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Mouse Embryonic Fibroblast Cells From Transgenic
Mice Overexpressing tNOX Exhibit an Altered
Growth and Drug Response Phenotype
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Abstract Mouse embryonic fibroblast (MEF) cells prepared from transgenic mice overexpressing a cancer-specific
and growth-related cell surface NADH oxidase with protein disulfide-thiol interchange activity grew at rates
approximately twice those of wild-type embryonic fibroblast cells. Growth of transgenic MEF cells overexpressing tNOX
was inhibited by low concentrations of the green tea catechin (—)-epigallocatechin-3-gallate (EGCg) or the synthetic
isoflavene phenoxodiol. Both are putative tNOX-targeted inhibitors with anti-cancer activity. With both EGCg and
phenoxodiol, growth inhibition was followed after about 48 h by apoptosis. Growth of wild-type mouse fibroblast cells
from the same strain was unaffected by EGCg and phenoxodiol and neither compound induced apoptosis even at
concentrations 100-1,000-fold higher than those that resulted in apoptotic death in the transgenic MEF cells. The findings
validate earlier reports of evidence for tNOX presence as contributing to unregulated growth of cancer cells as well as the
previous identification of the tNOX protein as the molecular target for the anti-cancer activities attributed to both EGCg
and phenoxodiol. The expression of tNOX emerges as both necessary and sufficient to account for the cancer cell-specific
growth inhibitions by both EGCg and phenoxodiol. J. Cell. Biochem. 101: 295-306, 2007.  © 2006 Wiley-Liss, Inc.
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Tumor-associated NADH oxidase (tNOX) is
a novel cancer-specific member of a family of
growth-related cell-surface ECTO-NOX pro-
teins with protein disulfide-thiol interchange
(ECTO-NOX) and hydroquinone (NADH) oxi-
dase activities [Chueh et al., 2002]. A defining
characteristic of tNOX is that its activity is
inhibited by a series of quinone site or putative
quinone site inhibitors including capsaicin
[Morré et al., 1995a], anti-tumor sulfonylureas
[Morré et al., 1995b], adriamycin [Morré et al.,
1997], the green tea polyphenol, (—)-epigalloca-
techin-3-gallate (EGCg) [Morré et al., 2000],
and phenoxodiol [Morré et al., 2007] all with
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anti-cancer activity. These agents inhibit both
tNOX and growth of cancer cells at potentially
therapeutic dosage levels without inhibiting
the constitutive ECTO-NOX (CNOX) or growth
of non-cancer cells [Morré et al., 1995a,b, 2000].
ECTO-NOX activities correlate with the enlar-
gement phase of cell growth [Pogue et al., 2000;
Morré et al., 2001; Morré and Morré, 2003].
Cancer cells expressing tNOX not only grow in
an unregulated manner but the unregulated
growth is inhibited by the quinone site inhibi-
tors that also inhibit tNOX [Morré et al.,
1995a,b, 1997, 2000; Morré, 1998; Morré and
Morré, 2003]. The cells, once having divided, fail
to enlarge [Morré and Morré, 2003]. Such cells,
unable to enlarge, fail to undergo further
divisions even though DNA and protein synth-
esis are not inhibited and, after a few days,
undergo apoptosis [Morré et al., 2000; Morré
and Morré, 2003].

Results with tNOX overexpression in non-
cancer cell lines and results with antisense in
cancer cell lines have been consistent with the
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hypothesis that functional cell surface expres-
sion of tNOX is both necessary and sufficient
for the cancer-specific cell growth inhibitions
attributed to EGCgin cancer cells propagated in
culture [Chueh et al., 2004]. As an extension of
these observations, transgenic mice overexpres-
sing tNOX previously were shown to exhibit
the same level of unregulated cell enlargement
and sensitivity to EGCg as observed with cancer
cells [Yagiz et al., 2006]. Wild-type mice were
resistant to EGCg. Administration of EGCg in
the drinking water (500 mg/kg body weight)
reduced the growth rate of the transgenic mice
to that of the wild-type mice. Also potentially
targeted specifically to tNOX [Morré et al.,
2007] is a synthetic anti-cancer isoflavene,
phenoxodiol [2H-1-benzopyran-7-0, 1,3-(4-
hydroxyphenyl)] [Kelly and Husband, 2003].
Phenoxodiol inhibits both the NADH and
hydroquinone oxidase activities of tNOX, as
well as protein disulfide-thiol interchange
activity and growth, without corresponding
effects on normal cells.

To examine the effects of EGCg and phenox-
odiol at the cellular level, mouse embryonic
fibroblast (MEF) cells were isolated and ana-
lyzed from both tNOX transgenic embryos and,
as controls, from FVB wild-type embryos. The
findings show that the transgenic MEF cells
exhibit tNOX expression, growth and drug-
response characteristics consistent with their
transgenic origins that recapitulate similar
characteristics observed with tNOX transfected
human cell lines in vitro [Chueh et al., 2004].

