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Abstract

Signal Transducers and Activators of Transcription (STATS) have been studied extensively and
have been associated with virtually every biochemical pathway. Until recently, however, they
were thought to exert these effects solely as a nuclear transcription factor. The finding that STAT3
localizes to the mitochondria and modulates respiration has opened up a new avenue through
which STATs may regulate the cell. Recently, other members of the STAT family (STAT1,
STAT2, STATS, and STAT6) have also been shown to be present in the mitochondria. Coordinate
regulation at the nucleus and mitochondria by these proteins places them in a unique position to
drive cellular processes to achieve a specific response. This review summarizes recent findings
that have led to our current understanding of how STATS influence mitochondrial function in
health and disease.
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1. Introduction

Since their discovery twenty years ago, Signal Transducers and Activators of Transcription
(STATS) have been studied extensively, and are now well-characterized transcription factors
responsible for controlling a diverse array of biological functions. These proteins have been
linked to immune regulation, development, metabolism, cell death, and tumorigenesis,
amongst other cellular roles. There are seven known mammalian STAT family members
(STATL, 2, 3, 4, 5a, 5b, and 6), and while they have overlapping functions in some
instances, in many cases they have divergent and often opposing roles. Classically, cytokine
activated Janus Kinases (JAKSs) tyrosine phosphorylate STATS allowing them to form
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homo- or hetero-dimers, which translocate to the nucleus to drive expression of early
response genes. However, non-canonical roles of these transcription factors are emerging
that suggests they play a much broader role in cellular homeostasis than strictly mediating
nuclear gene expression. The discovery that a pool of STATS3 is in the mitochondria, where
it exerts an effect on respiration and Ras transformation [1,2], suggests a role of STATs
distinct from their nuclear actions. This review will summarize our current understanding of
how the STAT family of transcription factors regulates mitochondrial function.

2. Signal Transducer and Activator of Transcription 3 (STAT3)

During the past 15 years there have been a number of reports suggesting that a variety of
nuclear transcription factors (TFs) reside in the mitochondria, including NFxB, p53, AP-1,
CREB, MEF2D, and IRF-3 [3,4]. In most cases, with the exception of p53, the role of these
TFs in mitochondrial function has been limited. Using biochemical fractionation we
identified a small pool of STAT3 (5-10% of total) that is located in the mitochondria of
many tissues as well as cultured cells, where it exerts an effect on Complexes | and Il of the
electron transport chain (ETC) [1]. In Ras transformed cells, ATP levels are decreased in the
absence of STAT3 and the activity of Complexes Il and V of the ETC are diminished [2].
Through the use of mutants, it was established that serine 727 of STAT3 is crucial for its
mitochondrial function, whereas known domains required for its nuclear action (tyrosine
705, DNA binding domain, etc.) are not sufficient to drive STAT3’s mitochondrial action
[1,2]. Phosphorylation at S727 in STAT3 may also be required for its mitochondrial import,
as a serine to alanine mutation decreased mitochondrial STAT3 levels in an in vitro
mitochondrial import assay [5]. Though there is a much larger fraction of serine
phosphorylated STAT3 in the mitochondria as compared to the cytosol, it is not known
whether the entire mitochondrial pool of STATS3 is constitutively phosphorylated. It is also
currently unclear which kinase is responsible for serine phosphorylation of mitochondrial
STAT3. However, a recent report suggests that mitochondrial serine phosphorylation of
STAT3 may be linked to the MEK-ERK pathway [6]. Additional studies have confirmed
and added to the importance of STAT3’s mitochondrial localization, which may have
important physiological consequences in the following areas: metabolism, cancer, and
defense against cell stress.

2.1. Mitochondrial STAT3 as a modulator of cell metabolism

STAT3’s contribution to optimal activity of the ETC (see Box 1) places this transcription
factor in an ideal position to modulate the energy status of the cell. A number of reports
have evaluated the effect that STAT3 has on the activities of the complexes of the ETC
[1,2,7-9], which are summarized in Table 1. Like the other TFs shown to be present in the
mitochondria, the mitochondrial targeting sequence for STAT3 is likely cryptic and as such,
it has yet to be determined. Therefore, in some studies, in order to better examine its
mitochondrial function, the mitochondrial localization/targeting sequence (MLS/MTS) of
human cytochrome c oxidase subunit VIII (an integral mitochondrial protein) has been fused
to the N-terminus of STAT3. The impact of STAT3 on the ETC varies according to the
model used and the context of the study, but most studies observe an increase in activity in
the complexes in the presence of STAT3. Interestingly, over-expression of a DNA binding
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domain mutant, STAT3E, targeted to the mitochondria (MLS-STAT3E) suppresses
activities of Complexes I and 1l [9]. STAT3E contains two point mutations in the DNA
binding domain (E434A/E435A) that are important for both its recognition and binding of
DNA response elements [10], further excluding nuclear contributions of STAT3. Under
conditions of ischemia, however, over expression of MLS-STAT3E protects the activity of
the ETC. This suggests that optimal effects of STAT3 on the ETC are concentration and
stimulus dependent. Perhaps, over-expression of mitochondrial STAT3 alters its protein—
protein interactions such that its actions on the ETC become more protective under
conditions of stress and less effective in regulating the activity of the ETC under basal
conditions. This idea would be consistent with the observations of Phillips and colleagues
that the stoichiometry of mitochondrial STAT3 to components of the ETC is not 1:1 [11],
which implies that mitochondrial STAT3 may not be modulating the ETC directly. If this is
the case, then it must be doing so via an unknown mechanism whereby the overall levels of
STAT3 in the mitochondria would be crucial for determining its binding partners and
therefore, its regulation of mitochondrial function.

