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Abstract
The family of NADPH oxidase (NOX) genes produces reactive oxygen species (ROS) pivotal for both cell signalling and
host defense. To investigate whether NOX and NOX accessory gene expression might be a factor common to specific human
tumour types, this study measured the expression levels of NOX genes 1�5, dual oxidase 1 and 2, as well as those of NOX
accessory genes NoxO1, NoxA1, p47phox, p67phox and p22phox in human cancer cell lines and in tumour and adjacent
normal tissue pairs by quantitative, real-time RT-PCR. The results demonstrate tumour-specific patterns of NOX gene
expression that will inform further studies of the role of NOX activity in tumour cell invasion, growth factor response and
proliferative potential.
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Introduction

The recently-discovered epithelial NADPH oxidases

(NOXs) mediate critical physiological and pathologi-

cal processes including cell signalling, inflammation

and mitogenesis through the generation of reactive

oxygen species (ROS) [1,2]. The role of the ROS

produced by these enzymes in specific tissue types

and distinct cellular compartments is a matter of

intense current investigation [3,4].

Cancer cells, like non-malignant tissues, produce

ROS; in tumours, reactive oxygen metabolites can act

as signalling molecules to promote cell survival over

apoptosis [5,6]. Nox1-generated hydrogen peroxide

can trigger an ‘angiogenic switch’ that includes the

induction of angiogenic factors, such as the vascular

endothelial growth factor (VEGF), that promote

tumour cell vascularization and proliferation [7].

Nox4-mediated ROS have been shown to prevent

apoptosis and promote tumour cell growth in pan-

creatic cancer cells [8,9]; and Nox5 has been

implicated in protein tyrosine phosphorylation-

dependent activation of B cells in patients with hairy

cell leukaemia [10]. However, despite these studies,

our understanding of the role(s) of the NOX family of

genes in the development and growth of human

cancer is limited [11�13].
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The first NOX family member identified, Nox2

(originally named gp91phox), is a membrane-bound

glycoprotein expressed in phagocytes that generates

ROS in response to bacterial and fungal infection

after interaction with a series of cytoplasmic and

membrane-associated proteins [14]. The physiologic

functions of the Nox2 homologues identified in non-

phagocytic cells are not as well defined, but their

restricted expression in different cell types and

requirement for different cofactors suggests consider-

able functional specificity. Nox1, in addition to colon

epithelial cells, has been found at lower levels in the

stomach and the uterus and in vascular smooth muscle

cells (VSMCs); it is involved in host defense, cytokine

signalling and oxidant stress-dependent vascular

hypertrophy [15�17]. Nox3 expression is restricted

to the cochlear and vestibular sensory epithelial cells of

the inner ear, where it is involved in maintaining

balance [11,18]. Nox4 is expressed in the kidney,

osteoclasts, VSMCs, endothelial cells and pancreatic

cancer cell lines [8,11,16,19]. Nox5 is predominantly

found in the adult testis, prostate cancer cell lines, as

well as areas of the spleen and lymph nodes that

contain mature B- and T-lymphocytes, respectively

[11,20,21].

The final two members of the NOX family are the

dual oxidases (Duox) 1 and 2; originally discovered in

the normal thyroid gland, these two homologues

appear to be involved in host defense in the lung

and along the entire course of the gastrointestinal

tract, as well as in the production of thyroid hormone

[22�24].

Nox1, 2, 3 and 4 all must have direct interaction

with p22phox to form an active, ROS-generating

complex [25]. Homologues of the p47phox and

p67phox members of the NOX complex found in

leukocytes have been named N
¯

ADPH oxidase orga-

nizer 1 (NoxO1) and NADPH oxidase activator 1

(NoxA1), respectively [26]. Nox1-mediated genera-

tion of ROS requires the interaction of both NoxO1

and NoxA1 [27]. Nox4 is constitutively active in the

presence of p22phox and does not require either

NoxA1 or NoxO1 for activity [25].

To investigate the potential for NOX family mem-

bers and cofactors to play a role in human cancer, we

measured levels of NOX gene expression in tumours

and in adjacent normal tissues obtained from surgical

resection samples of patients with melanoma or

breast, brain, colon, liver, lung, head and neck,

kidney, prostate, testicular, ovarian or stomach can-

cer and chronic myelogenous leukaemia and in

47 human tumour cell lines (including both parental

and drug-resistant derivatives). We also measured the

expression of NoxO1, NoxA1, p67phox, p47phox and

p22phox in a sub-set of these lines. The purpose of

these studies was to develop a more detailed under-

standing of the tumour-specific expression levels of

the individual members of the NOX family of genes.

