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The reactive oxygen-generating enzyme Nox1 transforms NIH 3T3
cells, rendering them highly tumorigenic and, as shown herein,
also increases tumorigenicity of DU-145 prostate epithelial cells.
Although Nox1 modestly stimulates cell division in both fibroblasts
and epithelial cells, an increased mitogenic rate alone did not
account fully for the marked tumorigenicity. Herein, we show that
Nox1 is a potent trigger of the angiogenic switch, increasing the
vascularity of tumors and inducing molecular markers of angio-
genesis. Vascular endothelial growth factor (VEGF) mRNA becomes
markedly up-regulated by Nox1 both in cultured cells and in
tumors, and VEGF receptors (VEGFR1 and VEGFR2) are highly
induced in vascular cells in Nox1-expressing tumors. Matrix me-
talloproteinase activity, another marker of the angiogenic switch,
also is induced by Nox1. Nox1 induction of VEGF is eliminated by
coexpression of catalase, indicating that hydrogen peroxide sig-
nals part of the switch to the angiogenic phenotype.

Reactive oxygen species (ROS; superoxide, hydrogen perox-
ide, and their metabolites) are conventionally thought of as
cytotoxic and mutagenic, and in high levels they induce an
oxidative stress response (1, 2). However, recent evidence im-
plicates lower levels of ROS as an intracellular mediator of
growth, apoptosis, and senescence (2-6). For example, growth
factors including platelet-derived growth factor and epidermal
growth factor stimulate H,O, generation through a pathway
involving PI 3-kinase and Rac, and elimination of H,O, with
antioxidants prevents growth stimulation by these growth factors
(4, 7-10).

Reactive oxygen may play a role in neoplastic growth, because
a variety of cell lines derived from human cancers demonstrate
significantly elevated H>O, (6). NIH 3T3 cells transformed with
constitutively active Ras show elevated ROS, and antioxidants
such as N-acetyl cysteine reduce the abnormally rapid DNA
synthesis in these cells (11, 12). Antioxidants enhance antitumor
activity of conventional chemotherapeutic agents in rodents
through unknown mechanisms (11). Tumor cells may be inher-
ently more resistant to oxidative stress than normal cells, or
oxidative stress may provide a selective advantage in tumor
growth.

Nox1 (Moxl1 in an earlier terminology), a recently identified
(1) homolog of gp91phox, the catalytic subunit of the phagocyte
superoxide-generating NADPH-oxidase, constitutively pro-
duces both superoxide and H,O, when overexpressed in fibro-
blasts. Moreover, expression of Noxl in these cells induces
malignant transformation, rendering them highly tumorigenic in
athymic mice (1). Decreased expression of endogenous Nox1
decreases proliferation of vascular smooth muscle, implicating
Nox1 in normal cell growth. NIH 3T3 cells that stably express
Nox1 exhibit modestly increased growth rates, but increased
growth alone may be insufficient to account for the marked
tumorigenicity of these cells. Coexpression of catalase along with
Nox1 reverses the growth phenotype, rendering these cells
poorly tumorigenic and indicating that one of the signaling
species generated by Nox1 is H,O, (13).
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Microscopic dormant tumors are thought to occur relatively
frequently, but few progress to form active tumors. Angiogen-
esis, the process by which tissues recruit and develop new blood
vessels, is needed for tumors to grow beyond 1-2 mm in diameter
(14). Progression to a growing tumor is characterized by induc-
tion in the tumor tissue of angiogenic factors, particularly
vascular endothelial growth factor (VEGF) and matrix metal-
loproteinases (MMPs), and VEGF receptors (VEGFR) in the
growing endothelial cells. The conversion to the angiogenic
phenotype in previously dormant tumors is known as the “an-
giogenic switch”. Because Noxl causes aggressive growth of
tumors in vivo that cannot be readily explained based on
mitogenic rates alone, we tested the hypothesis that ROS
produced by Noxl1 triggers the angiogenic switch, permitting
vascularization and rapid expansion of the tumor.

Materials and Methods

Cell Lines. NEF2 is a vector-control line developed from NIH 3T3
cells. YA28 and YA26 NIH 3T3 lines stably express Nox1 and
are highly tumorigenic in nude mice (1). ZC-5 is a derivative of
Y A28 which coexpresses catalase along with Nox1; YA28/Z3 is
a control Noxl-expresing line containing the empty catalase
vector (13). DU-145 cells (American Type Culture Collection
catalog no. HTB-81) were cultured in RPMI medium 1640
supplemented with 5% (vol/vol) FBS. Transfection with Nox1
was performed as described for NIH 3T3 cells (1). Stable
transfectants were cloned by dilution and culture in 96-well
plates with selection for 5-7 passages. Fifteen clones were
subcultured and tested for Nox] mRNA by Northern blotting.
Fourteen of these clones showed significant expression of Nox1.
All experiments were repeated with at least three individual
clones showing high Nox1 expression.

