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reduplication occurs. In the absence of Orcl and
Cyclin E, centrosome reduplication does not occur;
however, centrioles duplicate, which suggests that
such duplication is Cyclin A—dependent, consist-
ent with previous studies (24). Similarly, Cyclin
E, but not Cyclin A, overrides the Orc1 inhibition
of centrosome reduplication.

Cyclin E is required for centrosome dupli-
cation and reduplication and coprecipitates with
Orcl (7, 11, 25-27). We have not been able to
detect direct binding between Cyclin E and Orcl,
which suggests that a mediator protein may fa-
cilitate the binding. The mediator may be another
DNA replication protein implicated in centro-
some biology (12, 28). Furthermore, depletion of
Orcl increases Cyclin E protein levels in cells
that may contribute to centriole reduplication.
Both proteins are degraded by SKP1/cullin/F-box
protein (SCF), which localizes to centrosomes and
has also been implicated in the control of centro-
some duplication (29, 30).

There is a short time during the cell division
cycle after centrioles have duplicated when Cyclin
E is still present in cells (late G1 and early S
phase). During this time, if Cyclin E activity is not
checked, centriole reduplication might occur. We
suggest that a mechanism involving Cyclin A—
dependent localization of Orcl to centrosomes

prevents Cyclin E-dependent centriole reduplica-
tion during this time window (fig. S15). In this
manner, Orcl plays a dual role in coordinating
DNA replication and centrosome copy number.
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Function of Mitochondrial Stat3 in

Cellular Respiration
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Cytokines such as interleukin-6 induce tyrosine and serine phosphorylation of Stat3 that results in
activation of Stat3-responsive genes. We provide evidence that Stat3 is present in the mitochondria
of cultured cells and primary tissues, including the liver and heart. In Stat3™" cells, the activities
of complexes | and Il of the electron transport chain (ETC) were significantly decreased. We identified
Stat3 mutants that selectively restored the protein’s function as a transcription factor or its
functions within the ETC. In mice that do not express Stat3 in the heart, there were also selective
defects in the activities of complexes | and Il of the ETC. These data indicate that Stat3 is required for
optimal function of the ETC, which may allow it to orchestrate responses to cellular homeostasis.

inding of cytokines to their cell surface
Breceptors activates the Jak protein tyro-

sine kinases that phosphorylate conserved
tyrosine residues on Stat proteins (/). Tyrosine-
phosphorylated Stats translocate to the nucleus
and bind to the promoters of early response genes.
Several of the Stats are also phosphorylated on a
conserved serine residue.

GRIM-19 was identified as a protein in-
volved in interferon-f (IFNB)- and retinoic acid—
stimulated apoptosis of breast cancer cells (2).
GRIM-19 inhibits Stat3 transcriptional activity,
and these proteins directly interact (3, 4). GRIM-

19 was also purified as a component of complex |
of the electron transport chain (ETC) (5). GRIM-
197 mice are embryonically lethal, and in
GRIM19™" embryonic stem cells, assembly of
complex I (of which there are 46 known com-
ponents) is defective. The absence of GRIM-19
also influences the assembly and function of other
complexes of the ETC (6). These observations
indicate that Stat3 and GRIM-19 might colocalize
in the mitochondria.

To address this possibility, we used SDS—
polyacrylamide gel electrophoresis (SDS-PAGE)
to separate isolated mitochondria and cytoplasm

from the livers and hearts of mice, and we used
Western blotting to detect Stat3 (Fig. 1A) (7).
Stat3 was present in mitochondria and cytoplasmic
fractions. The amount of Stat3 in the mitochon-
dria (mStat3) was about one-tenth that in the cy-
tosol. The blots were also probed for GRIM-19,
tubulin as a cytoplasmic marker, calreticulin as
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an endoplasmic reticulum marker, and porin as a
mitochondria marker. In most experiments, we
detected little or no tubulin or calreticulin in the
mitochondrial fraction. Although GRIM-19 is
reported to be located in the nucleus and cytosol,
we only observed the protein in mitochondria
(3, 4). Similar results were obtained from mitochon-
dria isolated from the mouse brain, kidney, and
primary splenocytes, as well as several other mouse
and human cell lines. We have yet to find a tissue
or cell line that does not contain Stat3 in the
mitochondrial fraction.

