
Mitochondrial Localized Stat3 Promotes Breast Cancer
Growth via Phosphorylation of Serine 727*

Received for publication, July 25, 2013, and in revised form, September 6, 2013 Published, JBC Papers in Press, September 9, 2013, DOI 10.1074/jbc.M113.505057

Qifang Zhang‡1, Vidisha Raje‡1, Vasily A. Yakovlev§2, Adly Yacoub¶, Karol Szczepanek‡�, Jeremy Meier‡,
Marta Derecka‡, Qun Chen�, Ying Hu�, Jennifer Sisler‡, Hossein Hamed¶, Edward J. Lesnefsky�**, Kristoffer Valerie§,
Paul Dent¶, and Andrew C. Larner‡3

From the ‡Department of Biochemistry and Molecular Biology, and Massey Cancer Center, Virginia Commonwealth University,
Richmond, Virginia 23298, the §Department of Radiation Oncology and Massey Cancer Center, Virginia Commonwealth
University, Richmond, Virginia 23298, the ¶Department of Neurosurgery and Massey Cancer Center, Virginia Commonwealth
University, Richmond, Virginia 23298, the �Division of Cardiology, Department of Internal Medicine, Pauley Heart Center, Virginia
Commonwealth University, Richmond, Virginia 23298, and the **Medical Service, McGuire Department of Veterans Affairs Medical
Center, Richmond, Virginia 23249

Background: A pool of the nuclear transcription factor Stat3 in the mitochondria (mitoStat3) controls respiration and Ras
transformation.
Results: Serine phosphorylation of mitoStat3 controls accumulation of reactive oxygen species and growth of breast cancer in
mice.
Conclusion: These results provide the first evidence for a mechanism by which mitoStat3 contributes to tumorigenesis.
Significance: The data suggest new therapeutic approaches to treatment of breast cancer.

Signal transducer and activator of transcription 3 (Stat3) is a
key mediator in the development of many cancers. For 20 years,
it has been assumed that Stat3 mediates its biological activities
as a nuclear localized transcription factor activated by many
cytokines. However, recent studies from this laboratory and
others indicate that Stat3 has an independent function in the
mitochondria (mitoStat3) where it controls the activity of the
electron transport chain (ETC) and mediates Ras-induced
transformation of mouse embryo fibroblasts. The actions of
mitoStat3 in controlling respiration and Ras transformation are
mediated by the phosphorylation state of serine 727. To address
the role of mitoStat3 in the pathogenesis of cells that are trans-
formed,weused4T1breast cancer cells, which form tumors that
metastasize in immunocompetentmice. Substitution of Ser-727
for an alanine or aspartate in Stat3 that has a mitochondrial
localization sequence, MLS-Stat3, has profound effects on
tumor growth, complex I activity of the ETC, and accumulation
of reactive oxygen species (ROS). Cells expressing MLS-
Stat3(S727A) display slower tumor growth, decreased complex I
activity of the ETC, and increased ROS accumulation under
hypoxia compared with cells expressingMLS-Stat3. In contrast,
cells expressing MLS-Stat3(S727D) show enhanced tumor
growth and complex I activity and decreased production of
ROS. These results highlight the importance of serine 727 of
mitoStat3 in breast cancer and suggest a novel role formitoStat3
in regulation of ROS concentrations through its action on the
ETC.

Stats and the Jak tyrosine kinases that activate them have
emerged as critical regulators of numerous fundamental bio-
logical processes important for health and disease, particularly
inflammation, obesity, cardiovascular disease, and cancer. It is
difficult to find an area of cell biology and physiology in which
Stats do not have important if not key roles. In addition to its
well described actions in the nucleus, our published studies
have identified a pool of Stat3 that resides within themitochon-
dria (mitoSTAT3) where it regulates the activity of complexes
of the electron transport chain (ETC)4 (1, 2). Furthermore, Ras
transformation of mouse embryo fibroblasts (MEFs) requires
expression of mitoStat3. In contrast to its actions in the
nucleus, mitoStat3-mediated regulation of respiration and Ras
transformation requires serine 727 but not tyrosine 705 or the
SH2 or DNA binding domains of Stat3. These studies suggest
that there is a completely novel function of Stat3 governed by its
presence in themitochondria where it controls energy balance.
Subsequent studies have confirmed and extended these initial
observations in a variety of non-transformed cells (3–8) and in
the growth of pancreatic cancer cells in mice (9).
Numerous reports have indicated that overexpression of

