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a b s t r a c t

Superoxide dismutase (SOD) occurs in two intracellular forms in mammals, copper–zinc SOD (CuZnSOD),
found in the cytoplasm, mitochondria and nucleus, and manganese superoxide dismutase (MnSOD), in
mitochondria. Changes in MnSOD expression (as compared to normal cells) have been reported in sev-
eral forms of cancer, and these changes have been associated with regulation of cell proliferation, cell
death, and metastasis. We have found that progestins stimulate MnSOD in T47D human breast cancer
cells in a time and physiological concentration-dependent manner, exhibiting specificity for progestins
and inhibition by the antiprogestin RU486. Progestin stimulation occurs at the level of mRNA, protein,
anganese superoxide dismutase
47D cells

and enzyme activity. Cycloheximide inhibits stimulation at the mRNA level, suggesting that progestin
induction of MnSOD mRNA depends on synthesis of protein. Experiments with the MEK inhibitor UO126
suggest involvement of the MAP kinase signal transduction pathway. Finally, MnSOD-directed siRNA low-
ers progestin-stimulated MnSOD and inhibits progestin stimulation of migration and invasion, suggesting
that up-regulation of MnSOD may be involved in the mechanism of progestin stimulation of invasive prop-
erties. To our knowledge, this is the first characterization of progestin stimulation of MnSOD in human

breast cancer cells.

. Introduction

Superoxide dismutase (SOD) is a ubiquitously expressed protein
hat converts the superoxide radical (O2

•−) into molecular oxygen
nd hydrogen peroxide [1,2]. Three forms exist in mammals: cop-
er and zinc-containing SOD (CuZnSOD), manganese-containing
OD (MnSOD), and extracellular SOD (ECSOD), all catalyzing the
ollowing reaction:

O2
•− + 2H+ � H2O2 + O2

In general, altered levels of superoxide dismutase have been
ound in a variety of diseases, including sickle-cell anemia [3], famil-

al amyotropic lateral sclerosis [4–6], Alzheimer’s disease [7], and

variety of lung diseases [8,9]. In particular, altered expression of
nSOD, as compared to normal cells, has been reported in sev-

ral forms of cancer, including, among others, gastric, esophageal

∗ Corresponding author. Tel.: +1 304 696 7324; fax: +1 304 696 7253.
E-mail address: moorem@marshall.edu (M.R. Moore).

1 Present address: Graduate Center for Toxicology, University of Kentucky, Lexing-
on, KY, USA.

960-0760/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jsbmb.2009.06.004
© 2009 Elsevier Ltd. All rights reserved.

and lung cancers [10–12]. MnSOD over-expression significantly
protected HeLa cervical carcinoma cells from serum starvation-
induced growth suppression and death [13] and Chinese hamster
ovary cells from various anticancer drugs and gamma radiation [14].
On the other hand, human melanoma cells overexpressing MnSOD
lost their ability to form tumors in nude mice as well as colonies
in soft agar [15], while decreased MnSOD protein and activity were
observed in pancreatic adenocarcinoma cell lines [16].

In non-aggressive (MCF-7) and aggressive (BT-549 and 11-9-14)
breast cancer cell lines there was an increase in MnSOD expression
and enzyme activity compared to non-tumorigenic breast epithelial
cell lines (MCF-12A and MCF-12F) [17]. Over-expression of MnSOD
in MCF-7 cells suppressed TNF-induced caspase-3 activation and
apoptosis [18]. However, others reported that MCF-7 breast cancer
cells over-expressing MnSOD showed an increased expression of
maspin, a proteinase inhibitor that has tumor suppression proper-
ties in breast cancer [19].
Various chemical agents and biological molecules have been
shown to affect the expression of MnSOD, including phorbol-
myristate 13-acetate in endothelial cells [20], lipopolysaccharide,
interleukin-1, and tumor necrosis factor in pulmonary epithelial
cells [21], prolactin in rat corpus luteum [22], and the steroid

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:moorem@marshall.edu
dx.doi.org/10.1016/j.jsbmb.2009.06.004
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ormones estrogen in rat thymus [23] and progesterone in human
ndometrial stromal cells [24].

We have previously shown various effects of progestins in
47D human breast cancer cells, including stimulation of lactate
ehydrogenase [25–28] and thymidine kinase [29] activities, and
levation of c-myc gene expression involving a progestin regulatory
egion [30]. In addition, we have shown that progestins increase the
umbers of T47D cells by both increasing the rate of proliferation
27,28,31–33] and inhibiting cell death [33,34]. Others [35,36] have
lso reported progestin inhibition of apoptosis in human breast
ancer cell lines.