To confirm that mStat3 did not represent con-
tamination from the cytoplasm, we immunobloted
proteins from increasing amounts of purified
mitochondria for Stat3, tubulin, and cytochrome
¢ (Fig. 1B). The ratio of Stat3 to tubulin in the
cytoplasm was 0.9 in the heart and 1.0 in the
liver. The ratio of Stat3 to tubulin in the heart
mitochondria ranged from 13 to 19 and in the
liver mitochondria ranged from 4 to 9. If the Stat3
detected in the mitochondria was due to cytosolic
contamination, then the ratio of Stat3 to tubulin
should have been ~1.

To determine whether mStat3 was on the
outer membrane, we incubated liver mitochon-
dria with proteinase K in the presence or absence
of triton X-100. Stat3 and GRIM-19 (an inner
membrane protein) were resistant to proteinase
K, whereas Bcl-2 and porin, both of which are
localized on the outer membrane, were degraded
(Fig. 1C). When proteinase K was added to
mitochondria in the presence of triton X-100, all
of the proteins were degraded. These results
indicate that Stat3 does not adhere to the outer

membrane of the mitochondria in a potentially
nonspecific manner and is probably located in
either the intermembrane space, the inner mito-
chondrial membrane, or the matrix.

We detected Stat3 in immunoprecipitates of
mitochondrial extracts prepared from the liver
with the use of a monoclonal antibody that cap-
tures all components of complex I of the ETC
(Fig. 2) (8). We focused on complex I because
GRIM-19 is a component of complex I, and Stat3
has been shown to interact with GRIM-19 (3, 4).
As a control, identical samples were incubated
with isotype-matched antibody under the same
conditions. To ensure antibody specificity, the
blots were also probed for known components of
complex I. Immunoprecipitates of complex I con-
tained Stat3, whereas no immunoreactive Stat3
or any other proteins were present in the im-
munoprecipitates using the immunoglobulin G
(IgG)-matched control. As expected, NDUFA9
[NADH dehydrogenase (ubiquinone) 1 alpha sub-
complex 9, where NADH is the reduced form of
nicotinamide adenine dinucleotide] and GRIM-19
(both components of complex I) were immuno-
precipitated with the antibody. The complex I
antibody did not immunoprecipitate complex III
core protein 2, complex IV subunit I, or the 19-kD
adenosine triphosphate (ATP) synthase, a com-
ponent of complex V (5th, 6th, and 7th panels in
Fig. 2). The complex II Fp subunit did immuno-
precipitate with the complex I antibody (4th panel
in Fig. 2). These results indicate the presence of
Stat3 in complex I and possibly II of the ETC.
Alternatively, there could be an interaction of
complexes I and II of the ETC.

To examine whether mitochondrial Stat3 ex-
pression might modulate oxidative phosphoryl-
ation, we performed polarographic studies with the
use of intact mitochondria isolated from Stat3 ™"
and Stat3”~ pro-B cells. This assay evaluates the
integrated function of the ETC coupled to ATP
synthesis, membrane transport, dehydrogenase
activities, and the structural integrity of the
mitochondria. Glutamate was used to drive com-
plex I-dependent electron transport. Succinate is
the specific substrate that we used as the electron
donor for complex II. We were not able to ac-
cumulate a sufficient amount of mitochondria to
measure complex Il activity. We measured com-
plex IV activity using N,N,N’,N'-tetramethyl-p-
phenylenediamine (TMPD) with L-ascorbate.

Maximal state 3 oxidation rates with adeno-
sine diphosphate (ADP) (2 mM) were reduced by
70% in Stat3 ™ cells with glutamate as a substrate
for complex I and by 50% in cells with succinate
as a substrates for complex II (Table 1). Oxi-
dation rates for TMPD/ascorbate (complex IV)
were not substantially different, localizing defects
to complexes I, II, and/or Il of the ETC.

