tumors arising from them acquired a metastatic
phenotype.?® Previous studies indicate that infiltrated
neutrophils are predominantly involved in the progression
process, and oxygen radicals derived from neutrophils
play a role in acquisition of metastases.?®27

Figure 1A shows that lethal growth of QR-32 cells
co-implanted with gelatin sponge was observed in 30 of
39 wild-type (WT) mice in contrast to 8 of 34 gp91Phox
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Figure 1. Decreased acquisition of metastatic ability of tumor cells grown in
gp9l/’l""""’/’ mice. QR-32 tumor cells (A—C, 1 X 10°) were subcutaneously
(s.c.) co-implanted with gelatin sponge, and B16BL6 cells (D-F, 4 X 10° in
0.05 ml) were injected into the hind footpad (i.f.), respectively, of WT mice
and gp91/"""\"”" mice (A and D). The metastasis incidence (B and E) and
number of colonies per lung (C and F) were counted. *P < 0.001 versus WT.
The actual number of incidences is indicated above each bar (number of
mice with tumor or metastasis/number of mice tested).

gene knockout mice (gp91°"°*~/) that lack a functional
NADPH oxidase. In contrast to the tumor cells grown in
WT mice, tumors arising in gp91°"*~/~ mice acquired a
significantly weaker metastatic phenotype, both in the
metastases of the lung (Figure 1, Band C; P < 0.001) and
other organs (data not shown).

The subcutaneously injected gelatin sponge pieces
were removed from WT and gp9177°*~/~ mice, and the
exact number of infiltrated cells was counted per gelatin
sponge. Table 1 shows that a greater number of cells
infiltrated into sponge pieces in gp91°"*~/~ mice. When
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Figure 2. Growth of primary tumors in gp91#”°*~/~ mice and WT mice after
subcutaneous or intrafootpad injections of tumor cells. Growth curves of
QR-32 cells (1 X 10° cells) co-implanted with gelatin sponge (A), QRsP-11
tumor cells (1 X 10° cells) injected subcutaneously (B), BI6BL6 cells (4 X
10 cells) injected into hind footpad (C), and B16BL6 cells (1 X 10° cells)
injected subcutaneously (D) into WT and gp9177**~/~ mice, respectively. O,
WT mice; @, gp9177°*~/~ mice; A, gp9177**~/~ mice with adoptively trans-
ferred WT phagocytes; A, gp91”7°*~/~ mice with adoptively transferred
gp9127=/~ phagocytes. *P < 0.01; gp91#7**~/~ versus WT mice, and
gp91P7°*~/~ mice with adoptively transferred WT phagocytes versus
gp9177°*~/~ mice with adoptively transferred gp91””°*~/~ phagocytes. Data
are mean diameters of the arising tumors at each injection and are represen-
tative results of at least two separate experiments producing similar results.

we stained the infiltrated cells and determined their cell
types by histological examination, there were no differ-
ences in the types of cells infiltrated into gelatin sponge
between WT and gp91°"*~/~ mice.

We next examined spontaneous metastasis of B16BL6
melanoma, another in vivo murine tumor model. B16BL6
cells (4 X 10° cells) were injected into the right footpad of
mice, and the arising tumors were surgically resected on
day 25. No significant difference was observed between
the mice in the incidence of primary tumor growth (Figure
1D), which was also evaluated by tumor thickness in
proportion to the left footpad (Figure 2C) and by the
weight of amputated legs (data not shown). However,
local tumor invasion in vivo was evident in the WT mice
compared to gp91°">~/~ mice when the primary footpad

Table 1. Differential Leukocyte Counts and the Numbers of Cells Infiltrated into Gelatin Sponge in gp91””**™~ and WT Mice

Total number of
Number gelatin sponge-

Percentage of differential leukocytes per gelatin sponge-infiltrated cells

of mice infiltrated cells
Mice* examined (x10°) Mga/MOT PMN* LCS EOST Others
WT 6 16.4 = 1.5/ 125 =71 578 7.7 26.9 = 3.5 1.0+ 1.1 20+x12
gp91Phox=/= 6 226 + 27! 98 +43 615 +5.1 269 =23 0.8+10 1.4 +05

*A piece of gelatin sponge was implanted into the subcutaneous space of gp91°"°*~/~ and WT mice.