Cell Proliferation. Cells were grown in 12 wells of a 96-well plate
by adding 1.75 X 103 cells in media with 10% (vol/vol) FBS. At
12'h, 1 uCi (1 Ci = 37 GBq) of [*H]thymidine was added to each
well of the first plate, and at indicated times, plates were
harvested on the Tomtec Cell Harvester (Tomtec, Orange, CT)
to a filtermat. Filtermats were dried and counted on the Mi-
crolux Beta Counter. Data were averaged and plotted vs. time.

Real-Time Reverse Transcription (RT)-PCR. Two-step quantitative
RT-PCR was performed on cDNA generated by using the
MultiScribe Reverse Transcriptase from the TagMan Reverse
Transcription System and the SYBR Green PCR Master Mix
(Perkin—-Elmer). Primers used were: actin (220 bp), forward,
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Fig. 1.

Histologic and ISH studies of NEF2 and YA28 tumors. (A and D) Low-power (10X) views of NEF2 and YA28 tumors, respectively. (B and E) Higher-power

views of NEF2 and YA28 tumors, respectively. Note the diffuse vascularity as indicated by the presence of red blood cells throughout YA28 in E, but the
concentration of vessels at the periphery of NEF2 in B. (C and F) Histone H3 ISH (NEF2 and YAZ28, respectively).

AAA GAC CTG TAC GCC AAC ACA GTG CTG TCT GG
and reverse, CGT CAT ACT CCT GCT TGC TGA TCC ACA
TCT GC Noxl1; Noxl1 (506 bp), forward, ATA TTT TGG AAT
TGC AGA TGA ACA and reverse, ATATTG AGG AAG AGA
CGG TAG TTT; VEGF (320bp), forward, TGCTGTCTT-
GGGTGCATTGG and reverse, GCATAATCTGCATGGT-
GATGTTGG. Reactions were performed in MicroAmp Optical
96-well Reaction Plate (Perkin—Elmer). Thirty-five PCR cycles
were performed under standard conditions with an annealing
temperature of 60°C. Quantification was determined by the cycle
number where exponential amplification began (threshold val-
ue), and values were averaged from the values obtained from the
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Fig.2. Prostate cell proliferation and tumor growth are enhanced by Nox1.
(A) Thymidine uptake in parental DU-145 human prostate cancer cells (A) was
compared with thatin DU-145 cells transfected with empty vector (®) and two
separate Nox1-expressing cell lines (Nox3, O; and Nox6, m). Points represent
the average = SD of six wells. (B) In each group, six athymic mice were
implanted s.c. with 108 vector-control DU-145 cells (®) or Nox1-expressing
DU-145 cells (A). Tumor volumes were determined by bi-dimensional mea-
surement, and average tumor volume was plotted vs. time.
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triplicate repeats. B-actin mRNA was used as a reference
message to normalize the initial content of total cDNA. VEGF
and Nox1 expression was calculated as the relative expression
ratio of either VEGF or Nox1 threshold cycle to that of B-actin.

C
160 A B __-NEF2

(7] 1 : :l

B wl | YA26
= _[B Z NS
= 30 } N ~

> ‘A
2 =2
g wiP? A
Z wp 1 0 h_zes
=l Dowm
5 !

K YA28/Z3
,,;3 .| | i 4 B
g ] : .‘"-*.
i bpu1 DU145- ]ol IUJ IO;
KHias:  DON FLUORESCENCE

Fig. 3. Nox1 induces VEGF expression dependent upon H;0;. (A) Northern

blot analysis of Nox1 induction of VEGF mRNA and reversal by catalase. Lane
1, NEF2 (vector-control) cells; lane 2, Nox1-expressing YA28 cells; lane 3, YA28
cells coexpressing catalase (ZC-5 cells; 10 pg of total RNA per lane). (B) Nox1
mRNA (white bars) and VEGF mRNA levels (black bars) were quantified by
real-time quantitative PCR in parental DU-145 cells (DU-145) and in Nox1-
expressing DU-145 cells (DU-145-Nox1). Data shown are representative of
three experiments and are expressed as the ratio to p-actin mRNA. (C) DCF
fluorescence was monitored by flow cytometry in vector-control (NEF2) cells
and in Nox1-expressing (YA26) cells. (D) As in C, monitoring Nox1-epressing
YA26 cells coexpressing catalase (ZC-5) or the same cells transfected with
vector alone (YA28/Z3).
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Fig. 4.