Metastasis to sites away from the primary tumor is the lethal
tep in cancer, and progestins have been shown by Kato et al. [37] to
ncrease invasive properties in the human breast cancer cell line ZR-
5-1, by Carnevale et al. to increase metastasis in vivo of the murine
reast tumor line LM3 transfected with PR [38], and by Fu et al.
o enhance invasive properties of T47D human breast cancer cells,
ven under conditions in which cell proliferation was prevented by
ra-C [39,40].

Several authors have reported that MnSOD is involved in the
nvasive properties of cancer cells. Zhang et al. showed that over-
xpression of MnSOD in MCF-7 human breast cancer cells induced
ctivity of a protease thought to be involved in metastatic processes,
atrix metalloproteinase-2. Connor and co-workers reported that

ver-expression of MnSOD increased the migration and invasion of
T-1080 fibrosarcoma cells and 253J bladder tumor cells in culture
nd led to the development of pulmonary metastatic nodules in
ude mice [42]. In the highly metastatic human breast cancer cell

ine MDA-MB-231, which has high endogenous levels of MnSOD,
ntisense RNA to MnSOD reduced invasive properties [43].

In view of the importance of the effects of progestins in breast
ancer ([44,45] and references therein) and the possible role of
anganese superoxide dismutase in progestin regulation of metas-

astic properties, we tested whether progestins would regulate this
mportant antioxidant enzyme, and have shown that progestins
ndeed stimulate expression of MnSOD mRNA, protein and enzyme
ctivity, as shown below.

. Materials and methods

.1. Reagents

R5020 (17,21-dimethyl-19-nor-4,9-pregnadiene-3,20-dione)
as purchased from NEN Life Science (Boston); progesterone,

ldosterone, dexamethasone, estradiol-17� and testosterone
rom Sigma–Aldrich, and RU486 (17�-hydroxy-11�-[4-dimethyl-
minophenyl-1]-17�-[prop-1-ynil]-estra-4,9-dien-3-one) was a
ift from Dr. R. Deraedt of Roussel-UCLAF (Romainville, France).
0126 was purchased from Sigma–Aldrich. Antibodies were
btained as follows: anti-human MnSOD from Upstate USA, Inc.,
nti-GAPDH from Chemicon, and anti-phospho-p44/42 MAP
inase and anti p44/42 MAP kinase from Cell Signaling Technology.

.2. Cell culture

The human breast cancer cell lines T47D, MCF-7, and MDA-MB-
31, obtained from the American Type Culture Collection, were
rown in Corning plastic flasks (Corning, NY) in 5% CO2 in air at
7 ◦C. Routine growth medium was minimum essential medium,
owdered (autoclavable) plus non-essential amino acids, 2 mM
-glutamine, 10% fetal calf serum, 100 U/ml penicillin, 100 �g/ml

treptomycin (Gibco) and 6 ng/ml insulin (Sigma). This medium
ontains phenol red. Cells were harvested at about 80% confluency
y replacing the growth medium with splitting solution (Hank’s
alanced Salt Solution without calcium and magnesium but with
mM EDTA), incubating 10 min at 37 ◦C, aspirating the cells and
y & Molecular Biology 117 (2009) 23–30

centrifuging. Cells were then washed once with PBS, centrifuged
and frozen at −80 ◦C for storage prior to making extracts. Although
we have previously shown that progestins both stimulate cell pro-
liferation and inhibit cell death in T47D cells, significant effects on
cell numbers and cell density are not observable at the time points
used in the experiments described herein [33,34]. Cells in all treat-
ment groups of each experiment were at equal viabilities at the end
of the experiments.

2.3. Immunoblotting

Cells were treated with progestin to test for regulation of MnSOD
both in the presence and in the absence of serum, showing pro-
gestin stimulation under both conditions. For those experiments
done in the presence of serum, cells were plated into T-75 flasks
at 7.5 × 106 cells per flask (∼10% confluency) in twice charcoal-
stripped fetal bovine serum-containing medium without phenol
red, and grown for 5 days with one medium change. Following this,
at zero time, medium was changed to fresh with or without hor-
mone dissolved in ethanol so that the final hormone concentration
was as indicated in figure legends and the ethanol concentration
was 0.1% unless otherwise indicated. For those experiments testing
the effect of hormone on MnSOD in serum-free conditions, cells
were plated at about 10% confluency in routine growth medium
(described above) and grown until about 80% confluent. They were
then washed three times with serum-free, phenol red-free medium
and treated with hormone or ethanol vehicle in serum-free, phe-
nol red-free medium. At the appropriate time, cells were harvested
and frozen at −80 ◦C as above and cell extracts made by sonica-
tion (3 × 10 s bursts at 40 mHz with cooling on ice between bursts)
in 100 �l of NP-40 buffer (1% (v/v) non-idet P-40, 1 mM EDTA,
5 mM sodium phosphate, 1 mM �-mercaptoethanol, 10% glycerol,
1% (v/v) ser/thr protein phosphatase inhibitors (Sigma), 1% (v/v) tyr
protein phosphatase inhibitors (Sigma), 0.25% protease inhibitor
cocktail (Sigma), pH 7.4), followed by removal of cell debris by
centrifugation. After determination of protein concentration [46],
equal amounts of protein for each sample were electrophoresed
through 12% denaturing polyacrylamide gels and transferred to
nitrocellulose membranes. Immunoblotting was then performed,
using primary antibodies as listed above, appropriate horseradish
peroxidase conjugated secondary antibodies and an enhanced
chemiluminescence (ECL) kit from Amersham Biosciences, and X-
ray film. Blots were then stripped and re-probed with antibody to
GAPDH (gylceraldehyde phosphate dehydrogenase) from Chemi-
con International or other appropriate antibody as described in the
figure legends to ensure equal gel loading and membrane transfer
of each sample.