Stat3 in cells promotes cell growth and transformation (10).
Approximately 75% of primary human breast and prostate can-
cers show increased levels of nuclear localized, tyrosine phos-
phorylatedStat3 (10).Althoughconstitutive tyrosinephosphor-
ylation of Stat3 has been implicated in the pathogenesis ofmany
malignancies, there are a number of reports suggesting that
phosphorylation of serine 727 (Ser-727) can contribute to, or be
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sufficient for, the growth and/or transformation of malignan-
cies, including chronic lymphocytic leukemia, prostate, and
breast cancer (11–13). It has been assumed that the many vital
aspects of Stat3 in transformation are due to its actions as a
nuclear transcription factor. Although it has been demon-
strated that serine 727 of mitoStat3 is needed for Ras-mediated
transformation of MEFs, the ability of mitoStat3 to influence
tumor growth andmetastasis of established tumor cells has not
been explored. In this report, we describe a role formitoStat3 in
the regulation of growth and metastasis of breast cancer cells.
The actions of Ser-727 on soft agar colony formation are also
observed in Lewis lung carcinoma cells, suggesting that the
phosphorylation state of Ser-727 mediates the behavior of
tumors originating from a variety of tissues. Our results also are
consistent with the hypothesis that mitoStat3 mediates its
actions through affecting cellular levels of ROS, which may be
mediated by changes in complex I activity of the ETC.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—6-Thioguanine (A-4882), methyl-
ene blue (M-4159), and hyaluronidase (H3884) were purchased
from Sigma; elastase (2279), collagenase type 4 (4188), and col-
lagenase type 1 (4196) were purchased from Worthington.
Mouse monoclonal Stat3 antibodies were purchased from BD
Transduction Laboratories. Complex II subunit 30 kDa
(MS203) was purchased fromMito Sciences. Mouse monoclo-
nal anti-�-tubulin was purchased from Sigma. Anti-nitro-ty-
rosine antibody (06-284) was purchased from Millipore. Anti-
actin antibody (sc-56459) was purchased from Santa Cruz
Biotechnology.
Cells—The 4T1 mouse mammary carcinoma cell line was

purchased from the American Type Culture Collection (Rock-
ville, MD). 4T cells were further authenticated in that they
formed tumors in BALB/cJmice and are 6-thiguanine resistant.
Cells were grown in DMEM supplemented with 10% fetal
bovine serum. 4T1 and Lewis lung cell lines were generated
expressing various forms of Stat3 that contain a mitochondrial
targeting sequence of human cytochrome c oxidase subunit
VIII (MLS) fused to the N terminus of the protein (2). Pools of
GFP-positive cells were selected by FACS sorting. Cells
expressing various forms of Stat3, which contain mutations in
the domains required to activate nuclear encoded genes, were
used for these studies. Thesemutations include: tyrosine 705 to
phenylalanine, the DNA binding domain (DBD) (14), the SH2
domain (15), and the nuclear localization sequence of Stat3
(16). We also mutated serine 727 to alanine or aspartic acid (2)
alone or in combination with other mutations. mutMLS-Stat3
has mutations in the DBD and SH2 domains, tyrosine 705 to
phenylalanine, and the nuclear localization sequence. Muta-
tions in MLS-Stat3(Y705F/S727A) and MLS-Stat3(Y705F/
S727D) constructs were generated using the QuikChange site-
directed mutagenesis kit (Stratagene). The following primers
were used to generate arginine (Arg-609) to glutamine (Glu)
mutation: forward primer, 5�-c ccg ggt acc ttc cta ctg cag ttc agc
gag agc agc aaa g-3� and reverse primer, 5�-t gaa ctg cag tag gaa
ggt acc cgg ggg ctt tgt gc-3�. Othermutants have been described
previously (2, 17). All mutations were sequenced for
verification.

Transfection and Infection—The empty vector containing
internal ribosome entry site (IRES) (MSCV-IRES-GFP), and
vectors encoding wild type Stat3 and different MLS mutants of
Stat3 were transfected into 293 T cells with Phoenix helper
vector using FuGENE transfection reagent (RocheDiagnostics)
(2). Cells expressing GFP were sorted by FACS (�95% GFP�)
and used for experiments.
RT-PCRAssays—The following primerswere used to analyze

�-actin: 5�-GGT CAT CAC TAT TGG CAA CG-3� (forward)
and 5�-ACG GAT GTC AAC GTC ACA CT-3� (reverse);
C/EBP�, 5�-CTCCCGCACACAACATACTG-3� (forward) and
5�-CTTCGGCAACCACCTAAAAG-3� (reverse).
Isolation of Mitochondria and Preparation of Cytosolic and