Regulation of VEGF expression by Nox1 in vivo. Use of in situ high-level expression of VEGF mRNA is seen in YA28 tumors (a and b), whereas minimal

expression of VEGF is seen in NEF2 (control) tumors (c and d). (a and ¢) Brightfield photomicrographs. (b and d) Darkfield photomicrographs.

All reactions were carried out in duplicate and threshold cycles
were averaged.

Tumor Microvessel Density. Prostate cancer xenografts were fixed
in formalin and processed according to standard methods.
Sections were stained with smooth-muscle anti-actin antibody,
and the number of vessels in several 200X fields were quantified
according to a single blind protocol, as described (15, 16).

In Vivo Tumorigenesis. One million cells were injected s.c. into 4-
to 5-week-old male athymic mice (Charles River Breeding
Laboratories) in the presence of a small quantity of trypan blue
to mark the inoculation site. Tumors were excised after 1 month,
fixed in formalin, and subjected to histologic analysis and in situ
hybridization (ISH).

ISH. ISH was performed on 4-mm sections of formalin-fixed,
paraffin-embedded tissue. Details of ISH have been reported
(17, 18). Slides were processed through xylene and graded
alcohols: 0.2 M HCI/TrissEDTA with 3 pg/ml proteinase
K/0.2% glycine/4% (wt/vol) paraformaldehyde in PBS, pH
7.4/0.1 M triethanolamine containing 1/200 (vol/vol) acetic
anhydride/2Xx SSC. Slides were hybridized overnight at 50°C
with 33S-labeled riboprobes in the following mixture: 0.3 M
NaCl/0.01 M Tris, pH 7.6/5 mM EDTA/0.02% (wt/vol)
Ficoll/0.02% (wt/vol) polyvinylpyrollidone/0.02% (wt/vol)
BSA fraction V/50% (wt/vol) formamide/10% (vol/vol) dex-
tran sulfate/0.1 mg/ml yeast tRNA/0.01 M DTT. Posthybrid-
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ization washes included 2X SSC/50% (wt/vol) formamide/10
mM DTT at 50°C/4Xx SSC/10 mM Tris/1 mM EDTA with 20
pg/ml ribonuclease at 37°C/2X SSC/50% (wt/vol) form-
amide/10 mM EDTA at 65°C/2X SSC. Slides were dehydrated
through graded alcohols containing 0.3 M ammonium acetate,
dried, coated with Kodak NTB 2 emulsion, and stored in the
dark at 4°C for 2 weeks. The emulsion was developed with
Kodak D19 developer, and the slides were counterstained with
hematoxylin. 3>S-labeled single-stranded antisense and sense
RNA probes for mouse VPF/VEGF mRNA and the mouse
VPF/VEGEF receptors VEGFR-1 and VEGFR-2 mRNAs have
been described (17, 18). Histone H3 ISH was performed on
paraffin-fixed blocks (19).

Northern Blot Analysis. Poly(A)* mRNA was isolated from cells by
using Oligotex Direct mRNA kit (Qiagen, Chatsworth, CA).
Northern blot analysis was performed by using a murine VEGF
probe 32P-labeled by random priming (20). Triplicate experi-
ments were performed.

MMP Bioassay. Cells were grown to ~75% confluence in
DMEM with 5% (vol/vol) FCS. After washing with PBS,
media were replaced with Cellgro Serumless media (Mediat-
ech, Herndon, VA) and incubated at 37°C in 10% CO; for 24 h
(20). Substrate gel electrophoresis (zymography) was con-
ducted according to Herron ef al. (21) with modifications (20).
The gels were stained with 0.5% Coomassie blue R-250 in
acetic acid:isopropyl alcohol:H,O (1:3:6) and destained in
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Fig. 5.

Regulation of VEGFR1 and VEGFR2 expression by Nox1 in vivo. ISH reveals high-level expression of flt-1 (VEGFR1) (a and b) and kdr (VEGFR2) (c and d)

mRNAs by endothelial cells in blood vessels in YA28 tumors. (a and c) Brightfield photomicrographs. (b and d) Darkfield photomicrographs.