TMg/MO, macrophages/monocytes.
PMN, polymorphonuclear neutrophils.
SLC, lymphocytes.

TEQS, eosinophils.

lo < 0.001.
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Figure 3. Restored metastatic ability of tumor cells by adoptive transfer of
inflammatory phagocytes obtained from WT mice. Adoptively transferred
inflammatory phagocytes obtained from WT mice recovered acquisition of
metastatic potential of tumor cells of both tumor cell lines. *P < 0.05 and
P < 0.001 versus adjacent group.

tumors were removed. Grossly, in 12 of 20 WT mice,
tumor invaded the underlying calf muscle and could not
be removed completely; in contrast, tumors invaded calf
muscle in only 4 of 27 gp917™~/~ mice and were easily
removed with minimal damage to the surrounding tis-
sues. Figure 1E shows that the incidence of lung metas-
tasis was significantly higher in WT mice than in
gp91°™=/~ mice (P < 0.001). Furthermore, the number
of metastatic nodules on the lung surface was signifi-
cantly higher in WT mice than in gp91°"*~/~ mice (Fig-
ure 1F, P < 0.001).

To confirm that ROS derived from NADPH oxidase in
phagocytes actually contributed to the acquisition of met-
astatic properties of tumor cells, we tested whether the
reduced metastatic ability of tumor cells in gp91°"o~/~
mice could be restored by adoptive transfer of inflamma-
tory phagocytes. Since we had found that QR-32 cell
progression was promoted by the early-phase inflamma-
tion in this model,?® we adoptively transferred phago-
cytes into the gelatin sponge co-implantation site from
day O to day 5. Figure 3A shows that tumor growth
occurred in 7 of 10 WT mice and 2 of 10 gp91Fox—/~
mice without adoptive transfer, 6 of 10 gp91°">*~/~ mice
with adoptively transferred WT mice-derived phagocytes
and 2 of 10 gp91°"°*~/~ mice with gp91°"**~/~ mouse-
derived phagocytes. Figure 2A shows their growth
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Figure 4. Decreased acquisition of spontaneous metastatic ability of BIGBL6
melanoma cells after subcutaneous injection into gp9177**~/~ mice. BI6BL6
melanoma cells (1 X 10°) were injected subcutaneously into WT mice and
gp9177°*~/~ mice. The mice were sacrificed for necropsy when they were in
a moribund state. *P < 0.05 and **P < 0.01 versus WT mice.

curves. More interestingly, tumors grown in the
gp91Pex=/~ mice with WT mouse-derived phagocytes
acquired a malignant phenotype, as evidenced by the
development of lung metastasis; in contrast, those in
gp91P™ =/~ mice with gp91°"°*~/~ mouse-derived
phagocytes did not (Figure 3, B and C).

Next, we confirmed recovery of metastatic potential in
the B16BL6 model. Phagocytes isolated from WT or
gp91Pex=/~ mice were injected into the B16BL6 tumor
bed in gp91°"°*~/~ mice. As shown in Figure 3D, tumor
incidence did not differ between the mice; however,
adoptive transfer of phagocytes from WT mice signifi-
cantly enhanced metastatic ability, whereas transfer of
phagocytes of gp91°"*~/~ mice did not (Figure 3, F
and G).