MATERIALS AND METHODS
Mice and Cell Lines

The tNOX transgenic mice were generated as
described [Yagiz et al., 2006]. Four transgenic
female mice were bred with one transgenic male
littermate and checked for vaginal plugs daily.
Control FVB/N mice were bred in parallel.
Primary MEF cells were isolated from trans-
genic and wild-type mouse embryos by the
Purdue University Transgenic Mouse Core
Facility. Cells were plated into DMEM-Knock-
out media with 2 mM L-glutamine, 100 pM
non-essential amino acids, 50 U Penicillin/
Streptomycin (Gibco, Carlsbad, CA), 10% fetal
bovine serum, and B-mercaptoethanol (Sigma,
St. Louis, MO). To obtain confluent cells,
1 x 105/175 cm?® flasks were seeded and cultured
with a change of medium every second day.

Genotyping Mouse Embryonic
Fibroblast (MEF) Cells

Genomic DNA and total RNA was isolated
from transgenic and wild-type MEF cells by
using DNAzol and TRI-REAGENT (Molecular
Research Center, Inc., Cincinnati, OH) reagen-
ts according to the manufacturer’s instructions.
Genotyping of MEF cells was performed by PCR
analysis using tNOX transgene-specific pri-
mers: 5-TACCCATACGATGTTCCGGAT-3'
(forward) and 5-CAGAGGTTCTGCCTGTGA-
TAC-3' (reverse). PCR amplifications were in a
total volume of 25 ul. Amplified products were
analyzed using 1% agarose gels. A B-globin
primer pair (Genbank, J00413) was used as an
internal positive control.

RT-PCR Analysis With MEF Cells

Total RNA was isolated from transgenic and
wild-type MEF cells by using TRI- REAGENT
(Molecular Research Center, Inc.) reagents
according to the manufacturer’s instructions.
The first strand cDNA was used as the template
in the PCR reactions. The integrity of each
tissue RNA sample was checked by RT-PCR
with primers (5'-ACCCATACGATGTTCCGGA-
TT-3' (forward), and 5-GGTCAGCTTCAAG-
CCTCGAAGC-3' (reverse)). Mouse GAPDH
primers (5-TCACCATCTTCCAGGAGC-3'
(forward), 5'-CTGCTTCACCACCTTCTTGA-3’
(reverse)) were used as internal standards. The
negative control reactions included reagents
without reverse transcriptase to ensure that the
RT-PCR was RNA-dependent.

Western Blot Analysis of tNOX Expression

The plasma membranes of transgenic and
wild-type MEFs were prepared as described
[Morré and Morré, 1989]. The membranes were
stored in 50 mM Tris-MES (pH 7.5). Proteins
were separated on 10% SDS—PAGE and then
transferred by electroblotting onto nitrocellu-
lose membranes [Towbin et al., 1979] and
detected as described [Chueh et al., 2002]. The
blots were incubated in primary (anti-HA-tag or
2281.1) antibody solution. The antibody 2281.1
(MorphoSys, Martinsreid, Germany) is a tNOX-
specific recombinant antibody generated by
phage display to the N-terminal peptide of
50 amino acids of recombinant tNOX that con-
tains the cancer-specific, potentially drug reac-
tive quinone binding sequence and lacks the
conserved potentially drug reactive adenine
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nucleotide binding region. The secondary anti-
body was either goat anti-mouse linked to the
alkaline phosphates for anti-HA tag or mono-
clonal anti-polyhistidine clone His-1 (Sigma) for
anti-tNOX 2281.1

Spectrophotometric Assay of
NADH Oxidase Activity

NADH oxidase activity of MEF cells was
determined from the disappearance of NADH
measured at 340 nm in a reaction mixture
containing 25 mM Tris-MES buffer (pH 7.5),
1 mM KCN to inhibit mitochondrial oxidase
activity, and 150 uM NADH at 37°C by using
a Hitachi U-3210 spectrophotometer (Hitachi,
Japan) with continuous recording over 1.0 min
at intervals of 1.5 min each. EGCg (Sigma)
(1 uM) was added as a tNOX inhibitor. Proteins
were estimated by the bicinchoninic acid
method with bovine serum albumin as standard
[Smith et al., 1985].

Growth Measurements

Transgenic and wild-type MEF cells were
grown in small Petri dishes (10 x 35 mm) with
media for 24 h. Direct measurements were of
attached cells with an Olympus Vanox-S Micro-
scope, Model AHBS, using bright field and/or
differential interference contrast optics. The
microscope was attached to a Hamamatsu
CE400-07 video camera system with a Hama-
matsu camera head for viewing and data
recording. Hamamatsu Argus-10 and Argus-
20 real time digital contrast and low light
enhancement image processing were used.
Increase in area was monitored for 60 min.
Temperature control was provided by a tem-
perature heating system connected to the
microscope. Using freeze frame technology,
the tape was stopped at 30 s intervals. The cell
perimeter was then digitally traced. Cell areas
were calculated using the Hamamatsu Argus-
10, equipped with the appropriate software
(Imaged). Each frame was measured three
times. Cells for measurement were selected on
the basis of their morphological characteristics
of having typical appearance. Excessively
rounded or enlarged cells were avoided. The
three measurements were averaged and stan-
dard deviations were determined [Pogue et al.,
2000].

In parallel, cells were counted daily for 5 days
with the aid of a hemocytometer. Media were
replaced with fresh MEF media every 2 days.