H,O. Densitometry of destained areas was quantified with a
Datascopy GS Plus scanner connected to a Macintosh II
computer with MACIMAGE software (Xerox Imaging Systems,
Palo Alto, CA).

Measurement of H,0,. Confluent cells in 100-mm dishes (=5-6 X
106 cells) were washed with 6 ml Hanks’ balanced salt solution
(HBSS) and released by using 0.25% trypsin (wt/vol)/1 mM
EDTA followed by the addition of 5% (vol/vol) FBS in HBSS.
After pelleting, cells were resuspended in 5% (vol/vol) FBS in
HBSS and counted. Dichlorofluorescein diacetate (DCFDA)
was added to a final concentration of 2 uM and incubated for 1 h
in the dark at room temperature. Dichlorofluorescein (DCF)
fluorescence was determined by using 0.5 X 10° cells per 3 ml 5%
(vol/vol) FBS in HBSS with a FACScalibur from Becton Dick-
inson (excitation wavelength, 488 nm; emission wavelength,
515-545 nm).

Results

Nox1 Converts Tumors from Dormant to Aggressive Growth. When
Nox1-expressing NIH 3T3 cells were injected into athymic mice,
large tumors were seen within 2-3 weeks, as reported (1, 13),
whereas no tumors were obvious with vector-control cells.
However, coinjection of a dye that permitted careful examina-
tion of the injection site revealed small dormant tumors, ~1 mm
in diameter. To our knowledge, microscopic tumor formation by
nontransformed NIH 3T3 cells has not been reported, but such
tumors would be exceedingly difficult to detect without micro-

718 | www.pnas.org/cgi/doi/10.1073/pnas.022630199

scopic examination of the injection site. Tumors from both
Nox1-expressing cells and control cells showed high expression
of S-phase-specific (22, 23) histone H3, a marker of mitotically
active cells (Fig. 1). Thus, although control NIH 3T3 derived
tumors are highly proliferative, they remain microscopic in size,
possibly because of apoptosis balancing growth. The finding of
mitotic activity in a poorly angiogenic dormant tumor is similar
to the observation of Holmgren et al. (24), who noted high
proliferation in dormant Lewis lung carcinomas of angiostatin-
treated mice. Therefore, Noxl permits previously dormant
tumors to grow aggressively and to achieve large size. Histologic
examination (Fig. 1) revealed that the tumors from control cells
are vascularized only at the periphery, and no blood vessels were
seen at the interior of the tumor. However, tumors from
Nox1-expressing cells are highly vascularized throughout the
tumor, indicating that Nox1 triggers the angiogenic switch.

Similar results are seen with DU-145 cells, an epithelial line
derived from a human prostate tumor. Expression of Noxl
resulted in a modest increase in cell growth in culture (Fig. 24)
similar to what was seen previously for NIH 3T3 cells (1).
DU-145 cells typically produce slow-growing tumors when in-
jected into athymic mice, as in Fig. 2B, @. However, expression
of Nox1 resulted in a marked increase (~5-fold) in the rate of
tumor growth (Fig. 2B, v). Immunohistochemical examination
of the control and Nox1 Du-145 tumors showed an increase in
vascularity, with an average of 25.5 and 41.5 vessels per high-
power field (four random fields evaluated) in the control and
Nox1 tumors, respectively.

Arbiser et al.
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NEF2 YA28 ZC-5
Fig.6. Effect of Nox1expression on MMP bioactivity. The first group of three

lanes represents triplicate samples of conditioned media from NEF2 (vector-
control) cells; the second group of three lanes represents conditioned media
from Nox1-expressing NIH 3T3 cells (YA28); and the third group of three lanes
represents conditioned media from NIH 3T3 cells overexpressing both Nox1
and catalase (ZEO5). The bands at 92 kDa indicate gelatinolysis induced by
MMP-9.

Nox1 Up-Regulates Expression of VEGF and Its Receptors. Dominant
oncogenes such as V12Ras induce the angiogenic switch in part
through induction of VEGF (20, 25). Nox1 expression led to an
~4-fold induction of VEGF mRNA by Northern blot analysis in
NIH 3T3 cells (Fig. 34) and a striking (=~30-fold) increase in
VEGEF levels in DU-145 cells (Fig. 3B) by quantitative PCR.
Expression of Nox1 led to an ~10-fold increase in H,O, levels
in NIH 3T3 cells (Ref. 13 and Fig. 3C) and a similar increase in
DU-145 cells (data not shown). Stable coexpression of catalase
in Noxl1-expressing NIH 3T3 cells decreased the steady-state
intracellular concentration of H,O, by several-fold (Fig. 3D).
Catalase coexpression, which markedly diminishes the tumori-
genicity of Noxl-expressing cells (13), resulted in reversion of
Nox1-associated VEGF expression to near-control levels (Fig.
34). Thus, H,O, generated by Nox1 mediates the induction of
VEGF.