Materials and methods

Human cells and tumours and adjacent normal tissues

Samples of flash-frozen, surgically-resected, primary

(non-metastatic) malignant tumours and the adjacent

non-malignant tissues from the same patients were

obtained from the City of Hope Comprehensive

Cancer Center Pathology Core Facility. All samples

utilized in this study had been examined by a faculty

member of the City of Hope Division of Anatomic

Pathology; light microscopic evaluation revealed that

the tumour specimens contained a predominance of a

specific malignant cell type and that the specimens

characterized as ‘normal’ were histologically free of

tumour cells. The tumour types studied were chosen

in part based on current knowledge of the presence of

NOX isoforms in some human tumours (Nox1 in

colon cancer, for example), the relative availability of

matched pairs of histologically-confirmed tumour/

normal pairs in the Core Facility and the attempt to

examine a sufficient number of separate tumour

samples from each disease so that an initial, pilot

examination of the presence of NOX gene family

members could be performed and form the basis for

further, more detailed studies. All of the tissues used

in this study were ‘de-identified’ samples of surgical

‘discard material’ which, when collected, did not

require individual patient consent for research pur-

poses. The use of these tumours and adjacent tissues

was reviewed and approved by the City of Hope

National Medical Center Institutional Review Board.

Polymorphonuclear leukocytes collected from healthy

volunteers were provided by the City of Hope

National Medical Center and National Institutes of

Health Blood Banks.

Cell culture

Unless otherwise specified, tumour cell lines were

purchased from the American Type Culture Collec-

tion (ATCC; Manassas, VA). Cells were grown in the

appropriate media with 10�20% foetal bovine serum,

according to ATCC recommendations. Culture

media and supplements were obtained from Irvine

Scientific (Santa Ana, CA) and Mediatech (Herndon,

VA). Cells were cultured in a humidified 378C
incubator in an atmosphere of 5% CO2 in air. Cells

were harvested during logarithmic phase growth for

estimation of NOX expression levels. The origin of

each cell line and the specific propagation conditions

are listed in the ATCC product descriptions

(www.atcc.org).

Four of the cell lines studied were derived from the

parental MCF-7 breast cancer line. MCF-7/ADR

cells were originally obtained from Dr Kenneth

Cowan of the National Cancer Institute and were

maintained in minimal essential medium (MEM)

with sodium pyruvate and 2% heat-inactivated foetal

524 A. Juhasz et al.

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
N

ew
ca

st
le

 U
ni

ve
rs

ity
 o

n 
12

/0
4/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

http://www.atcc.org


calf serum (HI-FCS), insulin/transferrin (1:1000)

and doxorubicin (1 mM) [28]. The MCF-7/ADR

cells were subsequently adapted to growth in

DMEM/F12 medium containing 0.5% HI-FCS to

which was added either 0 (MR-0 cells) or 30 (MR-30

cells) nM sodium selenite. The JD-MCF-7/ADR cell

line was separately derived by the development of

resistance to stepwise addition of increasing concen-

trations of doxorubicin to parental MCF-7 cells up to

a level of 2.5 mM of the anthracycline; these cells were

passaged in DMEM/F12 medium with 2% HI-FCS.

COH-BR6 human breast cancer cells were main-

tained in Eagle’s MEM with 5% foetal bovine serum

as previously described [29]. The hydroxyurea-

resistant KB cell line KB-HUR was passaged in

RPMI medium with 10% HI-FCS and 1mM hydro-

xyurea; the ribonucleotide reductase transfected KB

cell clone, KB-M2D, was maintained in 10% HI-

FCS, with 300 mg/mL G418 and 0.1 mM hydro-

xyurea; both of these KB cell line variants were

obtained from Dr Yun Yen, City of Hope Compre-

hensive Cancer Center [30]. The cisplatin-resistant

human ovarian cancer cell line A2780DDP was

maintained in RPMI medium containing 10% HI-

FCS and 50 U/ml Penstrep (Gibco, NY), as pre-

viously reported [31].

RNA isolation and reverse transcription

RNA was isolated from tissues after disruption with a

Polytron homogenizer using RNA-zol B (TEL-TEST

Inc., Friendswood, TX) according to the manufac-

turer’s instructions. Genomic DNA contamination

was removed with DNase I treatment (Ambion,

Austin, TX). RNA from cell lines was isolated with

RNAqueous-4 PCR kit (Ambion). RNA quality was

tested on a 1% agarose gel (SeaKem, FMC, Rockland,

ME) and RNA concentration and A260/A280 ratio

were measured by UV spectrophotometry.

cDNA was prepared from 0.3�4 mg RNA using

MMLV reverse transcriptase enzyme and random

hexamers as primers (Invitrogen, Carlsbad, CA).

Synthesis of cDNA was performed in a 20 mL volume

for 45 min at 428C, followed by 5 min denaturation at

758C. The reaction was boosted by addition of

1000 units MMLV reverse transcriptase enzyme and

Table I. Primer sequences used for the evaluation of NOX isoforms and accessory genes.