Counts were repeated on three parallel deter-
minations from three different cell culture
preparations. Doubling time was determined
from the slope of a logarithmic fit of numbers of
cells with time plotted against the cell seeding
density according to the following log base 2
formula: logy (x) =logqg (x)/logio (2) =1n (x)/In
(2).

For flow cytometry, cells were cultured
(1 x 10° cells/ml in triplicates) for 48 and 72 h
by replacing the medium every other day. The
cells were gently washed in PBS, pelleted and
resuspended thoroughly to get single-cell sus-
pensions in fresh PBS as 1x10° cells/ml.
Following, propodium iodide (50 pg/ml stock)
labeling, samples were analyzed using a FC
500-2 Cytometer at the same flow rate and for
the same time period for each sample to obtain
relative cell numbers. As an internal control,
chicken red blood cells were both analyzed
separately and analyzed mixed with the MEF
cells.

For absorbance assays, cells were seeded
in 96-well microplates (2x 10® cells/well in
triplicate) and incubated at 37°C with 5% CO
for 24 h. EGCg or phenoxodiol was added at
the concentrations indicated and the cells were
incubated for an additional 24 or 48 h. The
absorbency of cells fixed and stained was
determined at 580 nM in an ELISA plate reader
(Bio-Tek Instruments, Inc., Winooski, VT). Cell
number was determined microscopically in
parallel by counting the number of cells over
defined areas consisting of a grid of 5 mm
squares. The data were represented as percent
survival rate.

Apoptosis Assays

Transgenic and wild-type MEF cells (1 x 10°)
were seeded on small cover slips with MEF
mediain 10 x 35 mm Petri dishes and incubated
at 37°C with 5% COg for 24 h. The next day, the
medium was replaced with fresh MEF medium.
Then, EGCg or phenoxodiol was added at 1, 5,
25, and 50 uM and the cells were incubated for
an additional 48 h. After incubation, the cells on
the cover slips were washed in PBS solution and
fixed in 1% paraformaldehyde for 15 min. The
fixed cells were labeled for 2 h at 37°C with
green fluorescence Chroma Tide® BODIPY®
FL-14-dUTP reaction solution (Molecular Probes,
Inc., Eugene, OR), which end-labels the frag-
mented DNA of apoptotic cells. The labeling
mixture consisted of 0.5 mM CoCls, 66.7 U of
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TdT (terminal deoxynucleotidyl transferase),
and 167 nM BODIPY reagent. The control
labeling solution excluded BODIPY reagent.
The cells were washed twice in PBS, twice with
15 mM EDTA (pH 8.0), and once in PBS with
0.1% Triton X-100 buffer. The appearances of
labeled nuclei in the cells were recorded using
fluorescence microscopy at the Purdue Univer-
sity Cytometry Laboratory. The excitation/
emission maxima for the labeled nucleotide
were 505/515 nm.

Statistical Analyses

Statistical analyses were based primarily on
paired #-tests. Treatments that differed from
controls by more than two standard deviations
were considered as significant. Individual
P-values are reported.

RESULTS

tNOX Expression in Mouse Embryonic
Fibroblast Cells

Transgenic MEF cells were genotyped by
PCR analysis and compared to wild-type MEF
cells (Fig. 1A). The tNOX transgene-specific
primers verified the presence of the tNOX
transgene in transgenic MEF cells as confirmed
by the presence of tNOX mRNA in the trans-

A  Marker WT MEF

TR MEF

genic MEF cells and its absence from wild-type
MEF cells (Fig. 1B). The ratio of tNOX mRNA
(Fig. 1B) to GAPDH mRNA (Fig. 1C) suggested
that tNOX expression in transgenic MEF cells
was low. However, Western blot analysis with
tNOX-specific 2281.1 antibody revealed 36, 34,
and 32 kDa processed forms of the tNOX protein
in transgenic MEF cells (Fig. 2). These pro-
cessed tNOX forms were absent from wild-type
MEF cells. Processed tNOX proteins of similar
molecular weights were observed previously in
tissues of transgenic mice and were shown to be
absent from tissues of wild-type mice (Yagiz
et al., 2006).

Inhibition of NADH Oxidation by
EGCg and tNOX Antibody

NADH oxidase activities of both wild-type
and transgenic MEF cells were analyzed from
the decrease in absorbance at 340 nm as one of
the characteristics of ECTO-NOX proteins
(Table I). Wild-type MEF cells contained only
EGCg-resistant CNOX activity. Transgenic
MEF cells contained both EGCg-resistant
CNOX activity and EGCg-inhibited tNOX
activity. The latter was absent from wild-type
cells. The tNOX activity was inhibited as well by
the specific antibody 2281.1 in transgenic MEF
cells, but CNOX activities of both wild-type and