2.4. MnSOD activity assay

Cells were plated at 10% confluence in 150 cm2 flasks and grown
to about 75% confluence in routine growth medium (cell culture).
They were then washed three times with serum-free, phenol red-
free medium and treated with 10 nM R5020 or ethanol vehicle
(0.1%) for various times in this serum-free medium. After wash-
ing three times with ice-cold PBS, cells were removed from the
flask with a scraper, pelleted and frozen at −80 ◦C. Extracts were
then made and assayed for MnSOD enzyme activity essentially as
previously described [47].

2.5. Real time RT-PCR
Cells were plated in routine growth medium at 7 × 106 cells
per dish in six 15 cm dishes and grown for 2 days, until about
80% confluent. After washing three times with serum-free, phenol
red-free medium, they were treated with 10 nM R5020 or ethanol
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Fig. 1. Concentration and time dependence of progestin stimulation of MnSOD pro-
tein. (A) Concentration dependence: cells were plated and grown in 75 cm2 culture
flasks in routine growth medium (Section 2) to 70–80% confluency. They were
then washed three times with serum-free, phenol red-free medium and treated
for 24 h with the indicated concentrations of hormone or vehicle (0.1% ethanol)
in this same medium. Immunoblots were performed for both MnSOD and GAPDH,
applying 120 �g protein to each electrophoretic lane, and densitometry carried out,
normalizing with GAPDH levels. Results are the average ± SEM of four independent
experiments. (*) Significantly different from control, 10−12, 10−11, and 10−10 M at
p < 0.02 by ANOVA followed by the Student–Newman–Keuls multiple comparison
procedure. Inset: a representative western blot. (B) Time dependence: cells were
plated into 75 cm2 culture flasks in routine growth medium and grown for 5–6 days
to 70–80% confluency. They were then washed and treated as in (A) for 12, 24 and
48 h with 10 nM R5020 or vehicle (0.1% ethanol). At the indicated times, cells were
harvested, extracts made, and immunoblots performed for MnSOD and GAPDH as
described in Section 2, 80 �g of protein in each lane. Densitometry was then per-
formed, normalizing with GAPDH as a loading and transfer control. Values are the
A.K. Holley et al. / Journal of Steroid Bioch

ehicle, in triplicate, in this same serum-free medium, for 24 h.
hey were then harvested with trypsin-EDTA, washed twice with
BS, and frozen at −80 ◦C. Total RNA was then isolated using the
ersagene RNA Cell Kit and the Versagene RNA DNase Kit, from
entra Systems. MnSOD mRNA relative levels were determined by
uantitative RT-PCR using Sybr Green PCR Master Mix for MnSOD
eactions in some experiments, Taqman Universal PCR Master Mix
n others and normalized with GAPDH mRNA levels using Taq-

an Universal PCR Master Mix (Applied Biosystems). Primers for
nSOD mRNA quantitation when using Sybr Green were: for-
ard primer 5′TGGCCAAGGGAGATGTTACA3′ and reverse primer

′TGATATGACCACCACCATTGAAC3′. Optimal primer concentrations
ere experimentally determined to be 300 nM each. The cDNA
roduct is 72 bp long and contains sequences from exons 2 and 3 of
he MnSOD gene. Total RNA concentration in the quantitative RT-
CR reaction was 20 ng/�l, and the thermocycler was an ABI 7000
equence Detection System programmed as follows: 48◦/30 min;
5◦/10 min; then 40 cycles of 95◦/15 s and 60◦/1 min.

.6. siRNA experiments

T47D cells were grown to 75% confluency in eight 25 cm2 flasks
n medium the same as routine growth medium (above) except

ithout antibiotics. Next, four of the cultures were transfected
ith 10 nM siRNA to MnSOD (#4392420, STD) and half with 10 nM

egative control siRNA (4390843) according to the manufacturer’s
rotocol (Applied Biosystems), using Dharmafect 1 transfection
gent (Dharmacon) in fresh routine growth medium without
ntibiotics. After 72 h transfection, two of the control siRNA cultures
nd two of the MnSOD siRNA cultures were washed three times
ith serum-free, phenol red-free medium without antibiotics and

reated 24 h with 10 nM R5020 or 0.1% ethanol (vehicle control) in
erum-free, phenol red-free medium without antibiotics. Next, the
ells were harvested and processed for immunoblotting for MnSOD
nd GAPDH (for normalization) as described above.