Mitochondrial Lysates—Intact mitochondria were isolated
from 4T1 cells as described (2).
NADH-Cytochrome c Reductase (NCR, Complex I/III)—Ac-

tivities were determined spectrophotometrically. Incubations
contained 2 �g of mitochondrial protein, 0.1 mM EDTA, 0.2%
bovine serum albumin (w/v), 0.015% asolectin, 0.15 mM cyto-
chrome c, 2mM sodiumazide, and 50mMpotassiumphosphate,
pH7.4, in a final volume of 1ml. After an equilibration period of
3 min, reactions were started by the addition of 0.5 mMNADH,
and the increase in absorbance at 550 nmwasmonitored. Rote-
none-sensitive activities were obtained by subtraction of the
rate determined in incubations containing 7.5 �M rotenone
from the rate in parallel incubations without rotenone. Activi-
ties were calculated using an extinction coefficient of 19.1
mM�1 cm�1 for cytochrome c.
Succinate-Cytochrome c Reductase (SCR, Complex II/III)—

Assayswere performedunder similar conditions asNCRexcept
that reactions contained 20 mM succinate, and antimycin
A-sensitive activities were obtained by subtraction of the rate
determined in incubations containing 10 �g of antimycin A
from the rate in parallel incubations without antimycin A.
Measurement of Levels of Tyrosine-nitrated Proteins—4T1

cells expressing versions of MLS-Stat3 were incubated in 1%
or 20% oxygen. Cell extracts were immunoprecipitated and
then immunoblotted with anti-nitro-tyrosine antibodies. The
amount of tyrosine-nitrated proteins was quantitated using a
fluorescent-labeled secondary antibody (18).
Mitochondrial Superoxide Production—Production of mito-

chondrial superoxide was measured using Flow Cytometry as
described (19, 20). Briefly, cells were grown to confluence and
subjected to hypoxia or normoxia for 24 h. Cells were then
incubated with MitoSOX Red superoxide indicator (Invitro-
gen) for 30 min. The labeled cells were washed twice with
Hanks’ balanced salt solution and then suspended in warm
Hanks’ balanced salt solution for analysis by flow cytometry.
MitoSOXRedwas excited by laser at 488 nm, and the data were
collected at the forward scatter (FSC), side scatter (SSC) 585/42
nm (FL2) channel. In this work, the data were presented in the
FL2 channel. Cell debris as represented by distinct low forward
and side scatter were gated out for analysis. The data are pre-
sented as fold change of mean intensity of MitoSOX fluores-
cence compared with MSCV control with MitoSOX present.
In Vivo Tumorigenesis—Female mice were subcutaneously

injected in the mammary gland with 7.0 � 103 4T1 cells or
variants expressing different forms of Stat3. Tumor growthwas
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assessed morphometrically using calipers, and tumor volumes
were calculated according to the formula V (mm3) � L
(length) � W2 (width)/2 (4). For experiments with MnTBAP,
mice were injected subcutaneously with 300 �g/day MnTBAP
or PBS as a control. This research was conducted under a pro-
tocol approved by the Virginia Commonwealth University
Institutional Animal Care and Use Committee.
Metastatic Tumor Cell Assay—4T1 tumor cells are 6-thio-

guanine-resistant.Metastatic cells were quantified by removing
organs, plating dissociated cells in medium supplemented with
6-thioguanine, and counting the number of 6-thioguanine-re-
sistant colonies as described (21). Clonogenic metastases were
calculated on a per-organ basis.
Statistical Analysis—Statistical analysis was performed using

ANOVA for multiple groups as indicated in figure legends and
two-tailed Student t tests. All results are presented as means �
S.E. p � 0.05 was considered statistically significant.

RESULTS

Serine 727 Affects the Ability ofMLS-Stat3 to Regulate Trans-
formation in Vitro—Although it has been reported that mito-
Stat3 is required for transformation ofMEFs, nothing is known
about the role ofmitoStat3 in the tumorigenesis of transformed
cancer cell lines. To address this issue, we used 4T1 murine
breast cancer cells. These cells mimic the pathology of human
breast carcinomas in that they form large primary tumors that
metastasize tomany distant organs. The growth andmetastasis
of these cells is observed in immunocompetent BALB/c mice
and Stat3 expression is required for the in vivo growth of 4T1
cells as well as their invasion in vitro and in vivo (22). We ini-
tially examined whether mitochondria-targeted Stat3 influ-
enced the ability of 4T1 cells to grow and metastasize in vitro.
4T1 cell lines were generated that express various forms of