(-) Control {+)Control

B Marker

C Marker WT MEF

WT MEF TR MEF (-) Control (+) Control

tNOX

TR MEF

GAPDH

Fig. 1. Genotyping and RT-PCR analyses of mouse embryo fibroblast (MEF) cells. A: Genotyping. Lane 1
wild-type (WT) MEF cells, lane 2 transgenic (TR) MEF cells, lane 3 (-) Control = wild-type mouse DNA, lane 4
(—) Control =transgenic founder mouse DNA. B, C: RT-PCR analysis (B) tNOX mRNA was present in only
transgenic MEF cells. C: Glyceraldehyde phosphate dehydrogenase (GAPDH) primers used to show integrity

of the extracted RNAs.
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Fig. 2. Western blot analysis with MEF cells. Top: tNOX
antibody 2281.1. Lane 1 microsomes from transgenic (TR) MEF
cells, lane 2 microsomes from wild-type (WT) MEF cells. Thirty
micrograms of microsomal proteins from MEF cells were loaded.
Arrows indicate 36 (upper arrow) and 32 (lower arrow) kDa
processed forms of the tNOX protein absent from a correspond-
ing amount of wild-type microsomes. Bottom: Anti B-actin
antibody from parallel lanes of same Western blot to demonstrate
uniformity of loading.

transgenic MEF cells were refractory to inhibi-
tion by antibody 2281.1.

Growth of Transgenic Mouse Embryonic
Fibroblast Cells

Based on the 96-well plate analysis, trans-
genic MEF cells showed higher absorbance
levels compared to wild-type MEF cells under
conditions of no treatment (Fig. 3A). When cell
numbers were determined, the transgenic MEF
cells exhibited approximately 50% more cells.
However, with 96-well plate assays based on
total absorbance of cellular material present,
the increase was approximately twofold be-

tween 24 and 48 h. The fold increase decreased
progressively as confluency was reached and/or
the culture was depleted of media so that by
84 h, the total cell mass of transgenic MEF cells
was only 30% greater than that of wild-type
MEF cells (Fig. 3B). Based on cell counts the fold
increase was less being about 50% greater for
transgenic MEF cells compared to wild-type
MEF cells after 48 and 72 h of growth and
became more nearly equal at 96 and 120 h
(Fig. 3B). The calculated doubling times were
28 h for wild-type and 24.4 h for transgenic MEF
cells. Analysis by flow cytometry revealed no
differences in cell-cycle phase comparing trans-
genic and wild-type MEF cells (not shown).

Cell Enlargement

MEF cells when examined microscopically
enlarged rapidly for about 30 min after which
their rate of enlargement slowed perceptibly
due to the less favorable environment afforded
by the microscope chambers (Fig. 4). With
transgenic MEF cells (Fig. 4B), the initial rapid
rate of cell enlargement was approximately
twice that of wild-type MEF cells (Fig. 4A).
After addition of 0.1 pM EGCg to wild-type MEF
cells they continued to elongate slowly (Fig. 4A)
whereas when 0.1 uM EGCg was added to the
transgenic MEF cells net cell elongation ceased
(Fig. 4B).

With EGCg or phenoxodiol added during the
initial rapid enlargement phase, the rate of
enlargement of transgenic MEF cells was reduc-
ed by 70% following treatment with 0.1 pm
EGCg or 0.1 um phenoxodiol while wild-type
cells were insensitive to this concentration of
EGCg or phenoxodiol (Table II).

The enlargement rate was not linear and
exhibited a periodic behavior as described
previously [Pogue et al., 2000] with maxima at
intervals of 24 min (single arrows) for both the
wild-type MEF cells (Fig. 4A) and the trans-
genic cells following EGCg treatment (Fig. 4B).
The 24 min interval corresponds to the period
length of CNOX [Morré and Morré, 2003]. After
24 h of growth, well-separated wild-type MEF
cells based on measurements from six wells,
exhibited an area post-fixation of 2160+
940 pm? whereas transgenic MEF cells had an
area of 31204690 pm? Assuming a propor-
tionate increase in cell height corresponding to
ca. 10% of the leading edge, the transgenic MEF
cells would have a volume approximately twice
that of the wild-type MEF cells.
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TABLE I. Total NADH Oxidase Activities of Embryo Fibroblast
Cells From Wild-Type and Transgenic Mice and Inhibition by
(—)-Epigallocatechin-3-Gallate (EGCg) and to 2281.1
tNOX-Specific Antibody

nmoles/min/10° cells

Constitutive Tumor-specific

Cell Line Addition ECTO-NOX (CNOX) ECTO-NOX (tNOX)
Wild-type None 2.3+04 —

1 M EGCg 24+04 —
Transgenic None 2.0+0.2 1.8+0.3

1 M EGCg 1.9+0.3 0.35+0.2%
Wild-type None 2.0+2.5 —

Ab 2281.1 1.9+0.1 —
Transgenic None 2.1+0.1 1.6+0.2

Ab 2281.1 2.2+0.2 0.3+0.1*

Average + standard deviation.
*Highly significant P < 0.001.

Dose Response of Growth of Mouse Embryonic
Fibroblast Cells to EGCg and Phenoxodiol and
Induction of Apoptosis

The inhibition of growth of transgenic MEF
cells by EGCg or phenoxodiol was dose-depen-
dent with an EC50 of about 0.5 pM (Fig. 5A).
After 48 h of treatment with 10 uM EGCg or
phenoxodiol, >90% of the transgenic MEF cells
failed to survive (Fig. 5F,G) and had undergone
apoptosis (Fig. 6F). Wild-type MEF cells, even

after 48 h of treatment with 10 pM EGCg or
phenoxodiol, survived (Fig. 5C,D) and showed
no evidence of apoptosis (Fig. 6E). Results with
EGCg and phenoxodiol were similar.