The remaining control siRNA and MnSOD siRNA-treated cul-
ures were harvested using splitting solution as described above
nd single cell suspensions at 1 × 106 cells/ml made in serum-free,
henol red-free medium without antibiotics. Using modified Boy-
en chambers with eight micron pore inserts (Cell Biolabs, catalog
CBA-100-C), 500 �l of twice charcoal-stripped serum-containing
edium without phenol red and without antibiotics was placed

n the outer wells and 300 �l of the above cell suspension in each
nsert, with 10 nM R5020 or 0.1% ethanol, in triplicate, at 37◦, for
4 hrs in the migration assay and 72 h in the invasion assay. For the
igration assay, the cells have to migrate through a porous mem-

rane, but for the invasion assay, they have to migrate first through
layer of extracellular matrix and then the membrane. The migrat-

ng and invading cells were then stained and counted (total cells in
ve random fields/well at 100× magnification) as described in the
anufacturer’s protocol (Cell Biolabs).

. Results

In order to determine if progestin would affect the level of
nSOD protein in the progesterone receptor (PR)-rich human

reast cancer cell line T47D, we treated cells for 24 h with the syn-
hetic progestin R5020, at concentrations from zero to 1 �M. We
hose R5020 because of its stability under these conditions [48].
s shown in Fig. 1A, MnSOD stimulation does not occur at the
ower progestin concentrations, but appears to happen at 1 nM and
ecomes maximal at 10 nM through 1 �M. We detected no repro-
ucible progestin stimulation of MnSOD in MCF-7 cells, which have
edium levels of PR [49], even when pre-treated with estrogen, nor

he PR-negative [50] MDA-MB-231 cells (data not shown).
ratio of R5020-treated to control at each time point, and are the average ± SEM of
three independent experiments for 12 and 48 h, and 10 experiments for the 24 h time
points. *p < 0.03 compared to 12 h control. **p < 0.001 compared to 24 h control.

To determine the time dependency of progestin stimulation of
MnSOD protein, we treated cells for 12, 24, and 48 h with 10 nM
R5020. The data in Fig. 1B show that this treatment, while hav-
ing little effect at 12 h, increases the level substantially by 24 h
and maintains an elevated level through 48 h. To test whether
steroid hormones other than progestins would stimulate MnSOD
in T47D cells, we treated with the mineralocorticoid aldosterone,
the glucocorticoid dexamethasone, the estrogen estradiol-17�, and
the androgen testosterone. As shown in Fig. 2A, only the pro-
gestin stimulated MnSOD. To gain information about whether
progestin stimulation of MnSOD occurs through the proges-
terone receptor, the effect of the antiprogestin RU486 was tested.
Fig. 2B shows that RU486 indeed inhibits progestin stimulation
of MnSOD levels, suggesting that progestin stimulation occurs
through the progesterone receptor. To test whether the natu-

rally occurring hormone progesterone would regulate the level of
MnSOD, we used 100 nM progesterone, since it has a half-life of only
about 3 h [48]. Fig. 2C shows that progesterone also up-regulates
MnSOD.
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Fig. 2. Steroid hormone specificity and effect of the antiprogestin RU486. (A) Steroid
specificity: cells were plated and treated as in Fig. 1B with 10 nM hormone or vehi-
cle control (0.1% ethanol) for 24 h. Cells were then harvested, extracts made, and
immunoblots (inset) performed as in Section 2, 160 �g of protein per electrophoretic
lane. Densitometry was then performed, normalizing with GAPDH as a loading and
transfer control. Results are the average ± SEM of three independent experiments,
except for R5020 and control, for which n = 10. (*) R5020 is significantly different
from all others by ANOVA followed by the Student–Newman–Keuls multiple com-
parison procedure. (B) Effect of the antiprogestin RU486. Cells were plated, grown
and treated as in Fig. 1B for 24 h with 10 nM R5020, 10 nM RU486, R5020 plus RU486
or vehicle (0.2% ethanol). Immunoblots and densitometry were then performed on
180 �g of protein extracts applied to each electrophoretic lane, as shown in the
graph, normalizing with GAPDH. Results are the average ± SEM of three independent
experiments. (*) Significantly different from all other values by ANOVA followed by
the Student–Newman–Keuls multiple comparison procedure (p < 0.001). No other
differences are significant. (C) Stimulation of MnSOD protein by progesterone. Trip-
licate flasks for hormone treatment and control were plated and grown as in Fig. 1B,
then treated for 24 h with 100 nM progesterone or vehicle (0.1% ethanol) as in Fig. 1B.
Immunoblot and densitometry were then performed on 80 �g of protein applied to
each electrophoretic lane, as shown in the graph, normalizing with GAPDH. Results
are the average ± SEM of three independent experiments. (*) Significantly different
from control at p < 0.001 by Student’s unpaired t-test.