Stat3 that contain a mitochondrial targeting sequence of
human cytochrome c oxidase subunit VIII (MLS) fused to theN
terminus of the protein (2). The targeting sequence places the
protein of interest in the inner mitochondrial membrane. The
vector also contains IRES, which drives the expression of GFP.
GFP-positive cells were selected by FACS sorting. Pooled cells
expressing various forms of Stat3, which contain mutations in
the domains required to activate the expression of nuclear
encoded early response genes, were used for these studies.
These include the nuclear localization sequence, tyrosine 705,
the DNA binding domain of Stat3, and the SH2 domain. We
also mutated serine 727 alone or in combination with other
mutations. Serine 727 is required for both optimal activity of
the ETC and Ras transformation of MEFs (1, 2). Subcellular
fractionation of these cell lines demonstrates that the MLS-
Stat3mutants are present primarily or only in themitochondria
and not in the cytoplasm (Fig. 1).
To determine whether expression of these various forms of

MLS-Stat3 alters Stat3-dependent expression of cytokine-acti-
vated nuclear-encoded response genes, we examined oncosta-
tin M (OSM) induced expression of C/EBP�, a well described
Stat3-dependent early response gene (23). OSM-induced
expression of C/EBP� is not altered in 4T1 cells expressing var-
ious forms ofMLS-Stat3 (Fig. 2A), indicating that expression of
these MLS-Stat3 proteins is not impinging on the actions of

endogenous Stat3 that is activated through the Jak/Stat path-
way. Mutation of tyrosine 705 to phenylalanine (Y705F) func-
tions as a dominant negative Stat3 for cytokine signaling. The
fact that the Y705F forms of Stat3 with a MLS did not alter the
induction of endogenous Stat3 is consistent with a MLS pre-
venting the protein from functioning in the nucleus. To con-
firm this idea, we made the same Y705F/S727A and Y705F/
S727D mutants without an MLS. As expected, these forms of
Stat3 inhibited OSM activation of CEBP/� (Fig. 2B). We also
expressed MLS-Stat3 that has multiple mutations in its DBD,
its SH2 domain, Y705F, a deleted nuclear localization sequence
(termed mutMLS-Stat3) and S727A or S727D in Stat3�/�

MEFs. None of these constructs were able to support OSM
induced expression of C/EBP� (data not shown). Stat3, which is
not tyrosine-phosphorylated, has also been reported to activate
nuclear genes (24, 25). We examined the levels of transcripts of
some of these genes (CCL5, IL-8, and IFN�) in cells expressing
different forms of MLS-Stat3. MLS-Stat3 variants did not alter
expression of these RNAs.
We also examined the levels of tyrosine phosphorylated

endogenous Stat3 in 4T1 cells expressing mutMLS-Stat3 with
S727A or S727D mutations. These constructs have Y705F so
the exogenous protein cannot be tyrosine phosphorylated.
Interestingly, expression of mutMLS-Stat3 (S727D) increases
tyrosine but not serine phosphorylation of endogenous Stat3
even though there are no changes in basal or OSM induced
expression of C/EBP�. The reason for this result is not clear.
One interpretation of is that there is a communication network
between Stat3 in the nucleus and that in the mitochondria (Fig.
2C).

Under normal growth conditions there were no differences
in rates of growth of 4T1 cells expressing various forms ofMLS-
Stat3. Because Ras transformation of MEFs required Ser-727,
we examined the ability of 4T1 cell lines expressing various
forms ofMLS-Stat3 to form colonies in soft agar (Fig. 3A). Cells
expressingmutMLS-Stat3 showednodifferences in numbers of
soft agar colonies compared with cells infected with empty
MSCV or MLS-Stat3 (Fig. 3A, lanes 1–3). However, there were
fewer colonies in cells expressingmutMLS-Stat3where Ser-727
was mutated to an alanine, mutMLS-Stat3(S727A), compared
with cells expressing MSCV (lanes 1 and 4). In contrast, cells

FIGURE 1. Expression of various mutants of Stat3 with a mitochondrial
localization sequence. Mitochondria (30 �g), cytoplasm (10 �g), and total
cell extract (TCE) (20 �g) were isolated from 4T1 cells and immunoblotted for
Stat3 expression. MLS-Stat3 and its various mutant forms were visualized as
the upper bands (right panel, indicated by the red arrow) in the mitochondrial
fractions, whereas the endogenous Stat3 migrated as the lower band. The
blot was also probed for tubulin (a cytosolic marker) and the 30-kDA subunit
of complex II (a mitochondrial marker) (CII). A representative immunoblot
from three independent experiments is shown.
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expressing the phosphomimetic serine to aspartic acid mut-
MLS-Stat3(S727D) displayed increased numbers of colonies in
soft agar (lanes 3 and 4 versus 5). We also expressed mutMLS-
Stat3, mutMLS-Stat3(S727A), and mutMLS-Stat3(S727D) in
Lewis lung carcinoma cells, and measured formation of colo-
nies in soft agar. Similar to 4T1 cells, cells expressingmutMLS-