Gene Sequence GenBank no.

hNox1 5?-CCACTGTAGGCGCCCTAAGTT-3? AF127763

5?-ATGACCGGTGCAAGGATCC-3?
5?-FAM-AGGGCATCCCCCTGAGTCTTGGAA-TAMRA-3’

hNox2 5?-GCCCAAAGGTGTCCAAGCT-3? NM_000397

5?-TCCCCAACGATGCGGATAT-3?
5?-FAM-TTACACTGACATCCGCCCCTGAGGA-TAMRA-3?

hNox3 5?-CCTTCTGTAGAGACCGCTATGCA-3? AF190122

5?-GACCACAGGGCCTAAAATCCA-3?
5?-FAM-CCCAATGCCCCGTGCCTCAA-TAMRA-3?

hNox4 5?-GACTTTACAGGTATATCCGGAGCAA-3? AF261943

5?-TGCAGATACACTGGGACAATGTAGA-3?
5?-FAM-CCATCATTTCGGTCATAAGTCATCCCTCA-TAMRA-3?

hNox5 5?-CAGGCACCAGAAAAGAAAGCAT-3? AF325189

5?-TGTTGATCCAGATAAAGTCCACCTT-3?
5?-FAM-TTGCCCCAGCTGCCAGCACTC-TAMRA-3?

Duox1 ABI TaqMan Gene Expression Assay: Hs00213694_m1 NM_017434

Duox2 ABI TaqMan Gene Expression Assay: Hs00204187_m1 NM_014080

Gpx1 ABI TaqMan Gene Expression Assay: Hs00829989_gH NM_000581

hNoxO1 5?-TGCAGATCAAGAGGCTCCAA-3? AF539796

5?-TTCTTGAGCTGCCTGAATTCG-3?
5?-FAM-TTGCCTTCTCTGTGCGCTGGTCAGA-TAMRA-3?

hNoxA1 5?-CCACGCTGCCATCGACTAC-3? AY255769

5?-ACTGTGCCGACGCCACAT-3?
5?-FAM-CCTGCGGTTCAAGCTGCAAGCC-TAMRA-3?

p22 phox (CYBA) 5?-ACCGCCGTGGTGAAGCT-3? NM_000101

5?-ACCGAGAGCAGGAGATGCA-3?
5?-FAM-TTCGGGCCCTTTACCAGGAATTACTATGTTC-TAMRA-3?

p47 phox (NCFI) 5?-GCTGGTGGGTCATCAGGAA-3? NM_000265

5?-GCCCCGACTTTTGCAGGTA-3?
5?-FAM-ACGACGTCACAGGCTACTTTCCGTCCA-TAMRA-3?

p67 phox (NCF2) 5?-CCCTGCAACTACCTTGAACCA-3? NM_000433

5?-GGACTGCGGAGAGCTTTCC-3?
5?-FAM-TTGAGCTGCGGATCCACCCTCAG-TAMRA-3?

18S rRNA 5?-AACGAGACTCTGGCATGCTAACTA-3? M10098

5?-CGCCACTTGTCCCTCTAAGAA-3?
5?-TET-TACGCGACCCCCGAGCGGT-TAMRA-3?

Expression of NADPH oxidase homologues and accessory genes in human cancer cell lines 525
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repeating the 428C-step for another 60 min. The

enzyme was inactivated for 5 min at 958C and the

cDNA was stored at �208C until use. Quantification

of gene expression was carried out from the cDNA

samples by real-time RT-PCR.

Real-time RT-PCR

Gene expression analysis was performed by quanti-

tative real-time RT-PCR using 18S ribosomal RNA

(rRNA) to normalize target gene expression for each

sample. Primers and probes were designed following

the manufacturer’s guidelines (Primer Express soft-

ware, Applied Biosystems, Foster City, CA); genomic

DNA amplification was prevented by designing the

primers around exon-intron splicing sites. Primer and

probe sequences are listed in Table I.

PCR reactions were performed in a 20 mL final

volume adding 1 mL cDNA from each sample, using

TaqMan Universal PCR mix (Applied Biosystems,

Foster City, CA). For each target gene, the probe

concentration was 0.3 mmol/L and the primer con-

centrations for the detection of Nox1 to 4, NoxO1

and NoxA1 genes were 0.4 mmol/L; 0.3 mmol/L was

used for Nox5; 1 mL of the 20x primer and probe mix

(ABI TaqMan Gene Expression Assays) was em-

ployed for Duox1, 2 and GPx1. PCR amplifications

were performed on 384-well plates using the default

cycling conditions and fluorescence was detected by

the ABI 7900HT Sequence Detection System (Ap-

plied Biosystems, Foster City, CA).