Oxidase activities were measured in mitochon-
dria permeabilized by freezing and thawing (9).
The oxidase studies bypass potential defects in
substrate carriers to exclude defects of substrate
transport as causes of the decreased oxidation
rates. NADH oxidase activity requires complexes
1, I1I, and IV, and duroquinol oxidase (DHQ) re-
quires complexes 1T and IV. Consistent with the
respiration rates obtained with intact mitochon-
dria, NADH oxidase activity was reduced by
65% in mitochondrial preparations from Stat3
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pro-B cells as compared with that in wild-type
(WT) pro-B cells (Fig. 3A). In contrast to that of
NADH oxidase, the activities of DHQ (Fig. 3A)
were similar in Stat3~ and WT pro-B cells.
These results reveal a defect at complexes I and
11 of the ETC in mitochondria from Stat3™~ pro-B
cells. To further localize the ETC defects, we
measured enzyme activities of the electron transport
chain complexes (ETC assays) in solubilized
mitochondria. Consistent with the polarographic
studies, the defects of complexes I were decreased
by 40% in Stat3” pro-B cells as compared with
WT pro-B cells (Fig. 3B). Complex II activity in
Stat3” cells was also decreased by ~85%.
Complex III and IV activities for both WT and
Stat3™ pro-B cells were not affected (Fig. 3B).

To determine whether the deficiency in oxy-
gen consumption in Stat3™" cells was due to a
decrease in mitochondrial content, we measured
the activity of the mitochondrial enzyme citrate
synthase in WT and Stat3” pro-B cells. This
enzyme is an exclusive marker of the mitochon-
drial matrix, and its activity was similar in Stat3"’*
and Stat3”" cells (fig. S1A). We also measured
amounts of porin, cytochrome c, and several com-
ponents of ETC complexes including NDUFA9,
NDUFS3 [NADH dehydrogenase (ubiquinone)
Fe-S protein 3], complex II subunit Fp (70 kD),
complex II subunit I p (30 kD), and COX-I (cy-
tochrome ¢ oxidase-I) in WT and Stat3~~ cells by
immunoblotting. All of these proteins were present
in similar amounts in both cell types (fig. S1B).

REPORTS I

The amount of mitochondrial DNA—encoded
genes was similar between WT and Stat3™~ pro-
B cells (fig. S1C), as were the concentrations of
mitochondrial-encoded RNAs (fig. S1D). These
results suggest that mitochondrial content is not
affected in pro-B cells that lack Stat3.

To determine whether alterations in ETC were
directly due to a loss of Stat3 expression, we
reconstituted Stat3a into Stat3”~ B cells with a ret-
rovirus expressing Stat3a and a downstream green
fluorescent protein cDNA to allow identification of

Table 1. Maximal rates of state 3 respiration in
mitochondria isolated from WT and Stat3™" pro-B
cells with glutamate, succinate, or TMPD/i-ascorbate
as substrates. Results are expressed as nAtom O/min/mg
of mitochondrial protein and are presented as mean =
SD. Significant differences between Stat3™~ and WT

Fig. %I.P)StztB.t;n dcomplex : :mmlu?co Fl))reapl- IP pro-B cells are shown in the table as the corresponding
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infected cells (1/0). Expression of Stat3a restored
complex I and II activities (see Table 2, legend).
Immunoblots of isolated mitochondria and cytosol
from the reconstituted cells confirmed that Stat3a
was expressed in both cellular fractions (fig. S2A).

To determine whether Stat3, expressed only
in mitochondria, restored respiration in Stat3”
cells, we constructed a Stat3 that contains the
mitochondrial targeting sequence of cytochrome
¢ oxidase subunit VIII (MLS) fused to the N
terminus of the protein (MLS Stat3). This se-
quence places the protein of interest in the inner
mitochondrial membrane. Fractionation of MLS
Stat3—expressing cells demonstrated that Stat3
was present only the mitochondria (fig. S2B).
Cells expressing MLS Stat3 had about the same
amount of Stat3 in the mitochondria as did WT
cells, but they had less total Stat3 than WT cells.
MLS Stat3 cells (Table 2, row 3) showed similar
activities of complexes I and II of the ETC as
Stat3™" or Stat3” cells that expressed Stat3a
(Table 2, row 1).