Stat3(S727D) formed greater numbers of colonies (data not
shown). These results indicate that the effects of the Ser-727 in
the mitochondria are not limited to breast cancer cells.
Cell lineswere also assayed for their ability to invadeMatrigel

(Fig. 3B). Similar to growth in soft agar, cells expressing MLS-
Stat3(Y705F/S727A) invadedMatrigel less effectively than cells

FIGURE 2. A, expression of various forms of MLS-Stat3 in 4T1 cells does not alter OSM-stimulated accumulation of C/EBP� mRNA. 4T1 cells were incubated with
OSM for 4 h. RNA was collected and analyzed for the expression of C/EBP� by quantitative PCR. Samples were normalized to the expression of actin mRNA. *,
p � 0.05 versus corresponding control; two-tailed Student’s t test. B, expression of Stat3 (Y705F) without an MLS in 4T1 cells inhibits OSM-stimulated accumu-
lation of C/EBP� RNA. 4T1 cells were incubated with OSM for 4 h. RNA was collected and analyzed for the expression of C/EBP� by quantitative PCR. Samples
were normalized to the expression of actin mRNA. *, p � 0.05 versus MSCV control (CTL) group (two-way ANOVA). C, tyrosine phosphorylation of endogenous
Stat3 is altered by the expression of mutMLS-Stat3(S727D). Cytosol, mitochondria, and nuclear extracts were prepared from 4T1 cells expressing mutMLS-Stat3
with Ser-727, S727A, or S727D. Western blots were probed for tyrosine-phosphorylated Stat3 (upper panel), serine-phosphorylated Stat3 (second panel), and
total Stat3 (third panel). The blots were also probed for tubulin (cytosolic marker), porin (mitochondrial marker), and lamin (nuclear marker).
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expressing MLS Stat3(Y705F/S727D). The presence of an
intact SH2 and DNA binding domains as well as Tyr-705 is also
not required for these effects of MLS-Stat3.
Serine 727 Plays an Important Role in the in Vivo Growth of

4T1 Cells—Cells expressing various forms of MLS-Stat3 were
also analyzed for their ability to form tumors in BALB/c mice
(Fig. 3C). Mice injected with 4T1 cells expressing MLS-
Stat3(Y705F/S727A), (lane 4), MLS-Stat3(Y705F/S727A/SH2)
(lane 5) formed smaller tumors than mice injected with MLS-
Stat3(Y705F/S727D) (lane 6) or MLS-Stat3(Y705F/S727D/
SH2) (lane 7). Single mutations, which inactivate the transcrip-
tional actions of Stat3 (Y705F, SH2 domain, and DNA binding
domain), did not influence the rates of tumor growth as meas-
ured by volume (data not shown).
The number of liver and lung metastases was also increased

in mice injected with 4T1 cells expressing the S727D and
decreased inmice expressing S727A (Fig. 3,D andE). This is not
surprising in that larger 4T1 tumors have higher numbers of
metastatic lesions. These observations demonstrate an impor-
tant role for MLS-Stat3 Ser-727 in the transformative proper-
ties of 4T1 cells and the lack of a requirement for a functional
DBD, SH2 domain, and Tyr-705, which are all essential for the
actions of Stat3 as a nuclear transcription factor.
Activity of Complex I of the Electron Transport Chain Is Reg-

ulated by Stat3 Ser-727—Ourprevious studies have highlighted
the role of serine 727 ofmitoStat3 in regulation of the activity of
the ETC (1, 2, 7). Because Ser-727 ofmitoStat3 affected 4T1 cell
growth and metastasis, we wanted to determine whether
changes in complex I and II activity occurred inMLS-Stat3 cell
lines. Activities of complexes I and III NADH cytochrome c
reductase (NCR) or II and III succinate cytochrome c reductase
(SCR) were measured in isolated mitochondria extracts (26).
Under normoxia, we observed no differences in activities of
either SCR or NCR in cells expressing different forms of MLS-
Stat3. However, cells grown under conditions of hypoxia dis-
played clear differences in NCR (Fig. 4A) but not SCR (Fig. 4B).
The fact that the activities of complexes II and III were not
altered indicates the differences in NCR activity are due to
changes in complex I and not complex III activity. These results
are consistent with previous findings that overexpression of
mitoStat3 can protect complex I activity and attenuate ROS
production in hearts subjected to ischemia (1, 7).
Hypoxia-induced ROS Correlates with 4T1 Tumorigenicity—