Induction of apoptosis was evidenced by the
presence of BIODIPY-stained nuclei (Fig. 6). No
fluorescence (autofluorescence) was observed in
either unlabeled wild-type (Fig. 6A) or trans-
genic (Fig. 6B) MEF cells or in unlabeled wild-
type (Fig. 6C) or transgenic (Fig. 6D) MEF cells
grown in the absence of EGCg. After 48 h of
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Fig. 3. Growth comparing transgenic and wild-type MEFs cells in culture. A: Change in A2 based
on growth analysis using 96-well plates. Using this criterion, growth of transgenic cells in culture was nearly
twice that of wild-type cells between 24 and 60 h of culture. B: Cell numbers of transgenic and wild-type MEF
cells. Data are means of three experiments =+ standard deviations. P < 0.001.
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Fig. 4.

Increase in area (enlargement growth) of small rounded MEF cells post-cytokinesis comparing wild-

type (A) and transgenic (B) cells as determined by image-enhanced light microscopy. The growth rates
fluctuated with a complex pattern of periodicity but were approximately twofold greater with the transgenic
MEF cells. The single arrows separated by intervals of 24-min indicate periods of rapid enlargement
alternating with resting periods. (—)-Epigallocatechin-3-gallate (EGCg) (0.1 uM) was added after 60 min

(angled arrow).

treatment with 25 \M EGCg, wild-type MEF
cells still showed no evidence of apoptosis
(Fig. 6E). However, with transgenic cells
(Fig. 6F), extensive apoptosis was revealed by
BIODIPY-stained nuclei.

DISCUSSION

Our laboratories have identified a novel
cancer-specific and growth-related cell-surface

protein with protein disulfide-thiol interchange
and hydroquinone (NADH) oxidase activities
designated as tNOX (GenBank Accession No.
AF207881) [Chueh et al., 2002]. tNOX responds
to several known or putative quinone-site
inhibitors all of which have anti-cancer activity
[Morré, 1998] including capsaicin [Morré et al.,
1995a; Chueh et al., 1997], adriamycin [Morré
et al., 1997], EGCg [Morré et al., 2000], and the
anti-tumor sulfonylureas [Morré et al., 1995b].
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TABLE II. Initial Rates of Cell Enlargement For EGCg, as one example, previous results
Averaged Over 20 min of Wild-Type and have suggested that tNOX is both necessary and
Transgenic MEF Cells as Determined by sufficient for the cancer-specific cell growth

Video-Enhanced Light Microscopy inhibitions attributed to EGCg in cancer cell
Wild-type Transgenic lir}es [Chueh et 'al., 2004]. While transgenic

MEF cells MEF cells mice overexpressing tNOX grew at an acceler-

ated rate compared to wild-type mice [Yagiz

Treatment Cell area, ym®/min et al., 2006], consumption of EGCg (500 mg/kg

No addition 073400 14103 body weight), a tNOX inhibitor, prevented the

0.1 uM EGCg 0.63+0.09 0.41+0.08* accelerated growth resulting from tNOX over-

0.1 pM Phenoxodiol 0.80+0.2 0.43 +0.03*

expression. EGCg was without effect on either

Results are averages of three determination + standard deviation.
*Significant P < 0.05.
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Fig. 5. Growth (A) and morphology (B-G) of wild-type and transgenic MEF cells in response to (—)-
epigallocatechin-3-gallate (EGCg) and phenoxodiol (PXD). In A, numbers of viable cells were determined.
Data are mean + standard deviations of three experiments. Growth was inhibited during 48 h incubation
with 10 pM phenoxodiol or with 10 pM EGCg in transgenic MEF cells. Wild-type MEF cells exhibited normal
growth morphology with both phenoxodiol and EGCg even at the highest concentration tested of 10 uM.
P < 0.05 versus wild-type control. Bar =100 pm.
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F

Fig. 6. Apoptosis induction by 48 h of treatment with (—)-epigallocatechin-3-gallate (EGCg) in MEF cells.
A, Cand E: Wild-type MEF cells. B, D and F: Transgenic MEF cells. Aand B, unlabeled. Cand D, labeled in the
absence of EGCg. E and F, labeled after teatment with 25 pM EGCg. In F, nuclei were fluorescent (arrows)
indicative of DNA fragmentation. Wild-type MEF cells showed normal morphology after 25 pM EGCg
treatmentand nuclei were unlabeled indicative of the absence of apoptosis. Results with 25 uM phenoxodiol

were similar. Bar =100 um.

the growth or the NADH oxidase activity of
wild-type mice.