For the absolute calibration curve of the target

genes and internal control gene (18S rRNA), serial

dilutions of the plasmids (107 to 1 copy range)

containing the gene insert were used. Nox1 and

Nox5 plasmids were kindly provided by Dr B. Banfi

and Dr K.-H. Krause (Geneva, Switzerland); gp91�1
(Nox2), gp91�2 (Nox1) and gp91�3 (Nox3) plasmids

were a generous gift from Dr H. Kikuchi (Sendai,

Japan); and the Nox4 plasmid was provided by Dr T.

Leto (NIH). Plasmids containing Duox1 and Duox2

were a generous gift from Dr Corrine Dupuy

(Chatenay-Malabry, France). Our laboratory cloned

the 18S rRNA gene into the pCRII TA cloning vector

(Invitrogen). Relative gene expression was deter-

mined as the ratio of the gene of interest to the

internal reference gene expression based on standard

curves. For the cell line studies, the data represent

means of triplicate determinations of two and usually

three separate experiments; the results of these

experiment varied byB10%. For experiments with

human tumour and adjacent normal tissues, the

number of separate, independent studies for each of

the patient samples was dependent upon the amount

of tissue available. Colon, breast, liver, testis and lung

studies were performed twice, in triplicate, for every

patient’s tissues; other tumour/normal pairs were

examined once, in triplicate, for each patient sample.

Statistical evaluation

Differences in the expression levels of NOX

family genes found in tumours were compared to

mRNA expression levels in adjacent, pathologically-

confirmed non-malignant surgical specimens using

the Mann-Whitney test. A value of pB0.05 was

considered significant.

Results

Expression of NOX isoforms and accessory genes in

human tumour cell lines

Expression levels of NOX genes 1�5 and Duox1 and

2, relative to18S rRNA expression in 47 human

cancer cell lines and normal human leukocytes, are

shown in Table II. Expression was arbitrarily graded

as low (NOX copy number/18S rRNA ratioB500�
10�8), intermediate (ratio�500 but less than

2000�10�8) or high (ratio�2000�10�8). NOX

genes with expression ratios�500�10�8 were rou-

tinely visible by Northern analysis using]40 mg total

RNA.

High-level Nox1 mRNA expression was observed,

as expected [17,32], in colorectal cancer cell lines;

this observation was confirmed by Northern blot

analysis (data not shown). Three of the colorectal

lines expressed Nox2 at an intermediate level, while

expression of Nox4 and 5 and Duox1 and 2 was low

or undetectable in all four colorectal lines. As

required for functional Nox1 activity, and as shown

in Table III, colorectal cancer cells express inter-

mediate-to-high levels of the critical accessory genes

NoxO1 and NoxA1, allowing these cells to transduce

signals from a variety of growth factors, such as EGF,

into intracellular reactive oxygen species [33�35].

None of the other cell lines tested expressed high

levels of Nox1; expression was at either low or

undetectable levels.

The three prostate carcinoma cell lines examined

each expressed low or undetectable levels of Nox2,

Nox 4 and Duox1 and 2; but two of the lines, PC-3

and LNCaP, expressed high and intermediate-levels

of Nox5, respectively. High level Nox5 expression

was also measured in one of 10 breast cell lines,

ZR-75, and in one of five melanoma cell lines, SK-

MEL 5; intermediate levels of Nox5 were found in

COH-BR6 breast cancer cells. The four doxorubicin-

resistant derivatives of the MCF-7 breast adenocar-

cinoma cell line, MCF-7/ADR, MR-0, MR-30 and

JD-MCF-7/ADR, demonstrated no notable varia-

tions in NOX gene expression when compared to

the parental cells.

Of the leukaemic lines tested, only K562 erythro-

leukaemia cells and HL-60 promyelocytic leukaemia

cells expressed Nox2 at intermediate levels. For

comparison, high levels of Nox2 expression levels

526 A. Juhasz et al.
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were present in human polymorphonuclear leuko-

cytes (Table II).

Nox4 expression was intermediate-to-high in two

of the four tested ovarian cancer cell lines; notably,

high-level acquired resistance to cisplatin in A2780/

DDP cells was associated with a marked decrease in

the expression level of Nox4. A2058 human mela-

noma cells also had an intermediate level of expres-

sion Nox4.

Of the four lung cancer cell lines tested, A431 cells

expressed high levels of Duox1 and intermediate

levels of Duox2 and A549 cells had intermediate

levels of Duox1. All other genes tested in lung cancer

cell lines were low or undetectable. NOX gene

expression was low or undetectable in all hepatocel-

lular, head and neck and testis cancer cell lines

examined. Nox3 expression was essentially absent in

all tumour cell lines tested.