We also examined the effects of the wild-type versus
gp9 1P/~ background on growth of the primary tumor.
For subcutaneous injection, we used highly tumorigenic
and metastatic QRsP-11 tumor cells derived from QR-32
tumor cells in contact with inflammation.?® There were no
differences in the growth incidence and growth rate be-
tween gp917"~/~ mice and WT mice (Figure 2B). In
addition, we subcutaneously injected B16BL6 cells, find-
ing no difference either in the growth rate (Figure 2D) or
in the growth incidence (Figure 4A) between WT and
gp91Pox=/~ mice. However, we found dramatic differ-
ences in the incidence of spontaneous distant metasta-
ses. Of the 12 WT mice, 9 mice had prominent lung
metastasis at necropsy, in contrast to 2 of the 14
gp91°"=/~ mice (Figure 4B, P < 0.01). The number of
metastatic nodules on the lung surface was significantly
higher in WT mice than in gp91”"°*~/~ mice (Figure 4C,
P < 0.05). Furthermore, the majority of B16BL6-bearing
WT mice developed extrapulmonary metastases, fre-
quently accompanied by metastases to regional lymph
nodes (inguinal and axilla), whereas in gp91°"°*~/~ mice



NADPH Oxidase-Derived ROS in Tumor Metastasis 299
AJP July 2006, Vol. 169, No. 1

Table 2. Experimental Metastatic Abilities of Tumor Cells Intravenously Injected into gp917”**™/~ and WT Mice

Number of lung Metastatic
metastatic Lung weight incidence
Mice Cell line nodules (9) (%)
WT QRsP-11 1441 =118 1.2+03 8/8 (100)
gp91Prox—/= QRsP-11 138.0 = 19.1 1.0+0.2 9/9 (100)
WT B16BL6 111.5 £ 49.7 0.4 = 0.1 10/10 (100)
gp91Phex—/= B16BL6 97.8 + 432 04+02 13/13 (100)

QRsP-11 fibrosarcoma (1 X 10° cells) and B16BL6 melanoma (4 X 10° cells) were injected via the tail vein. They were sacrificed for necropsy on

days 21 and 14, respectively. Data represent the mean = SD.

metastases were significantly less frequent (Figure 4D).
We then used an experimental metastasis assay to eval-
uate the primary growth properties in the lungs after
intravenous injection of QRsP-11 cells or B16BL6 cells.
The number and size of lung metastases of the respec-
tive tumor lines did not differ between WT mice and
gp91P"*~/~ mice (Table 2). Oxidative stress is balanced
on the match of oxidant stimuli and various antioxidants in
vivo. We next confirmed the scavenging capacity of
plasma antioxidants in WT and gp91°7°~/~ mice. There
was no significant difference between the mice either at 8
or 16 weeks of age (Table 3).

Thymosin B4 Gene Expression and
Corresponding Cell Motility/Invasion Were
Augmented in Tumor Cells Grown in WT Mice
but Not Those Grown in gp91°">*~"~ Mice

Because we had demonstrated that thymosin B4 gene
expression was responsible for the acquisition of a met-
astatic phenotype through regulating cell motility,2® the
levels of thymosin B4 expression of the primary tumors
from WT mice were tested and found to be high, whereas
those from gp91°"°*~/~ mice had no expression of thy-
mosin B4 (Figure 5A). A phagokinetic track assay, which
reveals the motile potential of a single tumor cell, showed
that motile potential was significantly higher in both QRsP
tumors and B16BL6 tumors in WT mice, as compared to
those in gp917"~/~ mice (Figure 5, B and C). Penetra-
tion of tumor cells into a Nucleopore membrane coated
with Matrigel matrix was evaluated as one aspect of
invasion in vitro. Both QRsP tumors and B16BL6 tumors
grown in WT mice exhibited significant invasion of the
membrane compared to those grown in gp91Pox—/~
mice (Figure 5, D and E).

Table 3. Scavenging Capacity of Plasma Antioxidants in
gp9177%~/~ and WT Mice

Antioxidative capacity
(mmol/L uric acid equivalent)

Mice 8 weeks old 16 weeks old
WT 47.1 £ 36.0 264.3 = 389.1
gp91Phox=/= 47.8 £ 28.9 2255+ 315.8

Each group consisted of more than 12 mice.