To test further the implication that tNOX was
both necessary and sufficient for the cell growth
inhibitions attributed to EGCgin the transgenic
mice, the reported experiments with fibroblasts
from transgenic and wild-type mouse embryos
were carried out. As with other systems [Morré,
1998], ECTO-NOX activity and growth of the
mouse embryo fibroblasts were highly corre-
lated [Morré, 1998]. Measurements of initial

rates of cell enlargement revealed that the rate
of enlargement of transgenic MEF cells was
approximately twice that of wild-type cells.
Both transgenic and wild-type MEF cells had
constitutive CNOX activity. In addition, trans-
genic MEF cells exhibited tNOX activity. tNOX
activity was absent in wild-type MEF cells. The
tNOX activity present in the transgenic MEF
cells was strongly inhibited by EGCg and by a
tNOX-specific antibody. CNOX activity was
refractory to both EGCg and phenoxodiol and
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to the antibody in both cell lines. Drug inhibi-
tion is one of the defining tNOX characteristics.
The implication is that tNOX activity is some-
how directly linked to the actual process by
which cells enlarge following cell division as
neither EGCg nor phenoxodiol interfere with
protein synthetic activity. In this context,
inhibition of growth by tNOX inhibitors can be
understood on the basis of their direct inhibitory
effects on tNOX activity rather than in indirect
effects following established downstream
pathways [Yang et al., 2000; Vayalil et al.,
2003; Chueh et al., 2004].

When increases in cell area were measured,
the rates of increase fluctuated correspondingto
the period length of the ECTO-NOX proteins
present [Pogue et al., 2000; Morré and Morré,
2003]. Overexpression of tNOX c¢cDNA in COS
cells led to a more rapid rate of cell enlargement
and several fold increase in cell volume com-
pared to non-transfected COS cells [Chueh
et al., 2004]. In all respects, our findings with
enlargement of transgenic MEF cells recapitu-
lated those of previous studies with HeLa cells
[Pogue et al., 2000; Chueh et al., 2004].

The differences in cell number and cell size or
cell mass comparing wild-type and transgenic
METF cells is likely due to the response to tNOX
presence of an enhanced rate of cell enlarge-
ment. If MEF cells from transgenic cells enlarge
more rapidly, they will achieve a critical size
where they are able to divide sooner than wild-
type cells to contribute to accelerated cell
division whereas the combination of enhanced
rate of cell enlargement and enhanced cell
division account for the doubling of cell mass
observed in the 96-well plate assay based on
optical density measurements.

Both EGCg [Liao et al., 1995; Stoner and
Mukhtar, 1995; Hibasami et al., 1996; Ahmad
et al., 1997, 2002; Chen et al., 1998; Katdare
et al., 1998; Yang et al., 1998; Mukhtar and
Ahmad, 1999; Morré et al., 2000] and phenox-
odiol [Kamsteeg et al.,, 2003; Kelly and
Husband, 2003; Alvero et al., 2006] have been
shown previously to specifically inhibit the
growth of cancer cells or at least inhibit the
growth of cancer cells at concentrations one or
two log orders lower than those required to
inhibit growth of non-cancer cells. The tNOX
target protein has been proposed as both
sufficient and necessary for cancer cells to
respond to these two substances [Morré et al.,
2000, 2007]. A similar conclusion is reached

from the findings reported here. Wild-type MEF
cells were resistant to both EGCg and phenox-
odiol over a wide range of concentrations. On the
other hand, the transgenic MEF cells over-
expressing tNOX responded to both EGCg and
phenoxodiol concentrations in the nanomolar
range. Not only was growth of transgenic MEF
cells more susceptible to inhibition than growth
of wild-type MEF cells, the transgenic MEF
cells also underwent apoptosis in response to
EGCg and phenoxodiol whereas wild-type MEF
cells did not.

Studies of Hayakawa et al. [2001] with U937
cells suggested that the apoptosis triggered by
EGCg was Fas-mediated. EGCg decreased the
anti-apoptotic Bcl-2 and Bel-xLi and increased
Fas and Fas-ligand [Masuda et al., 2001; Kuo
and Lin, 2003; Weinreb et al., 2003]. Choi et al.
[2003] reported that ERK activation plays an
active role in mediating EGCg-induced apopto-
sis of U937 cells and functions upstream of
caspase activation to initiate the apoptotic
signal. In addition, EGCg treatment induced
apoptosis of NPC cells via the mitochondrial
signal transduction pathway [Yan et al., 2004].
Activity levels of caspases-3, -8, and -9 were
elevated in EGCg-treated cells, suggesting that
these caspases were involved in the apoptosis
induced by EGCg [Horie et al., 2005]. Moreover,
EGCg treatment triggered c-Jun N-terminal
kinase and p38 kinase of the MAP kinase
family to induce apoptosis in tumor cells [Saeki
et al., 2002]. Another tNOX inhibitor, phenox-
idiol [Morré et al., 2006], has been shown to
induce apoptosis by the activation of the
mitochondrial pathway through caspase-2
and Bid signaling, and the proteasomal degra-
dation of the anti-apoptotic protein XIAP in
epithelial ovarian carcinoma cells [Alvero et al.,
2006].

The findings with the embryo fibroblasts from
tNOX transgenic mice are unique in that they
demonstrate in a simple single cell system
stable expression of a single protein, tNOX, is
both necessary and sufficient to impart drug
sensitivity to EGCg and phenoxodiol as wild-
type fibroblasts are normally unresponsive to
these agents. Also consistent with our observa-
tions is the hypothesis that tNOX facilitates the
uncontrolled growth exhibited by both cancer
tissues and cancer cell lines [Morré and Morré,
2003]. As such tNOX may be expected to have an
important future role as a molecular drug target
in cancer.