Expression levels of the NOX accessory genes

NoxO1, NoxA1, p67phox, p47phox and p22phox were

also measured in a sub-set of cell lines in addition to

those of colorectal origin (Table III). Expression of

p22phox was high in every cell line tested, with the

exception of PC-3 and LNCaP prostate carcinoma

cells. All of the lines with the exception of DU 145

cells had low or undetectable levels of p47phox. PC-3

Table II. Expression of Nox1 to 5, Duox1 and Duox2 relative to 18S rRNA expression (�10�8) in human tumour cell lines.

Cell line Nox1 Nox2 Nox3 Nox4 Nox5 Duox1 Duox2

Colorectal LS180 6 050 107 8 0 0 1 0

Caco2 19 381 553 5 93 124 1 66

LS174T 14 904 1 637 12 4 2 117 13

HT-29 15 429 1 167 8 9 1 15 1

Prostate PC-3 8 11 8 0 18 873 0 0

LNCaP 276 323 7 7 667 9 5

DU 145 22 477 10 5 93 496 137

Breast MCF-10A 8 16 4 0 229 0 0

MCF-7 13 16 4 0 14 0 0

MCF-7/ADR 10 151 9 27 41 1 3

MR-0 11 167 39 44 62 0 1

MR-30 10 303 39 58 124 0 1

JD-MCF-7/ADR 140 668 29 132 83 6 12

BT474 8 2 7 0 1 2 0

ZR-75 9 53 5 3 4 264 0 0

MB-468 9 5 5 0 20 2 0

COH-BR6 12 653 11 0 678 1 4

Haematopoietic K562 14 778 6 0 1 1 1

CEM 9 2 4 0 0 0 0

Jurkat 11 5 4 0 1 0 0

Molt-4 11 11 6 0 0 0 0

HL-60 0 839 0 1 31 0 0

h leukocytes 4 54 948 2 0 4 6 14

Ovarian OVCAR-3 22 9 10 27 2 31 8

A2780 12 6 13 6505 0 0 2

A2780/DDP 8 16 7 8 0 0 0

Skov-3 19 945 9 600 5 0 2

Melanoma SK-MEL 5 0 685 0 457 2 086 0 0

SK-MEL 28 0 584 1 52 92 0 0

HMCB 0 649 2 44 103 29 7

A2058 0 645 9 1489 300 0 0

HTB-65 0 84 0 0 0 0 137

Lung HTB177 7 3 0 1 9 1 0

HTB178 20 11 0 0 4 248 97

A549 0 25 0 0 56 762 0

A431 17 4 3 0 3 2281 621

Head and neck KB 18 247 7 0 17 0 0

KB-HUR 9 84 5 105 45 2 0

KB-M2D 8 97 4 8 74 0 0

Hepatic Hep G2 5 0 8 22 0 2 21

Hep G2/C3A 9 391 25 35 0 1 2

Hep 3B 0 0 0 0 0 0 0

Testis HS1.Tes 8 2 1 108 0 5 0

Cates-1B 53 26 4 8 4 0 1

NTERA-2 96 49 7 43 15 33 20

Brain U 251 8 116 0 0 43 6 5

Embryonic kidney HEK293 10 58 6 128 10 2 3

Ewing’s sarcoma TC-71 131 652 5 17 8 2 7

Expression of NADPH oxidase homologues and accessory genes in human cancer cell lines 527
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cells expressed high levels of NoxA1 and p67phox but

low-levels of NoxO1, while LNCaP and DU

145 prostate cells expressed intermediate-to-high le-

vels of NoxO1, respectively, but low-levels of NoxA1

and p67phox. Three of four breast lines expressed

intermediate-to-high levels of NoxA1 with low level

NoxO1, only ZR-75 cells also expressed a high level

of p67phox. Intermediate p67phox expression was

measured in one of two ovarian (Skov-3) and one of

two hepatic (Hep G2/C3A) cell lines.

Expression of NOX isoforms and accessory genes in

human tumours and adjacent normal tissues

Relative expression levels of NOX genes 1�5, Duox1

and 2 and NOX accessory genes were measured in

surgically-resected tumours and, where available,

adjacent non-malignant tissue from patients with

solid tumour malignancies (Figure 1). A more

detailed, disease-based representation of NOX iso-

form and accessory gene expression is presented in

the Supplementary Appendix; estimates of the statis-

tical differences between malignant and non-malig-

nant tissues, where observed, are shown in

Supplementary Table 1. Malignant cells from pa-

tients with chronic myelogenous leukaemia (CML;

newly diagnosed or in relapse) were also examined.

Expression was arbitrarily graded as low (NOX

gene copy number/18S rRNA ratioB500�10�8,

intermediate (ratio�500 but less than 2000�10�8)

or high (ratio�2000�10�8), as outlined above for

human tumour cell lines. Nox2 was excluded from

our analysis (except for samples from patients

with CML whose tumours consist of malignant

leukocytes) because of the difficulty of differentiating

expression of this NOX isoform in the tumour itself

from that of infiltrating white blood cells.