Table 1
MnSOD enzyme activity (U/mg protein).

Treatment Time (h)

0 12 24 48

Control 3.5 5 9.1 5.3
<2 2.4 <2 2.9
<2 <2 2.9 <2

Average control (±SEM) 1.8 (0.8) 2.8 (1.2) 4.3 (2.4) 3.1 (1.2)
14 46 48

R5020 11 36 53
14 26 39

Average R5020 (±SEM) 13 (1)* 36 (5.8)* 47 (4.1)*
p = 0.003 p = 0.007 p < 0.001

Enzyme activities <2 assigned a value of 1.
* Student’s unpaired t-test.

In order to determine if R5020 would stimulate not only the level
of MnSOD protein, but also enzyme activity, we treated cells for
various times with or without hormone and assayed cell extracts for
enzyme activity. Table 1 shows that the progestin increased MnSOD
enzyme activity about 15-fold in 48 h. We also tested very early
time points, from 10 min to 2 h, and observed a very slight (∼10%)
but statistically significant increase at 1 and 2 h (data not shown).

We used quantitative (real time) RT-PCR to test whether pro-
gestin stimulation of MnSOD also occurs at the mRNA level. Fig. 3A
shows that progestin treatment elevated the level of MnSOD mRNA
to about eleven times the control level in 24 h. Fig. 3B shows that
this stimulation has begun by 4 h, and is substantial by 12 h. To
determine whether progestin induction of MnSOD gene expression
requires protein synthesis, we used the protein synthesis inhibitor
cycloheximide. As shown in Fig. 3C, cycloheximide strongly inhibits
progestin stimulation of MnSOD mRNA, suggesting that it is a sec-
ondary effect, requiring protein synthesis.

Since the mechanism of progestin action has been shown to
involve not only effects at the genomic level but also signal trans-
duction pathways mediated by components associated with the
cell membrane and cytoplasm [38,50–52], we tested an inhibitor
of the MAP Kinase pathway (U0126) [53] for its effect on progestin
stimulation of MnSOD expression. As shown in Fig. 4, U0126 inhib-
ited progestin stimulation of MnSOD, suggesting that stimulation
requires involvement of the enzyme MAP kinase kinase (MEK).
Fig. 5 shows that U0126 is acting as expected to inhibit progestin-
enhanced phosphorylation of MAP kinase (ERK1 and ERK2) in these
experiments.

As stated in the introduction, MnSOD has been reported to play
a role in metastatic properties of several kinds of cancer, including
breast cancer [41–43]. In addition, several laboratories have found
that progestins stimulate invasive properties of human breast can-
cer cell lines [37–40], and Fu et al. [39] have shown that progestins
stimulate migration and invasion in T47D cells even when cell divi-
sion is stopped with ara-C. After confirming statistically significant
progestin stimulation of migration and invasion in wild-type T47D
cells (data not shown), we tested the notion that siRNA directed
against MnSOD expression would inhibit progestin stimulation of
migration and invasion. The data in Fig. 6 confirm progestin stim-
ulation of migration and invasion, and that siRNA directed against
MnSOD both lowers the level of progestin-stimulated MnSOD and
inhibits stimulation of migration and invasion. These data are con-
sistent with the idea that progestin stimulation of MnSOD may
be part of the mechanism by which progestins stimulate invasive
properties of T47D cells.
Thus, as shown above, our data suggest that progestin stimula-
tion of MnSOD occurs at the level of mRNA, protein, and enzyme
activity, requires protein synthesis, and involves the MAP kinase
(ERK1/2) pathway. In addition, the data suggest that stimulation
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Fig. 3. Progestin stimulation of MnSOD mRNA by real time RT-PCR. (A) Cells were
plated in routine growth medium (Section 2) at 7 × 106 cells per dish in six 15 cm
dishes and grown for 2 days, until about 80% confluent. After washing three times
with serum-free, phenol red-free medium, they were treated with 10 nM R5020
or 0.1% ethanol vehicle, in triplicate, in this same serum-free medium, for 24 h.
They were then harvested with trypsin-EDTA, washed twice with PBS, and frozen
at −80 ◦C. Total RNA was then isolated using the Versagene RNA Cell Kit and the
Versagene RNA DNase Kit, from Gentra Systems. MnSOD mRNA relative levels were
determined by quantitative RT-PCR using Sybr Green PCR Master Mix for MnSOD
reactions and normalized with GAPDH mRNA levels using Taqman Universal PCR
Master Mix (both from Applied Biosystems). Further details are given in Section
2. Error bars refer to SEM of triplicate cultures, and the difference is statistically
significant at the p < 0.01 level by Student’s unpaired t-test. Representative of two
experiments. (B) Time dependency of progestin stimulation of MnSOD mRNA. Cells
were plated in triplicate for all samples, in 75 cm2 flasks in routine growth medium,
grown until about 80% confluent, and washed and treated with 10 nM R5020 or vehi-
cle for various times as indicated. Cells were then harvested and RNA isolated, and
MnSOD mRNA and GAPDH mRNA (for normalization) relative levels determined by
quantitative RT-PCR as in (A). Error bars are ±SEM (of triplicates) for 1 and 4 h and
±range (of duplicates) for 12 h. (C) Effect of the protein synthesis inhibitor cyclo-
heximide. After growing to 80% confluency, cells were washed as above and treated,
in triplicate, with 0.2% ethanol vehicle (control), 10 nM R5020, 1 mM cycloheximide
(dissolved in ethanol), or both R5020 and cycloheximide, for 6 h. Cells were then
harvested, RNA isolated, and both MnSOD mRNA and GAPDH mRNA relative levels
were determined by real time RT-PCR as described in (A). The R5020 value is sta-
tistically different from all others at the p < 0.001 level by ANOVA followed by the
Student–Newman–Keuls multiple comparison procedure. All other values are sta-
tistically the same. Results are the average ± SEM of three independent experiments.