Discussion

In this study, we used two different murine tumor models
to establish that tumor cells do not acquire a metastatic
phenotype in the gp91”"~/~ mice, indicating that
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Figure 5. Thymosin B4 gene expression and corresponding cell motility/
invasion were augmented in tumor cells grown in WT mice but not those
grown in gp9177**~/~ mice. Tumor cells were established from QR-32 cells
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tumors in WT with lowest motility or invasion.
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NADPH oxidase-derived oxygen radicals are essential
for generating metastatic variants in primary tumors. We
confirmed this finding by adoptively transferring phago-
cytes obtained from WT mice with intact respiratory burst
oxidase activity. The results of this study demonstrate the
impact of phagocyte-derived superoxide and its oxida-
tive metabolites as an endogenous factor to endow tumor
cells with metastatic ability in vivo.

Metastatic tumor cells are a specialized subset of cells
capable of completing the multistep metastasis cas-
cade.?32528 The process is divided into two stages.
First, tumor cells detach from the primary lesion, migrate
and degrade the surrounding extracellular matrix, and
intravasate into blood and/or lymph vessels. Second, in
the circulation where they escape immunological attack,
tumor cells adhere to endothelial cells and then extrava-
sate from blood and/or lymph vessels through the en-
dothelium. Then, tumor cells begin to proliferate at
sites distant from the primary tumor. The difference
in the incidence of spontaneous metastasis between
gp91Pox=/~ mice and WT mice appears to reflect events
occurring during the first stage of metastasis, ie, from
detachment from the primary lesion to intravasation into
vessels, because there was no difference in the inci-
dence of experimental metastasis induced by directly
injecting tumor cells into the circulation by intravenous
injection, which mimicked the second stage of metasta-
sis.?® During the first stage of metastasis, the tumors
grown in gp91°"°*~/~ mice had a reduced capacity to
acquire cell motility and invasiveness compared to those
in WT mice. In vitro motility and invasion phenotype are
closely correlated with the degree of invasiveness of
tumor cells in vivo. Hence we suggest that the genes for
motility/invasion can be regulated by ROS. Among those
genes, we previously identified thymosin B4 expression
as a regulator of tumor metastasis phenotype through
controlling tumor cell motility.2®

Thymosin B4 is known to regulate re-organization of
actin network that may affect the dynamics of focal ad-
hesion assembly and lead to modulation of cell-substrate
interactions because thymosin B4 controls both actin-
based cytoskeletal system (myosin IIA, «-actinin, and
tropomyosin) and cell-cell adhesions (vinculin, talin, as-
integrin, and focal adhesion kinase).3°~32 Therefore, the
levels of thymosin B4 expression affect the dynamics of
cellular shape (including epithelial-to-mesenchymal tran-
sition-like morphological changes), cell motility, cell sur-
vival, and consequently metastatic ability of tumor
cells.?® The correlation between acquisition of metastatic
phenotype and thymosin B4 gene overexpression seems
to be a universal phenomenon as Clark and colleagues®®
have indicated; by using human and mouse melanoma
cells, they demonstrated that thymosin B4 gene expres-
sion was commonly up-regulated by repeated selection
of highly metastatic variants in vivo. Therefore, thymosin
B4 gene and/or its upstream regulatory gene(s) are likely
to be one of the candidates for ROS-mediated acquisition
of tumor metastasis. We noticed that the inflammatory
environment, especially with a large amount of long-last-
ing active nitrogen oxides, modifies tumor malignant phe-
notypes in primarily growing tumors. Matrix metallopro-

teases (MMPs) are considered to be directly involved in
the tumor-associated angiogenesis, invasion, and metas-
tasis. Several lines of evidence revealed that peroxynitrite
that was a reactive substance of inflammatory cell-de-
rived superoxide and nitric oxide mediate activation of
latent (inactive)-form MMPs to active ones.***® In the
gp91P™~/~ mice that are thought to maintain MMPs in
less active forms because the mice lack NADPH-derived
oxygen radicals. Such oxidative modification of MMPs in
the primary tumors may be a possible mechanism to
reduce acquisition of malignant phenotypes in
gp91Pox=/~ mice.