Nox1 expression was significantly higher in colon

and stomach cancers compared with adjacent non-

malignant tissues (pB0.044 and pB0.042, respec-

tively). Individual patient examples of elevated Nox1

expression were also observed in patients with pri-

mary hepatocellular cancer.

Nox3 expression was low or undetectable in almost

all of the samples tested.

Nox4 was expressed at intermediate-to-high levels

in approximately half of the patients with ovarian

cancer or brain tumours. Nox4 was significantly

higher, although often in the intermediate range, for

tumour samples from patients with hepatic and

gastric cancers compared with adjacent normal tissue

(p50.0379 and p50.0051, respectively), while

Nox4 expression was high or intermediate in indivi-

dual patients with melanoma. On the other hand,

Nox4 levels were categorized as intermediate-to-high

in both renal and breast cancer and in adjacent

normal kidney and breast tissue.

Nox5 expression was high in selected patients with

breast cancers and melanomas. Significantly less

Nox5 expression was measured in the testis tumour

samples than in the adjacent normal specimens (p5

0.00007).

Expression levels of the Duox genes have not

previously been extensively evaluated in human

tumours other than lung and thyroid carcinomas.

We found high levels of Duox1 and 2 in colonic and

gastric cancers and their adjacent non-malignant

tissues, as well as in head and neck cancer and in

CML. Duox1 and 2 were also highly expressed in

Table III. Expression of NOX accessory genes NoxO1, NoxA1, p67phox, p47phox and p22phox relative to 18S rRNA expression (�10�8) in

human tumour cell lines.

Cell line NoxO1 NoxA1 p67phox p47phox p22phox

Colorectal LS180 7595 8633 1257 4 53 674

Caco2 361 2986 67 17 58 414

LS174T 579 893 1908 2 17 712

HT-29 2198 464 10 12 61 203

Prostate PC-3 318 5883 8315 14 42

LNCaP 640 279 17 9 14

DU 145 3131 296 197 665 28 962

Breast MCF-7 89 1540 18 4 160 210

BT474 29 1026 0 0 8 208

ZR-75 99 2350 4754 6 147 908

MB-468 39 192 9 0 58 258

Haematopoietic K562 745 44 13 16 243 259

HL-60 13 288 12 16 7 988

Ovarian OVCAR-3 11 35 10 0 8 528

Skov-3 455 554 1005 8 34 235

Melanoma SK-MEL 5 27 70 0 1 4 133

A2058 51 102 1 2 11 555

Hepatic Hep G2 63 946 16 1 22 991

Hep G2/C3a 288 280 610 3 21 273

Embryonic Kidney HEK293 141 10 13 6 125 963

Ewing’s Sarcoma TC-71 744 7451 550 15 32 443
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both normal and malignant prostate, kidney and

testicular tissues; however, Duox1 expression was

significantly diminished in lung tumour samples

compared with adjacent surgical specimens of normal

tissue (p50.0159).

We also examined NOX accessory gene expression

in some of our surgical samples. Levels of p22phox

were constitutively high in both tumour and non-

malignant tissues in the colon, lung and liver. NoxO1

and NoxA1 levels were significantly increased in

Figure 1. mRNA expression of NOX isoforms and accessory genes in human tumours and adjacent non-malignant tissues relative to 18S

rRNA levels. Of 237 clinical samples from 13 different malignancies, equal numbers of tumour and adjacent non-malignant tissue

specimens were obtained from 17 patients with moderately- to poorly-differentiated prostate adenocarcinoma, 14 patients with moderately-

to poorly-differentiated colorectal adenocarcinoma, 14 patients with moderately- to poorly-differentiated non-small cell lung cancer,

12 patients with moderately- to poorly-differentiated infiltrating ductal carcinoma of the breast, 10 patients with moderately- to poorly-

differentiated testicular carcinoma, nine patients with moderately- to poorly-differentiated gastric adenocarcinoma, eight patients with

moderately- to poorly-differentiated renal cell cancer and eight patients with primary hepatocellular cancer. Equal numbers of tumour and

adjacent non-malignant surgical specimens were not always available for the following cancers: malignant melanoma (13 tumours, four

adjacent non-malignant skin specimens); moderately- to poorly-differentiated ovarian adenocarcinoma (12 tumours, one non-malignant

ovarian tissue sample); moderately- to poorly-differentiated squamous cell carcinoma of the head and neck (nine tumours, four adjacent

non-malignant tissue samples); five samples of chronic myelogenous leukaemia in relapse; and five brain tumours of glioblastoma

multiforme sub-type. The data shown in the figure represent the relative mRNA expression ratios for all of the clinical samples studied; the

expression ratios are grouped by disease (y-axis), and NOX family or accessory gene expression (x-axis) subdivided by tumour (T) and

normal (N) surgical samples.
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colon cancer samples (p50.0036 and p50.05,

respectively). To evaluate the possibility that the

observed increase in Nox1 and NOX accessory gene

expression in colon cancers compared with normal

colonic mucosa was biased by the over-representation

of epithelial cells in the tumour, we utilized the

identical 14 matched samples studied in Figure 1 to

measure the expression of the antioxidant gene

glutathione peroxidase 1 (GPx1) in tumour and

normal tissue. We found that GPx1 expression levels

relative to 18S rRNA were not significantly different

in colon cancers and their adjacent normal tissues,

26009700 vs 18009500 (�10�8; mean9SE),

respectively, p�0.05.