To determine whether tyrosine and serine
phosphorylation and DNA binding activity of
Stat3 are important for regulation of the ETC,
MLS Stat3 that contained mutations in its DNA
binding domain (17), Tyr’® (Table 2, rows 4 and

Table 2. Activities of complexes | and Il of the
respiratory chain in mouse Stat3™ pro-B cells
reconstituted with Stat3 mutants. Complex | and |1
activity in Stat3™~ pro-B cells and different mutants
of Stat 3 expressed in terms of percentage values,
considering the activity of complexes | and Il being
100% in Stat3™"~ pro-B cells reconstituted with WT
Stat3a. (Stat3™~ cells reconstituted with Stat3a
showed complex | activity of 111 + 9 and complex I
activity of 74 + 29, as compared with that seen in
WT pro-B cells.) Results are presented as mean +
SD. Significant differences with P values of <0.05
were observed between Stat3™" +Stat3a and
Stat3™ cells reconstituted with Stat3 mutants.

Cell type Complex | Complex Il

1 Stat3™ + 100 100
Stat3a W=7 W =3)

2 Stat3™” + 44 + 26 46 + 26
MSCV N =7)* (N = 3)*

3 Stat3™ + 82 + 20 114 + 42
MLS Stat3a N = 6) W =3)

4 Stat3™ + 83 + 34 124 + 75
MLS Stat3a N = 4) (N =3)
Y705F

5 Stat3™ + 28 + 19 39 +30
MLS Stat3a (N = 4)* W = 3)*
Y705F/S727A

6 Stat3™ + 98 + 20 115 + 80
MLS Stat3a W =3) W =3)
Y705F/S727D

7 Stat3™ + 90 + 6 126 + 49
MLS Stat3a N =3) (N =3)
E434A/E435A

8 Stat3™” + 61+ 4 16 +5
Stat3CA (N = 3)* (N = 3)*

*P < 0.05

7), or Ser’*” and Tyr’% (Table 2, row 5) was ex-
pressed in Stat3~~ cells. Mutation in either Tyr’*®
or the DNA binding domain (Table 2, rows 4
and 7) restored activity of complexes I and II
(Table 2). Because MLS Stat3 E434A/E435A
(12) cannot form a dimer, it is possible that Stat3
exerts its actions in the mitochondria as a mono-
mer (/7). Consistent with this observation, Stat3”~
cells expressing a constitutively active Stat3 (Stat3a
CA) that forms a dimer without being tyrosine
phosphorylated (13) did not restore mitochondri-
al respiration (Table 2, row 8).

Expression of MLS Stat3 with serine 727
mutated to an alanine and tyrosine 705 mutated
to a phenylalanine (row 5) also did not restore
activity of complex I or II. To further character-
ize the role of Ser’”’, we mutated Tyr’® to a
phenylalanine and Ser’”’ to either an alanine
(Y705F/S727A) (row 5) or an aspartic acid
(Y705F/S727D) (row 6). The former functions
as a dominant negative and the latter as a mimetic
of a constitutively serine-phosphorylated Stat3.
MLS Stat3Y705F/S727D reconstituted complex
I'and II activities (Table 2, row 6), whereas MLS
Y705F/S727A (Table 2, row 5) was ineffective,
another indication that the actions of this protein
in the mitochondria are distinct from its activity
as a transcription factor. Interestingly, the relative
concentration of serine-phosphorylated Stat3 was
highly enriched in mouse mitochondria as com-
pared with that present in the cytoplasm (Fig. 1D).