Transgenic Mouse Cells Overexpressing tNOX 305

REFERENCES

Ahmad N, Feyes DK, Nieminen AL, Agarwal R, Mukhtar
HJ. 1997. Green tea constituent epigallocatechin-3-
gallate and induction of apoptosis and cell cycle arrest
in human carcinoma cells. J Natl Cancer Inst 89:1881—
1886.

Ahmad N, Adhami VM, Gupta S, Cheng P, Mukhtar H.
2002. Role of the retinoblastoma (pRB)-E2F/DP pathway
in cancer chemopreventive effects of green tea polyphe-
nols epigallocatechin-3-galate. Arch Biochem Biophy
398:125-131.

Alvero AB, O’Malley D, Brown D, Kelly G, Garg M, Chen W,
Rutherford T, Mor G. 2006. Molecular mechanism of
phenoxodiol-induced apoptosis in ovarian carcinoma
cells. Cancer 106:599-608.

Chen ZP, Schell JB, Ho CT, Chen KY. 1998. Green tea
epigallocatechin gallate shows a pronounced growth
inhibitory effect on cancerous cells but not on their
normal counterparts. Cancer Lett 129:173—179.

Choi SC, Oh HM, Park JS, Han WC, Yoon KH, Kim TH,
Yun KJ, Kim EC, Nah YH, Cha YN, Chung HT, Jun CD.
2003. Soluble factor from murine bladder tumor-2 cell
elevates nitric oxide production in macrophages and
enhances the taxol-mediated macrophage cytotoxicity on
tumor cells. Cancer Invest 21:708—719.

Chueh PJ, Morré DJ, Wilkinson FE, Gibson J, Morré DM.
1997. A 33.5 kDa heat- and protease-resistant NADH
oxidase inhibited by capsaicin from sera of cancer
patients. Arch Biochem Biophys 342:38—-47.

Chueh PJ, Kim C, Cho N, Morré DM, Morré DJ. 2002.
Molecular cloning and characterization of a tumor-
associated, growth-related, and time-keeping hydroqui-
none (NADH) oxidase (tNOX) of the HeLa cell surface.
Biochemistry 41:3732—-3741.

Chueh PJ, Wu LY, Morré DM, Morré DdJ. 2004. tNOX is
both necessary and sufficient as a cellular target for the
anticancer actions of capsaicin and the green tea catechin
(—)-epigallocatechin-3-gallate. BioFactors 20:235—249.

Hayakawa S, Saeki K, Sazuka Y, Sziki Y, Shoji Y, Ohta T,
Kaji K, Yua A, Isemura M. 2001. Apoptosis induction by
epigallocatechin gallate involves its binding to Fas.
Biochem Biophys Res Commun 285:1102—-1106.

Hibasami H, Achiwa Y, Fujikawa T, Komiya T. 1996.
Induction of programmed cell death (apoptosis) in human
lymphoid leukaemia cells by catechin compounds. Anti-
cancer Res 16:1943—-1946.

Horie N, Hirabayashi N, Takahashi Y, Miyauchi Y,
Taguchi H, Takeishi K. 2005. Synergistic effect of green
tea catechins on cell growth and apoptosis induction in
gastric carcinoma. Cell Biol Pharm Bull 28:574-579.

Kamsteeg J, Rutherford T, Sapi E, Hanczaruk B, Shahhabi
S, Flick M, Brown D, Mor G. 2003. Phenoxodiol—an
isoflavone analog-induces apoptosis in chemoresistant
ovarian cancer cells. Oncogene 22:2611-2620.

Katdare M, Osborn MP, Telang NT. 1998. Inhibition of
aberrant proliferation and induction of apoptosis in pre-
neoplastic human mammary epithelial cells by natural
phytochemicals. Oncol Rep 5:311-315.

Kelly GE, Husband AJ. 2003. Flavonoid compounds in the
prevention and treatment of prostate cancer. Meth Mol
Med 81:377—-394.

Kuo PL, Husband AdJ. 2003. Green tea constituent (—)-
epigallocatechin-3-gallate inhibits Hep G2 cell prolifera-

tion and induces apoptosis through p53-dependent and
Fas-mediated pathways. J Biomed Sci 10:219-227.

Kuo PL, Lin CC. 2003. Green tea constituent (—)-
epigallocatechin-3-gallate inhibits Hep G2 cell prolifera-
tion and induces apoptosis through p53-dependent and
FAS-mediated pathways. J Biomed Sci 10:219-227.

Liao S, Umekita Y, Guo J, Kokontis JM, Hiipakka RA.
1995. Growth inhibition and regression of human
prostate and breast tumors in athymic mice by tea
epigallocatechin gallate. Cancer Lett 96:239—243.

Masuda M, Suzui M, Weinstein LB. 2001. Effects of
epigallocatechin-3-gallate on growth, epidermal growth
factor receptor signaling pathways, gene expression, and
chemosensitivity in human head and neck squamous cell
carcinoma cell lines. Clin Cancer Res 7:4220-4229.