Increased cellular levels of ROS have been reported to activate

FIGURE 3. Ser-727 of MLS-Stat3 affects colony formation in soft agar, cell
invasion, and tumor growth in mice. A, wild type Stat3 or Stat3 containing
an MLS with mutations in the nuclear localization sequence, DBD, SH2, and
Tyr-705 (mutMLS-Stat3) were expressed in 4T1 cells and assayed for their

ability to form colonies in soft agar. mutMLS-Stat3 cells with Ser-727 mutated
to alanine formed fewer colonies than cells with Ser-727 not mutated or
mutated to aspartic acid. *, p � 0.05 versus Ser-727; #, p � 0.05 versus S727A
(one-way ANOVA). B, Matrigel invasion assays were performed using 4T1 cells
expressing various forms of Stat3. Single mutations in Y705F (YF), the DNA
binding domain, and the SH2 domain (SH2) are the green bars. *, p � 0.05
versus MSCV; #, p � 0.05 versus S727A (SA); &, p � 0.05 versus S.D. (one-way
ANOVA). C, tumor volumes at the site of injection of BALB/c mice with cell
lines expressing various forms of MLS-Stat3. Cell lines that express Stat3 with
an MLS in addition to the indicated mutations were injected into mice. Vol-
umes were calculated using calipers. The animals were sacrificed after 27
days. *, p � 0.05 versus MSCV; #, p � 0.05 versus SA; &, p � 0.05 versus S.D.
(one-way ANOVA). D and E, numbers of metastatic colonies in the livers and
lungs formed in mice injected with cells expressing various forms of Stat3. *,
p � 0.05 versus MSCV; #, p � 0.05 versus S727A (SA); &, p � 0.05 versus S.D.
(one-way ANOVA).
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Stat3 (27). It is also known that if Stat3 expression is diminished
or disrupted in the heart and several other tissues, levels of ROS
are elevated (27, 28). Female mice that do not express Stat3 in
the heart have increased incidence of postpartum mortality,
and treatment of thesemicewith pharmacologic suppressors of
ROS prevents postpartum mortality (29). It is known that
tumor growth is influenced by levels of intracellular ROS (30–
32). We therefore examined whether ROS production is
changed in 4T1 cells expressingMLS-Stat3.As an indirect assay
for ROS, we measured the relative amounts of protein tyrosine
nitration in the various MLS-Stat3-expressing 4T1 cell lines
subjected to hypoxia. Tyrosine can be nitrated by reactive nitric
oxide formed from the reaction of superoxide anion or H2O2
and nitric oxide. Tyrosine-nitrated proteins immunoprecipi-
tated from cell lysates were quantitated by densitometry (33).
Results are expressed as a ratio of tyrosine-nitrated proteins in
cellsmaintained in 1%O2 to those in 20%O2 (Fig. 4C). 4T1 cells
and 4T1 cells expressing the MSCV vector (lanes 1 and 2) dis-
played similar ratios of tyrosine-nitrated proteins, whereas
those expressing MLS-Stat3 (lane 4) or MLS-Stat3(Y705F/
S727D) (lane 5) had significantly lower ratios of tyrosine-ni-
trated proteins comparedwith vector controls. Cells expressing
MLS-Stat3(Y705F/S727A) (lane 3), which form less colonies in
soft agar and smaller tumors in vivo expressed elevated levels of
tyrosine-nitrated proteins compared with vector controls or
cells expressing MLS-Stat3(Y705F/S727D).
We also measured the relative levels of superoxide produced

in the mitochondria using mitoSOX dye (Fig. 4D). Similar
to levels of nitrated proteins, cells expressing mutMLS-
Stat3(S727A) contained more superoxide in the mitochondria
compared with cells expressing MSCV or mutMLS-Stat3. We
did not observe changes in superoxide in cells expressing mut-
MLS-Stat3(S727D). These results are discrepant with the
decrease in tyrosine nitrated proteins observed in cells express-
ing mutMLS-Stat3(S727D) observed in Fig. 4C. One explana-
tion for these differences are tyrosine-nitrated proteins are pro-
duced from H2O2 and superoxide, whereas mitoSOX red only
detects superoxide. Another explanation is that the mitoSOX
dye emission spectra overlaps GFP and decreases its sensitivity.
These results are consistent with the hypothesis that serine

727 controls the activity of complex I, which is amajor source of
intracellular ROS (34). To determine whether ROS production
alters the ability ofMLS-Stat3 expressing cells to transform, we
examined soft agar colonies in the presence of the ROS scav-
enger N-acetyl cysteine. Incubation of all cell lines with
N-acetyl cysteine increased their ability to form colonies com-
pared with untreated cells. However, the ratio of number of
colonies in N-acetyl cysteine:control cells was statistically
increased in cells expressing MLS-Stat3(Y705F/S727A) or
MLS-Stat3(Y705F/S727A/SH2) compared with the ratio