To confirm that MLS Stat3 and variants did
not have transcriptional activity, we compared
the expression of SOCS3, a Stat3-dependent gene,
in cells incubated with or without IFNB (74).
Real-time polymerase chain reaction demon-
strated that incubation of WT pro-B cells with
IFNB induced an eightfold increase in SOCS3
mRNA (fig. S3). However, Stat3 ' cells or those
cells expressing MLS Stat3 or MLS Stat3 with a
mutation in its DNA binding domain showed no
increase in SOCS3 expression (fig. S3). Further-
more, cells that expressed constitutively active
Stat3 in which respiration was not restored
displayed robust IFNp-stimulated expression of
SOCS3 RNA. We obtained similar results when
we examined IFNB-induced expression of aden-
osine deaminase 1 RNA in pro-B cells (fig. S3).
These findings are another independent support
of the concept that MLS Stat3 controls the ac-
tivity of the electron transport chain, and this
effect of Stat3 is unrelated to its actions as a
transcription factor.

To examine the role of Stat3 in mitochondrial
respiration in vivo, we examined respiration in
Stat3”~ mouse hearts. Mice that do not express
Stat3 in cardiomyocytes develop cardiac in-
flammation with fibrosis, have dilated cardio-
myopathy, and die prematurely of congestive
heart failure (/5). Female mice that do not ex-
press Stat3 in cardiomyocytes also develop post-
partum cardiomyopathy, which is also seen in

5 100 02 mMADP | g100 ] I | ozmMADP [ [
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Fig. 4. Decreased rates of O, consumption in Stat3™ heart mitochondria. Mitochondria isolated
from littermates of WT (left) and Stat3™~ (right) hearts were incubated in an oxygen sensor
chamber, and O, consumption (y axis) as a function of incubation time (x axis) was recorded. In the
upper panels, the mitochondria were incubated with pyruvate/malate (complex I substrates), and
they were incubated with succinate (complex Il substrate) in the lower panels. Different concen-
trations of ADP were added to the mitochondria to measure state 3 respiration (0.2 mM ADP) or state 3
Vmax rates of respiration (2 mM ADP). State 4 rates of respiration were calculated when 0.2mM ADP was

depleted from the reaction.

6 FEBRUARY 2009 VOL 323 SCIENCE www.sciencemag.org



humans with reduced Stat3 expression in the
myocardium (/6).

Mitochondria from the hearts of Stat31ox/loxere
(Stat377) and Stat3™°¥1°% (wild type) mice were
assayed for complex I and II activity. The mice
used for these studies were 8 weeks old, at which
time the hearts are normal as analyzed by histol-
ogy and various physiological parameters (15).
We used pyruvate and malate as complex I sub-
strates (upper panels) and succinate as a complex
II substrate (lower panels) to measure O, con-
sumption in WT and Stat3 " heart mitochondria
(Fig. 4). Rates of O, consumption were de-
creased in Stat3~ mitochondria with both sub-
strates. Maximal rates of state 3 respiration (V;,ax)
stimulated by the addition of 2 mM ADP were
blunted in Stat3”" mitochondria. Pyruvate and
malate V. in state 3 was decreased by ~30%
and succinate state 3 V. by ~60% (table S1).
ETC assays confirmed that Stat3™"~ heart mitochon-
dria had defects in complexes I and II but had
normal activity of complex III (fig. S4).

The results presented here reveal a role of
Stat3 as a modulator of mitochondrial respira-
tion. The most likely mechanism by which Stat3

exerts its actions is not as a transcription factor
that regulates nuclear gene expression, but rather
through its localization in the mitochondria. The
effects of Stat3 potentially represent a general
mechanism by which this protein can influence
cell metabolism. These studies are consistent
with the concept of multidirectional communica-
tion between the mitochondria and the nucleus
and changes in homeostasis detected at the plas-
ma membrane. The precise mechanism by which
Stat3 regulates complexes I and II remains to be
determined.
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Platelets Kill Intraerythrocytic
Malarial Parasites and Mediate
Survival to Infection
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Platelets play a critical role in the pathogenesis of malarial infections by encouraging the
sequestration of infected red blood cells within the cerebral vasculature. But platelets also have
well-established roles in innate protection against microbial infections. We found that purified
human platelets killed Plasmodium falciparum parasites cultured in red blood cells. Inhibition of
platelet function by aspirin and other platelet inhibitors abrogated the lethal effect human
platelets exert on P. falciparum parasites. Likewise, platelet-deficient and aspirin-treated mice were
more susceptible to death during erythrocytic infection with Plasmodium chabaudi. Both mouse
and human platelets bind malarial-infected red cells and kill the parasite within. These results
indicate a protective function for platelets in the early stages of erythrocytic infection distinct from

their role in cerebral malaria.