Fig. 4. Effects of the MAP kinase kinase inhibitor U0126 on progestin stimulation of
MnSOD expression. T47D cells were plated, grown and treated as in Fig. 1A, except
that U0126 dissolved in DMSO (dimethyl sulfoxide) was added at 5 �M 15 min before
R5020 (10 nM) was added. Final concentrations of DMSO and ethanol were 0.1%.
After 24 h of treatment, cells were harvested, extracts made and immunoblotting
performed as described in Section 2. 60 �g of protein was applied to each lane.
Densitometry results are the average ± SEM of three independent experiments. (*)
Different from all others at p < 0.05 by ANOVA followed by the Bonferrroni t-test.

Fig. 5. UO126 inhibits progestin stimulation of phosphorylation/activation of its tar-
get proteins ERK1/2 while inhibiting stimulation of MnSOD. Extracts from the same
experiments described in Fig. 4 were subjected to electrophoresis and immunoblot-
ting as described in Section 2 for phosphorylated ERK1 and ERK2 and total ERK
(60 �g per lane). U0126 concentration was 5 �M and R5020 was at 10 nM. Results
are the average ± SEM of three independent experiments. (*) Different from all oth-

ers at p < 0.05 by Kruskal–Wallis ANOVA followed by the Student–Newman–Keuls
multiple comparison procedure. (**) Same as each other, different from all others at
p < 0.05.

of MnSOD may be part of the mechanism of progestin stimulation
of metastatic properties in T47D cells. To our knowledge, this is
the first report characterizing progestin stimulation of MnSOD in
human breast cancer cells.

4. Discussion

The concentration dependence of progestin stimulation of
MnSOD is somewhat different from what we have seen for pro-
gestin effects on c-myc gene expression (Blankenship, Moore,
unpublished observations), thymidine kinase activity [29], and lac-
tate dehydrogenase activity [26], in that these are biphasic. That is,
in the latter cases, stimulation occurs at the lower concentrations
of progestin, increases to a maximum at higher concentrations, and

then falls off in the �M range. However, stimulation of MnSOD is
maintained at a maximal level even in the �M range. This may be
because progestins in the �M range begin to have harmful effects
on the cells, and, as stated above, various harmful substances in
other systems have been shown to raise MnSOD levels [20,21,54].
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Fig. 6. MnSOD-directed siRNA inhibits progestin stimulation of migration and inva-
sion. (A) siRNA effect on MnSOD levels. As described in detail in Section 2, T47D cells
at 75% confluency were transfected with 10 nM MnSOD-directed or control siRNA
for 72 h, and then treated with 10 nM R5020 or vehicle (0.1% ethanol) for 24 h. The
cells were then harvested and processed for immunoblotting for MnSOD and GAPDH
(for normalization). The results were then analyzed by densitometry. Inset: western
blot of a representative experiment. CC: control si RNA without hormone; CR: con-
trol si RNA with hormone; MC: MnSOD siRNA without hormone; MR: MnSOD siRNA
with hormone. Densitometry: average ± SEM of seven independent experiments.
Samples labeled with different letters are different from one another at p < 0.002 by
ANOVA followed by the Student–Newman–Keuls multiple comparison procedure.
Those with the same letters are statistically the same. (B) MnSOD siRNA effect on
progestin stimulation of migration. As described in detail in Section 2, T47D cells
after transfection as above in (A) were incubated for 24 h with or without 10 nM
R5020 in modified Boyden chambers and allowed to migrate through a polycarbon-
ate membrane with eight micron pores, and the migrated cells stained and counted
by light microscopy, averaging 60 cells in the control (CC) samples in seven exper-
iments. Data are the mean ± SEM of seven independent experiments each done in
triplicate, and were analyzed by ANOVA followed by the Student–Newman–Keuls
multiple comparison procedure. CR is different from all other values at p < 0.03. No
other differences are significant. CC, CR, MC, MR: same as in (A). (C) MnSOD siRNA
effect on invasion. As described in detail in Section 2, T47D cells after transfection
as above in (A) were incubated for 72 h (48 h gave similar results) with or without
10 nM R5020 in modified Boyden chambers, passing first through a layer of extra-
cellular matrix and then a polycarbonate membrane with eight micron pores, and
stained and counted as above, averaging 11 cells in the control (CC) samples in four
experiments. Data are the mean ± SEM of four independent experiments, each done
i
m
N