FIGURE 4. NCR activity and ROS levels are regulated by Ser-727. 4T1 cells
expressing the indicated versions of MLS-Stat3 were cultured in 1% oxygen.
Mitochondrial extracts were assayed for NCR (A), and SCR activities were as
described previously (B) (17). *, p � 0.05 versus WT; #, p � 0.05 versus YF/SA

(one-way ANOVA). C, levels of tyrosine-nitrated proteins are regulated by
Ser-727. 4T1 cells expressing the indicated versions of MLS-Stat3 were incu-
bated in 1% oxygen or 20%. Cell extracts were immunoprecipitated and then
immunoblotted with anti-nitro-tyrosine antibodies. The amount of tyrosine-
nitrated proteins was quantitated using a fluorescent-labeled secondary anti-
body. *, p � 0.05 versus MSCV; #, p � 0.05 versus MLS-Stat3 YF/SA; &, p � 0.05
versus MLS-Stat3 (one-way ANOVA). D, relative fluorescence of mitoSOX red
in 4T1 cells expressing MSCV, mutMLS-Stat3, mutMLS-Stat3(S727A), and mut-
MLS-Stat3(S727D). *, p � 0.05 by two-tailed Student t test. mU, milliunits.
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N-acetyl cysteine:control in cells expressingMLS-Stat3(Y705F/
S727D) tor MLS-Stat3(Y705F/S727D/SH2) (data not shown).

We also examined the ability of antioxidants to influence
tumor growth of 4T1 cells using a pharmacological suppressor
of ROS, MnTBAP. Twelve days after inoculation of mice with
4T1 cell lines expressing various forms of MLS-Stat3, animals
were injected daily with MnTBAP. Tumor volumes were mea-
sured every 4 days until the mice were sacrificed (Fig. 5A).
MnTBAP increased the rate of tumor growth only in mice
inoculated with 4T1 cells expressing MLS-Stat3(Y705F/
S727A). There were no significant changes in rates of tumor
growth in cells expressing MSCV (the empty vector), MLS-
Stat3(Y705F/S727D), or MLS-Stat3. Increases in tumor
growth in cells expressing MLS-Stat3(Y705F/S727A) and
treated with MnTBAP also resulted in increased liver metas-
tasis (Fig. 5B). These experiments indicate that the ability of
MLS-Stat3 to regulate tumor growth in vitro and in vivo is
mediated by production of ROS. The fact that treatment of
mice with MnTBAP selectively increased the growth of cells
expressing MLS-Stat3(YF/SA) argues that the actions of this
antioxidant are not unspecific.

DISCUSSION

These studies were undertaken to examine the role of mito-
chondrial localized Stat3 in the pathogenesis of breast cancer.
Previous reports have indicated that Stat3 in the mitochondria
controls respiration and can restore the ability of Ras to trans-
form Stat3�/� MEFs (1, 2). Serine 727 is required for both the
actions of Stat3 on the ETC as well as Ras transformation.
These studies address the role of mitoStat3 on the growth of
cells that are already transformed. Constitutive serine phos-
phorylation of Stat3 has been observed in many human tumors
and can be present in the absence of the protein being tyrosine-
phosphorylated (11). Results from the laboratory of Farrar et al.
(12) implicated serine 727 as being important for prostate can-
cer growth and recent studies implicate mitoStat3 in the
growth of pancreatic cancer (9). We chose to examine the
effects of mitoStat3 in 4T1 cells because expression of Stat3 is
required for these cells to form tumors in immunocompetent
mice (22). 4T1 cells mimic the effects of human disease in that
morbidity is due tomicrometastatic tumor cells that migrate to
liver, brain, lung, etc. early during the growth of the primary
tumor. However, human disease is multifaceted, and 4T1 cells
by no means reflect the pathogenesis of all human breast
tumors. Our studies indicate thatmitoStat3 influences the abil-
ity of 4T1 cells to grow and invade both in vitro and in vivo. The
observation that cells expressing various forms of MLS-Stat3
show similar activation of C/EBP� by OSM indicate that mito-
Stat3 promotion of tumor growth and metastasis is indepen-
dent of its actions as a nuclear transcription factor. The fact that
the nuclear localization sequence, the DNA binding domain,
the SH2 domain, and tyrosine 705 are not required for the
actions of MLS-Stat3 is consistent with the hypothesis that
MLS-Stat3 can influence cell growth independent of its func-
tions in the nucleus. The mechanisms by which serine 727 in
Stat3 enhances its oncogenic properties are speculative, but our
results suggest that there is a strong connection between ROS
accumulation and the ability of cells to grow in vitro and in vivo.
ROS can play a dual in response to changes in homeostasis and
cancer progression. However, it can function as a signaling
molecule stimulating cell proliferation. Alternatively, when
ROS concentrations reach a certain threshold they can cause
release of cytochrome c and cell death. A major determinant of
ROS production is the redox state of the ETC. Phosphorylation
of Ser-727 of Stat3 enhances coupling of the complex I, result-
ing in decreased production of ROS. The actions of mitoStat3
are seen in 4T1 cells under conditions of hypoxia, not under
conditions of normoxia. These results are consistent with our
studies using mice that express an MLS-Stat3 transgene in the
heart. Although base-line levels of ROS were the same in wild
type and transgenic hearts, the increases in ROS were observed
in wild type but not transgenic hearts subjected to ischemia (7).
We speculate thatmitoStat3 functions as a rheostat to optimize
ROS concentrations to levels that enhance proliferation as
opposed to increased apoptosis.
Furthermore, MnTBAP increases the growth of MLS-