Morré DdJ. 1998. NADH oxidase: A multifunctional ecto-
protein of the eukaryotic cell surface. In: Asard H, Bérczi
A, Caubergs R., editors. Plasma membrane redox
systems and their role in biological stress and disease.
Dordrecht, The Netherlands: Kluwer Academic Publish-
ers. pp 121-156.

Morré DJ, Morré DM. 1989. Preparation of mammalian
plasma membranes by aqueous two-phase partition.
BioTech 7:946-958.

Morré DJ, Morré DM. 2003. Cell surface NADH oxidases
(ECTO-NOX proteins) with roles in cancer, cellular time-
keeping, growth, aging and neurodegenerative diseases.
Free Radic Res 37:795-808.

Morré DJ, Chueh PJ, Morré DM. 1995a. Capsaicin inhibits
preferentially the NADH oxidase and growth of trans-
formed cells in culture. Proc Natl Acad Sci USA 92:1831—
1835.

Morré DJ, Wu LY, Morré DM. 1995b. The antitumor sulfo-
nylurea N-(4-methylphenylsulfonyl)-N’-(4-chlorophenyl)
urea (LY181984) inhibits NADH oxidase activity of HeLa
plasma membranes. Biochim Biophys Acta 1240:11-17.

Morré DJ, Kim C, Paulik M, Morré DM, Faulk WP. 1997. Is
the drug-responsive NADH oxidase of the cancer cell
plasma membrane a molecular target for adriamycin?
J Bioenerg Biomembr 29:269—280.

Morré DJ, Bridge A, Wu LY, Morré DM. 2000. Preferential
inhibition by (—)-epigallocatechin-3-gallate of the cell
surface NADH oxidase and growth of transformed cells in
culture. Biochem Pharmacol 60:937—-946.

Morré DJ, Pogue R, Morré DM. 2001. Soybean cell
enlargement oscillates with a temperature-compensated
period length of ca. 24 min. In Vitro Cell Dev Biol Plant
37:19-23.

Mukhtar H, Ahmad N. 1999. Mechanism of cancer
chemopreventive activity of green tea. Proc Soc Exp Biol
Med 220:234-238.

Pogue R, Morré DM, Morré DdJ. 2000. CHO cell enlarge-
ment oscillates with a temperature-compensated period
of 24 minutes. Biochim Biophys Acta 1559:10—20.

Saeki K, Kobayashi N, Inazawa Y, Zhang H, Nishitoh H,
Ichijo H, Saeki K, Isemura M, You A. 2002. Oxidation-
triggered c-Jun N-terminal kinase (JNK) and p38
mitogen-activated protein (MAP) kinase pathways for
apoptosis in human leukaemic cells stimulated by
epigallocatechin-3-gallate (EGCG): A distinct pathway
from those of chemically induced and receptor-mediated
apoptosis. Biochem J 368:705—-720.

Smith PK, Krohn RI, Hermanson GT, Malia AK, Gartner
FH, Provenzano MD, Fujimoto EK, Goeke NM, Olsen BdJ,



306 Yagiz et al.

Klenk DC. 1985. Measurement of protein using bicinch-
oninic acid. Anal Biochem 150:76—85.

Stoner GD, Mukhtar H. 1995. Polyphenols as cancer
chemopreventive agents. J Cell Biochem 22:169—
180.

Towbin H, Staehelin T, Gordon J. 1979. Electrophoretic
transfer of proteins from polyacrylamide gels to nitro-
cellulose sheets: procedure and some application. Proc
Natl Acad Sci USA 76:4350—4354.

Vayalil PK, Elmets CA, Katiyar K. 2003. Treatment of
green tea polyphenols in hydrophilic cream prevents
UVB-induced oxidation of lipids and proteins, depletion
of antioxidant enzymes and phosphorylation of MAPK
proteins, depletion of antioxidant enzymes and phos-
phorylation of MAPK proteins in SKH-1 hairless mouse
skin. Carcinogenesis 24:927-936.

Weinreb O, Mandel S, Youdim MB. 2003. ¢cDNA gene
expression profile homology of antioxidants and their

antiapoptotic and proapoptotic activities in human
neuroblastoma cells. FASEB J 17:935-937.

Yagiz K, Morré DM, Morré DdJ. 2006. Transgenic mouse
line overexpressing the cancer-specific tNOX protein has
an enhanced growth and acquired drug-response pheno-
type. J Nutr Biochem [2006, Jan 25; Epub ahead of print].

Yan Z, Yong-Guang T, Fei-Jun L, Fa-Qing T, Min T, Ya C.
2004. Interference effect of epigallocatechin-3-gallate on
targets of nuclear factor kappa B signal transduction
pathways activated by EB virus encoded latent mem-
brane protein 1. Int J Biochem Cell Biol 36:1473—1481.

Yang GY, Liao J, Kim K, Yurkow EdJ, Yang CS. 1998.
Inhibition of growth and induction of apoptosis in human
cancer cell lines by tea polyphenols. Carcinogenesis
19:611-616.

Yang CS, Chung JY, Yang G, Chhabra SK, Lee MdJ. 2000.
Tea and tea polyphenols in cancer prevention. J Nutr
130:4725—-4788S.