A
t
P
c
b

expression of the genes for cyclin D1, matrix metalloproteinases-9
n triplicate, and were analyzed by ANOVA followed by the Student–Newman–Keuls
ultiple comparison procedure. (*) CR is different from all other values at p < 0.001.
o other differences are significant. CC, CR, MC, MR: same as in part (A).

s mentioned in the results section, we saw no progestin stimula-

ion of MnSOD in MCF-7 cells, which was surprising since they are
R-positive. Others have shown that MnSOD protein level in MCF-7
ells is only minimally affected by tamoxifen or TNF-� alone,
ut in combination these two molecules dramatically stimulate
y & Molecular Biology 117 (2009) 23–30

MnSOD in MCF-7 cells, through an NF�B binding site in the MnSOD
gene [55]. Perhaps a combination of TNF-� and progestin would
stimulate MnSOD expression in MCF-7 cells, although we have not
tested this combination.

The naturally occurring hormone progesterone at 100 nM stim-
ulated MnSOD to a lesser extent than 10 nM R5020. This is probably
at least in part because of the short half-life (∼3 h) of progesterone
in cultured human breast cancer cells as compared to that of the
very stable synthetic hormone R5020 [49]. By the end of the 24 h
treatment, the progesterone would have gone through about 10
half-lives, reducing its concentration to around 0.3 nM. At any rate,
the average progesterone concentration in human breast duct fluid
during the menstrual cycle is around 300 nM [56].

The enzyme’s specific activity responds to progestin with a time
course somewhat similar to the MnSOD protein level. The stimu-
lation is readily observable by 12 h and increases substantially by
24 h. Pedram et al. have reported that estrogen stimulates MnSOD
activity to about twice the control level after 1 h of treatment in the
ER-rich cell human breast cancer cell line MCF-7 [57]. As mentioned
above, we also observed a slight (10%), but statistically signifi-
cant progestin up-regulation of enzyme specific activity at 1 and
2 h in T47D cells. Shiki et al. [58] and Asayama et al. [59] have
demonstrated a similar time course of response of MnSOD protein
to lipopolysaccharide (LPS) in bovine pulmonary artery cells and
human monocytes, respectively.

Our data show that progestin stimulation of MnSOD mRNA,
just as up-regulation of MnSOD protein and enzyme activity, is
quite robust, mRNA level rising by 4 h, with an approximate 11-
fold stimulation occurring in 24 h. To our knowledge, this is among
the strongest stimulations so far reported for MnSOD, suggesting
an important role for progestins in regulation of this antioxidant
enzyme. In a calf pulmonary artery endothelial cell line, phorbol
12-myristate 13-acetate stimulated MnSOD mRNA levels around
40-fold in 6 h [20]. Lipopolysaccharide stimulated MnSOD message
levels to a similar extent in rat L2 cells, a pulmonary epithelial-
like line [21]. Prolactin up-regulated MnSOD mRNA about 2-fold in
hypophysectomized rat corpus luteum (in vivo) and in rat luteinized
rat granulosa cells (in vitro) [22]. Tumor necrosis factor (TNF) has
been shown to stimulate levels of MnSOD mRNA and protein in the
human breast cancer cell line MCF-7, an effect that is enhanced by
tamoxifen [55].

In order to determine whether progestin stimulation of MnSOD
mRNA is a primary effect of progestins, directly up-regulating the
mRNA level, or whether it requires intervening protein synthesis,
we used the protein synthesis inhibitor cycloheximide. The data
suggest that protein synthesis must occur between progestin treat-
ment and enhancement of MnSOD gene expression, consistent with
a secondary effect. However, the data could also result from loss of
a protein with a short half-life that is required for progestin induc-
tion of the MnSOD gene, such as a transcription factor, or loss of a
factor involved in MnSOD mRNA stability. Additional experiments
will be required for a more definitive conclusion. This differs from
the situation of phorbol myristate 13-acetate (PMA) induction of
MnSOD in the SV40-transformed human lung fibroblast cell line
VA-13, where cycloheximide has been shown to actually enhance
MnSOD gene expression by stopping the synthesis of I�B�, allowing
up-regulation of MnSOD mRNA to occur through NF�B [60].