To determine VEGF and VEGFR expression in tumors, ISH
was carried out for VEGF (Fig. 4), VEGFRI1, and VEGFR2
(Fig. 5). High-level expression of VEGF, VEGFRI, and
VEGFR2 was seen in YA28 tumors, with VEGF expression
localized to the tumor tissue itself, and VEGFR1 and VEGFR2
(Fig. 5 b and d, respectively) localized in a pattern characteristic
of newly growing blood vessels. Little hybridization with any
probe was observed in control tumors.

Nox1 Regulates MMP Bioactivity. Dominant oncogenes also induce
MMP bioactivity as part of the angiogenic switch (19, 20, 25, 26).
MMPs are required for invasive and malignant growth, and high
levels of MMP expression contribute to neoplastic progression
(20, 25, 27, 28). Zymographic analysis was carried out by using
conditioned media from vector-control and Noxl1-transformed
cells. Nox1 expression induces gelatinolytic activity, which is
predominantly MMP-9 indicated by migration at 92 kDa (Fig. 6).
Catalase coexpression failed to revert Nox1-induced bioactivity
of MMP, indicating that although MMP is regulated by Nox1, the
regulation differs from that of VEGF.

Discussion

Recent evidence implicates ROS in mitogenic signaling by
growth factors and oncogenes (7, 12, 29, 30). In addition, the
presence of oxygen-derived free radicals contributes to tumor
resistance to chemotherapy, and combination therapy using both
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antioxidants and chemotherapeutic agents is being investigated
(11). The mechanism of ROS generation in malignant cells is not
understood fully but may involve induction of ROS-generating
enzymes (e.g., Nox1), byproducts of oxidative metabolism (as is
seen in the generation of melanin by melanocytes), or de novo
synthesis of ROS through defective respiration (often seen in
cancer cells; refs. 6 and 31).

The Nox1 gene transforms NIH 3T3 cells, rendering them
capable of forming well vascularized tumors, whereas the parent
cells form microscopic dormant tumors that are poorly vascu-
larized. Similarly, Nox1 expression converts DU-145 epithelial
cells from weak to strong tumorigenic potential, with a corre-
sponding increase in tumor vascularity, pointing to the generality
of the angiogenic effect of Nox1. The molecular mechanism by
which Nox1 causes this dramatic increase in tumorigenicity and
angiogenesis involves the induction of VEGF and MMP, proan-
giogenic mediators that are important for tumor growth and
invasion (21, 23, 25, 26, 29, 30). Nox1 increased both the synthesis
of VEGF mRNA and the bioactivity of MMP-9 to levels similar
to those seen in Ras-transformed angiosarcoma cells (20). Even
in the absence of vascularization, the small dormant tumors
arising from control NIH 3T3 cells are characteristic of the
expression of histone H3, a marker of active cell proliferation
(18). Growth in these dormant tumors is likely to be counter-
balanced by loss of cells through apoptotic cell death. Vascu-
larization may not only provide the tumor with nutrients and
oxygen, but it probably also delivers regulatory factors that
prevent apoptotic cell death, thus allowing tumor expansion, as
noted (15, 32, 33).

The present studies also demonstrate that Nox1 signals an-
giogenic and tumorigenic effects in part through H,O,. Intro-
duction of catalase reversed Nox1 induction of VEGF but did not
affect the induction of MMP-9, suggesting either that MMP
activation is linked to a different Nox1-generated signal (perhaps
superoxide), or that it has a lower threshold for induction by
H,0; (34), which may remain somewhat elevated in Nox1 cells
after coexpression of catalase (13). In preliminary studies, we
found that Nox1 activates several pathways that have previously
been implicated in growth and angiogenesis, including NFk-B-
dependent transcription and the ERK1/2 pathway (D. R.
Ritsick, unpublished work). Our findings suggest that in prolif-
erating cells expressing Nox1, pharmacologic inhibition of Nox1
activity and/or pharmacological lowering of cellular H,O; levels
may lead to decreased in vivo proliferation and increased che-
mosensitivity to therapeutic agents.
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