Discussion

In this study, we have investigated the expression

patterns of the seven members of the NOX gene

family and several closely-related accessory genes, in

a series of 47 human cancer cell lines, as well as

normal human leukocytes and surgically-resected

human cancers and adjacent non-malignant tissues

from 13 different organs. Because the available lit-

erature examining the expression of NOX genes in

patients with cancer is limited [32,36�40], our goal in

this study was to evaluate the presence or absence of

each member of the NOX gene family in the most

common human tumours.

Our results confirm that expression of the NOX

family of genes is highly organ-specific for both

malignant and non-malignant tissue. Furthermore,

four patterns of NOX gene expression in human

tumours were observed: (1) high level expression in

tumour that was significantly different than in non-

malignant adjacent normal tissues; (2) high level

NOX gene expression in tumour where adjacent

non-malignant tissue was not available; (3) equivalent

levels of expression in tumour and normal tissue; and

(4) down-regulation of NOX family genes in tumour

compared with non-malignant tissue.

In the gastrointestinal tract, expression of Nox1, as

well as NoxA1 and NoxO1, is significantly increased

in colon cancers compared with adjacent normal

bowel mucosa (Figure 1 and Supplementary Appen-

dix). Over-expression of Nox1 in human colon

cancers has been viewed as controversial in the past

[41]; however, we found by real-time RT-PCR that

both Nox1 and its required accessory genes are

present at significantly higher levels in colonic malig-

nancies compared with surrounding normal mucosa.

Consistent with a recently-published study [42], we

also found that Nox1 expression is significantly

higher in gastric cancers than in surrounding normal

gastric mucosa. The mechanisms underlying the

enhanced expression of Nox1 in human tumours

remain to be fully elucidated.

In several tumour types that we examined, we

found high levels of NOX gene expression (defined

arbitrarily as NOX copy number/18S rRNA ratio�

2000�10�8) in the primary malignancy, but, prin-

cipally for anatomic or physiologic reasons, had either

an insufficient number of normal samples or no

normal tissues for comparison. Nox4 expression was

high-to-intermediate in many of the ovarian carcino-

mas and brain tumours that we examined. These

results support the observation of increased Nox4

levels in malignant gliomas that has recently been

reported [43]. Duox expression levels are high in

patients with squamous cancers of the head and neck

(Duox1�Duox2). Although patients with active

CML not unexpectedly demonstrate high levels of

Nox2 (see Supplementary Appendix), the high-level

expression of Duox1 and 2 in some of these patients

was unanticipated.

We also found that NOX gene expression was at a

high level in both tumour and non-malignant tissues

for Duox1 and 2 in the prostate and stomach and for

Nox4 in the breast. At present, the physiologic

function of these NOX family genes in the normal

prostate, stomach or breast remains unclear. We did

not observe the specific increase in Nox1 or Nox4 in

prostate cancer that has been reported by others

[36,38]. The surgical specimens from which our

mRNA samples originated were flash frozen in the

operating room in an attempt to maintain RNA

integrity and were maintained in liquid nitrogen until

use. However, it remains possible that the differences

between our study and the reports of other investi-

gators with respect to tissue-specific NOX gene

expression may be related to differences in tissue

handling or sample preparation.

The final pattern of NOX gene expression in

tumours that we observed was that of significant

down-regulation of expression in tumour vs adjacent

non-malignant tissue. The epigenetic silencing of

Duox1 and 2 expression in non-small cell lung

cancers has recently been reported [39]. We also

found that Duox1 expression in our lung cancer

samples, as a group, was significantly diminished

when compared with adjacent normal tissues (Figure

1 and Supplementary Table 1). We did not observe

the same relationship for Duox2. For patients with

testicular cancer, Nox5 expression was significantly

decreased in tumour vs normal tissues. The mechan-

ism for the down-regulation of NOX gene expression

in testicular cancer is unknown.