Stat3(Y705F/S727A) 4T1 cells in mice (Fig. 5). These studies
are consistent with a mechanism of tumorigenesis where the
amount of ROS released from complex I is minimized by serine

FIGURE 5. Treatment of mice with the antioxidant MnTBAP selectively
increases tumorigenesis of cells expressing MLS-Stat3Y705F/S727A.
Mice were inoculated with cells expressing various forms of MLS-Stat3. 12
days post inoculation, the mice were given daily injections of MnTBAP. A,
tumor volume was measured by calipers. *, p � 0.05 versus control MLS-
Stat3YF/SA-MnTBAP (two-way ANOVA on any given day of the analysis). B,
after 28 days, mice were sacrificed, and the livers were assayed for metastatic
colonies. *, p � 0.05 versus MLS-Stat3; #, p � 0.05 versus MLS-Stat3 YF/SA; &,
p � 0.05 versus control MLS-Stat3 YF/SA (two-way ANOVA).
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phosphorylated mitoStat3. Decreased production of ROS leads
to decreased apoptosis and increased tumor cell growth.
Although these studies indicate thatmitoStat3 influences the

tumorigenic potential of 4T1 cells, they do not address the role
of the effects of Stat3 as a nuclear transcription factor on tumor
growth andmetastasis. It is likely that the actions of Stat3 in the
nucleus are essential for 4T1 cell growth and the effects ofmito-
Stat3 work in concert with nuclear Stat3.
Previous studies in heart suggest that mitoStat3 may be

exerting its effect by interaction with the iron sulfur clusters in
the distal region of complex I (7). It has been reported that Stat3
can be oxidized by peroxide to form multimers (35, 36). This
has led to speculation that when ROS is elevated in the mito-
chondria secondary to decreased coupling efficiency of com-
plex I, oxidation of cysteines in Stat3 could serve as an electron
sink resulting in diminished ROS production and enhanced
complex I and complex II activities. Reduction of oxidized Stat3
might either occur in the mitochondria or multimerized Stat3
might be exported from the mitochondria to be reduced in the
cytosol by thioredoxins. Consistent with this latter possibility,
when hearts are subject to ischemia, or 4T1 cells are incubated
with H2O2, there is increased accumulation of Stat3 in the
mitochondria, which could serve as a mechanism to reduce
ROS accumulation, protecting cells from apoptosis and favor-
ing cell survival (7). In the case of cancer, decreased ROSwould
favor cell proliferation.
It remains to be determined what the Stat3 effectors are that

allow it to influence ROS production. One possibility is GRIM-
19, which has been shown to bind Stat3 (37, 38). We speculate
that phosphorylated Ser-727 of mitoStat3 favors optimal activ-
ity of complex I, resulting in less production of ROS, decreased
release of cytochrome c from the inner membrane and/or
decreased apoptosis, and a net increase in cell growth. Expres-
sion of GRIM-19 potentiates ROS production (39). Phos-
phorylation of Ser-727 facilitates the binding of mitoStat3 to
GRIM-19, which serves to dampen the ability of GRIM-19 to
produce ROS, resulting in the positive growth actions of mito-
Stat3. If the effects of dampening of GRIM-19 are diminished
either by naturally occurring mutations in GRIM-19, which
have been documented in thyroid cancers (40), or by other
unknown mechanisms, then the growth promoting actions of
serine phosphorylated mitoStat3 become more dominant and
result in enhanced tumorigenesis. Future studies will address
these possibilities.
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