Six possible metastatic cascades have been proposed
in studies of metastatic animal models.® 1) Subpopula-
tions of tumor cells acquire metastatic capacity late in
tumorigenesis.® 2) All tumor cells have the capacity to
develop a metastasis.**2° DNA microarrays revealed
that metastases and primary tumors (including those
even in the premalignant stage) in individual patients
show similar gene expression profiles.*°~#2 3) Heteroge-
neous tumor subpopulations containing metastatic tu-
mors arises during the growth of the primary tumors
(dynamic heterogeneity).**4* 4) Metastatic subclones
within a primary tumor can overgrow and dominate the
tumor mass itself (clonal dominance theory).*6 5) Me-
tastasis occurs through transfection of suitable cells in
distant organs with circulating oncogenes derived from
the primary tumors (genometastasis hypothesis).*”*® 6)
Metastatic variants derive from cancer stem cells.
Five of the six metastasis theories indicate that metastatic
variants derive from a primary tumor population by un-
dergoing genetic alteration(s). We considered that emer-
gence of metastatic tumor is likely due to metastasis-
related gene alterations. In this study, we used thymosin
B4 gene expression as a genetic marker for acquisition of
a metastatic phenotype. We found that up-regulation of
thymosin B4 was seen in the primary tumors grown in WT
but not in gp91°"°*~/~ mice. We therefore propose that
phagocyte NADPH oxidase-derived superoxide and its
oxidative metabolites correlate with expression of thymo-
sin B4 and are likely to be microenvironmental factors that
spawn highly metastatic variants in primary tumors.

Ames and colleagues®'®2 have proposed that release
of oxidative mutagens from phagocytic cells is a major
contributor to cancer. They described that, although
phagocyte-derived oxidants protect us from immediate
death from infection, they also cause oxidative damage
to DNA and cells, which simultaneously increases com-
pensatory cell division, and mutations, if induced, ulti-
mately become fixed in the proliferated cells®®°%; thus,
the oxidants contribute to the carcinogenic process. In
our models, we have verified that QR-32 cells acquire
metastatic ability once they contact infiltrated neutro-
phils.?® We observed somatic mutations at a high fre-
quency when tumor cells were co-cultured with neutro-
phils, and the frequency was reduced by addition of an
ROS scavenger.?” In cases in which phagocytes at the
primary tumor site contribute to a mutagenic environ-
ment, tumor cells can be converted to varying degrees of
malignancy by genotoxic events, such as those caused
by ROS. In fact, in studies in which tumorigenic tumor
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cells are exposed to mutagenic agents in vitro, their re-
sponse falls into three categories: 1) conversion to be-
nign (or regressive) tumors, 2) conversion to malignant
tumors (metastatic), and 3) no change.®* The same cat-
egories are likely to occur at the site of the primary growth
due to ROS generated by phagocytes. However, in the in
vivo situation, benign tumors and low-grade malignant
tumor cells will evade clinical observation, whereas
highly malignant tumors will grow and spread to second-
ary sites. Such mutagenic conditions seem to be an
important intrinsic factor for generation of metastatic tu-
mor cells.

Several associations of carcinogenesis and endoge-
nous/exogenous factors have been postulated, eg, in-
flammation/infection, chemical carcinogens, and radia-
tion. Al of them are believed to involve free radicals.®
The source of endogenous ROS can be inflammatory
phagocytes, tumor-surrounding stroma,®® hypoxic condi-
tions,®” ischemia-reperfusion,®®~°" trauma,®°® and tu-
mor cells themselves.®* Those underlying common fac-
tors cause tumors and tumor progression. Thus, oxygen
radicals are considered as a major and universal contrib-
utor to acceleration of tumor malignancy in vivo.
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