daptive immunity to malarial infection
accumulates slowly over the lifetime of
an individual living in an endemic region.

Cross-immunity between isolates is low, and
every new infection requires the development of
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a virtually novel immune response. Therefore,
innate mechanisms that limit parasite growth
within the red blood cell (RBC) are extremely
important in determining survival, especially
during the first few years of life, because clinical
severity correlates closely with parasite mass.
Several known mutations affect the RBC and
decrease the severity of infection through either
impediment of parasite entry or development
within the cell (/). However, we know little about
other non-RBC mechanisms that may influence
the course of infection before the onset of effective
adaptive immune responses.

Thrombocytopenia is a common clinical ac-
companiment of Plasmodium falciparum (2—4),
Plasmodium vivax (5, 6), and Plasmodium chabaudi

(7) malarial infections. Low platelet concentra-
tions correlate with increased parasite density (8, 9)
and poor outcome (/0). Platelets bind preferen-
tially to infected RBCs (71, 12) and have been
postulated to play a role in the pathogenesis of
malarial infection, either positively (73, 14) or
negatively (15, 16). Given the role platelets play
in other infectious diseases (/7), we explored their
influence on the course of a malarial infection in
the mouse model, P. chabaudi, and in vitro using
the cultured human malarial parasite, P, falciparum.

The megakaryocyte growth and differentiation
factor, C-mpl, is the receptor for thrombopoietin
and is encoded by the Mp! gene. Homozygous dis-
ruption of the Mp! gene on a C57BL/6 background
(Mpl ™) results in mice with only one-tenth as
many circulating platelets as their undisrupted coun-
terparts have (/8). Platelet-deficient Mpl 7~ mice
were significantly more susceptible to death from
P. chabaudi than were isogenic C57BL/6 mice
(P < 0.0001, Mantel-Cox log-rank test on sur-
vival data), irrespective of well-known sex dif-
ferences. In females, 5% of C57BL/6 versus 50%
of Mpl™~ mice died. Twenty percent of the male
C57BL/6 mice and all the male Mpl™~ mice died
(Fig. 1, A and B).

Cohort analysis of groups of mice showed
that platelet numbers decreased concomitantly
with the appearance of parasites in the peripheral
circulation (Fig. 1, E and F). Platelet numbers
dropped to 10 to 20% of normal values in the
C57BL/6 mice, with a smaller percentage drop in
the Mplf/ ~ mice. Platelet numbers reached a nadir
before the onset of severe disease symptoms and
anemia. No evidence of excess bleeding was seen
in the Mpl ™ mice during autopsy. Similar eryth-
ropoietic kinetics occurred between Mpl”~ and
C57BL/6 mice during both malarial challenge
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ERRATUM post date 171ty 2009

Reports: “Function of mitochondrial Stat3 in cellular respiration” by J. Wegrzyn et al.

(6 February, p. 793). There was an inadvertent omission of lines in Figs. 1B and 2 indicat-
ing where images of the gels were spliced because samples were not placed in adjacent
lanes. In Fig. 1B, the original published version failed to include the sample showing the
presence of cytochrome c in heart cytoplasm; the corrected version shows this sample in
the lower left-hand corner. In Fig. 2, the sample of liver mitochondrial extract and the IP of
GRIM19 from this sample using antibodies specific for complex | were inadvertently
switched; the corrected version shows GRIM19 with a denser band in the mitochondrial
extract as compared to the IP.
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