Our data suggest that progestin stimulation of MnSOD involves
the MAP kinase signal transduction pathway, as has been shown
for the progestin regulation of several other effects in human
breast cancer cells in culture, including stimulation of the cell cycle,
and -2, etc. [38,51,61]. What specific roles the MAP kinase signal-
ing pathway plays in stimulation of MnSOD is unknown, although
it probably involves phosphorylation of PR, since MAP kinase has
been shown to phosphorylate PR [52 and references therein].
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A major function of MnSOD is protection of the cell from the
armful effects of reactive oxygen species (ROS) [62]. Studies in
t least three model systems demonstrate MnSOD is absolutely
ssential for survival in our oxygen-rich atmosphere. E. coli B cells
rown under 100% O2 expressed high levels of MnSOD and were
ore resistant to oxygen toxicity at high pressures than cells grown

nder normal atmospheric conditions [63,64]. In the yeast species
accharomyces cereviscae var. ellipsoideus, cells grown under high
2 concentrations were more resistant to oxygen toxicity at high
ressures than control cells grown under a normal atmosphere
65]. Mice that are homozygous for a mutant MnSOD die within
0 days of birth with dilated cardiomyopathy, metabolic acido-
is, and increased lipid levels in liver and skeletal muscle [66].
ver-expression of CuZnSOD does not prevent neonatal lethality

n MnSOD-deficient mice [67], further confirming the importance
f MnSOD in prevention of oxidative injury.

Previously, we have shown that progestins both stimulate pro-
iferation [27,28,31–33] and inhibit apoptosis [33,34] in the human
reast cancer cell line T47D. Ory et al. [35] and Vares et al. [36] have
lso reported progestin inhibition of apoptosis in human breast
ancer cell lines. Other workers have shown that MnSOD helps
rotect against cell death in various systems [13,14,18]; however,
ecreased MnSOD levels are associated with some cancers [15,16].
uring the course of the present work, Graham and co-workers, in a
DNA microarray study in T47D cells, reported that MnSOD was one
f hundreds of progestin-regulated genes; however, they did not
onfirm by other methods or characterize the MnSOD stimulation
68]. Others have reported that increased levels of MnSOD promote

etastatic properties of fibrosarcoma and bladder tumor cells [42],
nd invasive properties of MCF-7 [41] and MDA-MB-231 human
reast cancer cells [43]. Several laboratories have reported that pro-
estins stimulate invasive properties of human breast cancer cell
ines [37–40], including the report by Fu et al. [39] which showed
hat this occurs in T47D cells even when cell division is stopped
ith ara-C, which prevents cell division but allows RNA synthesis.

Our data show that 10 nM MnSOD siRNA, while having no
etectable effect on the low basal levels of MnSOD protein found in
47D cells, lowers the level of progestin-stimulated MnSOD. They
lso show that this lowering of MnSOD inhibits progestin stimu-
ation of migration and invasion, suggesting that up-regulation of

nSOD may be part of the mechanism of progestin stimulation
f these invasive properties. As can be seen, even though the siRNA

owers the progestin-stimulated level of MnSOD by only about 50%,
his completely blocks progestin stimulation of migration and inva-
ion. This suggests that there may be a threshold MnSOD level
hich must be reached in order for progestins to enhance invasive

roperties of T47D human breast cancer cells. These data confirm
he idea that MnSOD enhances the invasive properties of cancer
ells, as Connor et al. showed by MnSOD over-expression in HT-
080 fibrosarcoma cells in culture and 253J bladder tumor cells in
ulture and in vivo [42]; and as Zhang et al. [41] demonstrated with
nSOD over-expression in MCF-7 human breast cancer cells and as

attan et al. [43] reported using MnSOD-specific antisense RNA in
DA-MB-231 human breast cancer cells.

In summary, we have shown that progestins significantly up-
egulate MnSOD expression at the protein, enzyme activity, and

RNA levels in T47D human breast cancer cells. This effect is time
nd physiological concentration-dependent, occurs through the
rogesterone receptor, involves the MAP kinase signal transduction
athway, and is dependent on the synthesis of protein. Further, our
ata suggest that one physiological role of progestin stimulation

f MnSOD may be enhancement of invasive properties in breast
ancer, which may help explain harmful effects of progestins in
ormone replacement therapy [69]. To our knowledge, this is the
rst characterization of progestin stimulation of MnSOD in human
reast cancer cells.
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