We also evaluated NOX gene expression in a panel

of 47 human tumour cells lines as well as mature

polymorphonuclear leukocytes. It should be empha-

sized that each of these human tumour cell lines

represents the outgrowth of a small, clonogenic

population of cells derived from the malignant tissue

of a single patient; and, thus, each cell line should not

be viewed as necessarily being representative of either
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the disease or the tumour from which it originated

[44]. It is not surprising, therefore, that the correla-

tion of NOX gene expression in cell lines and

tumours is modest. On the other hand, the human

tumour cell lines shown in Tables II and III may

provide important tools with which to study the

biology of NOX expression. All four colon cancer

cell lines that we investigated express Nox1 and its

accessory genes at a high level and thus could

potentially be useful in screening novel Nox1 inhibi-

tors, for example. The A2780 ovarian carcinoma line

and the A2058 melanoma may be helpful for the

study of Nox4. SK-MEL 5 melanoma and PC-

3 prostate cancer cells could assist in the investigation

of Nox5 function. Knowledge of the expression levels

of NOX accessory genes, as shown in Table III,

should also further the investigation of the NOX gene

family in tumour cell biology.

The variation in NOX gene and accessory factor

expression in the prostate carcinoma cell lines we

studied is intriguing and not related to androgen

sensitivity, since PC-3 and DU 145 cells are both

androgen-insensitive while LNCaP cells are andro-

gen-sensitive. Our results do not confirm those of

other investigators who have shown increasing

amounts of Nox1 expression as prostate carcinoma

cells progress from low to high tumourigenicity [38].

In conclusion, the studies presented herein demon-

strate organ-specific patterns of NOX and NOX

accessory gene expression in 13 primary human

tumours. Although the comparison of NOX expres-

sion in tumour and adjacent normal tissue may be

affected by the grade and stage of the tumours

examined, the margin of normal tissue in the samples

and the degree of tumour vascularization, this study

of human tumour samples along with an examination

of 47 different tumour cell lines provides an initial

characterization of tumour-specific NOX gene ex-

pression. Further analysis of NOX and NOX acces-

sory gene expression in primary tumour tissues awaits

the development of a full panel of NOX-specific

antibodies applicable to the immunohistochemical

examination of tumour tissue microarrays.
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Supplementary Material

Appendix A. Supplementary date

Supplementary Fig S1-S13. mRNA expression of NOX isoforms and accessory genes in human tumours and adjacent non-malignant

tissues relative to 18S rRNA levels. Of 237 clinical samples from 13 different malignancies, equal numbers of tumour and adjacent non-

malignant tissue specimens were obtained from 14 patients with moderately- to poorly-differentiated colorectal adenocarcinoma (Figure 1),

14 patients with moderately- to poorly-differentiated non-small cell lung cancer (Figure 2), eight patients with primary hepatocellular

cancer (Figure 3), eight patients with moderately- to poorly-differentiated renal cell cancer (Figure 4), 17 patients with moderately- to

poorly-differentiated prostate adenocarcinoma (Figure 5), nine patients with moderately- to poorly-differentiated gastric adenocarcinoma

(Figure 6), 12 patients with moderately- to poorly-differentiated infiltrating ductal carcinoma of the breast (Figure 8) and 10 patients with

moderately- to poorly-differentiated testicular cancer (Figure 9). NOX isoform expression is shown for tumour samples only from patients

with: moderately- to poorly-differentiated ovarian adenocarcinoma (12 tumour samples, Figure 7), moderately- to poorly-differentiated

squamous carcinoma of the head and neck (nine tumour samples, Figure 10), malignant melanoma (13 tumour samples, Figure 11), five

samples of chronic myelogenous leukaemia in relapse (Figure 12) and five brain tumours of glioblastoma multiforme sub-type (Figure 13).

The horizontal bars in the figures represent the mean values for gene expression relative to 18S rRNA (�10�8).
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Supplementary Table 1. Comparative analysis of NOX gene expression in tumour samples vs adjacent non-malignant tissue as evaluated using the Mann-Whitney test; samples with pB0.05 were

considered statistically significant (shaded)

Tumour type

Number

Paired

Samples NOX1 NOX3 NOX4 NOX5 DUOX1 DUOX2 NOXO1 NOXA1 p22phox p47phox p67phox

Colorectal 14 0.0436 0.0849 0.8362 0.1883 0.3783 0.9451 0.0036 0.0490 0.0093 0.0400 0.5050

Stomach 9 0.0414 0.0188 0.0051 0.3401 0.0770 0.4363

Prostate 17 0.4695 0.2856 0.4695 0.7048 0.9898 0.4602

Breast 12 0.9310 0.8852 0.6650 0.8399 0.2319 0.6126

Lung 14 0.7652 0.6295 0.9817 0.4764 0.0159 0.2802 0.4363 0.3860 0.7304

Hepatic 8 0.7984 0.7882 0.0379 0.9591 0.1949 0.4418 0.2345 0.7984 0.5054

Testis 10 0.8534 0.8534 0.3930 0.00007 0.2176 0.1051

Kidney 8 0.2345 0.2345 0.7984 0.4418 0.7984 0.7984
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