As mentioned, mitochondrial STATS3 is also closely associated with cellular ATP levels. In
Ras transformation of mouse embryonic fibroblasts (MEFs), Gough et al. showed that the
activity of Complex V (ATP Synthase) of the ETC was dramatically reduced in the absence
of STATS3, thereby limiting ATP production [2]. While not directly linked to Complex V
function, a study using a conditional knockout of STATS3 in astrocytes also observed a
considerable reduction in ATP levels compared to cells expressing STAT3 [12]. Similarly,
blockade of STATS3 activity using the STAT3 inhibitor Stattic has been shown to decrease
ATP production in purified rat heart mitochondria [13], and in Stattic treated human
spermatozoa [14]. Stattic is a small molecule inhibitor of STAT3 that binds to its SH2
domain that prevents its activation and dimerization, and also blocks its nuclear
translocation [15]. Though the effects of Stattic on mitochondrial STAT3 have not been
carefully investigated, its use on isolated mitochondria as in the study above [13] suggests
that it can also inhibit STAT3’s mitochondrial action. Further investigation is needed to
confirm whether or not STAT3’s association with ATP is the result of mitochondrial STAT3
affecting Complex V activity, or if it is merely a reflection of upstream effects on the ETC.
Those upstream effects may partly explain the lower mitochondrial membrane potential
reported in the absence of STAT3 [12,14], which would impact ATP production by reducing
the proton gradient across the inner mitochondrial membrane. It is possible that a nuclear
component of STAT3 can also regulate mitochondrial metabolism because expression of a
constitutively active form of STAT3 (STAT3c/c) resulted in decreased mitochondrial
membrane potential and ATP generation, likely due to down regulation of nuclear encoded
mitochondrial ETC component mRNA’s [16]. The functional significance is a metabolic
switch toward a more glycolytic phenotype, which is in contrast to the enhancement of
oxidative phosphorylation driven by mitochondrial STAT3. It is interesting to note the
apparent discrepancy between nuclear and mitochondrial-localized STAT3 in terms of
regulating mitochondrial function, and while speculative, may point to dual regulation by
these pools of STAT3 to control cellular energy.

While a mechanism regulating STAT3’s ability to monitor and modify the energy status of
the cell is still elusive, there are some indications of signaling cascades operating here. In
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Sirtuin 1 knockout (KO) MEFs, there are selective increases in mitochondrial phospho-S727
STAT3 that was found to be downstream of NF«B activation [7]. The kinase responsible for
this increased phosphorylation for serine 727 remains to be determined. Increased activity of
mitochondrial STAT3 was correlated with elevated ETC activity, respiration, and cellular
ATP levels. Sirtuins represent a family of deacetylase proteins that sense the metabolic
status of the cell and regulate the acetylation status of their targets to maintain energy
homeostasis, among other things [17]. It is notable that Sirtuin 1 has been reported to
regulate acetylation of STAT3 that plays an important role in gluconeogenesis [18]. Though
Sirtuinl is localized to the nucleus, Sirtuin 3 is found exclusively in the mitochondria. As
Sirtuin 3 affects mitochondrial metabolism and function by altering the acetylation state of
mitochondrial proteins [19-21], it is plausible that it exerts a similar effect on STATS3.

Due to the link between cellular metabolism and physiology, STAT3’s presence or absence
from mitochondria likely has pathological implications. One arena where this may be the
case is in the development of metabolic syndrome, which has close ties with mitochondrial
dysfunction. STAT3 has been shown to be involved in the pathogenesis of obesity and
insulin resistance [22], and as such, it is an intriguing possibility that part of the pathology
seen in metabolic disorders is influenced by STAT3’s mitochondrial actions. Indirect
evidence for this is presented in a study examining liver specific deletion of src homology
phosphatase 2 (Shp2) [23]. Deletion of Shp2, which plays a role in insulin signaling,
prevented the development of metabolic syndrome in mice exposed to a high fat diet.
Interestingly, in the absence of Shp2, the authors also saw increased activation (phospho-
S727) of mitochondrial STAT3, which was correlated with increased mitochondrial
respiration and energy expenditure that limited metabolic dysfunction. As activation of Shp2
and its phosphatase activity plays a role in negatively regulating cytokine mediated signal
transduction [24], Shp2’s deletion likely leads to increased activation of downstream
pathways, including the STATSs. This may better explain STAT3’s increased activation, as
opposed to impaired insulin signaling, especially when one considers the positive correlation
between high fat diet and circulating cytokine levels such as IL-6. Further, a study on
polymorphisms in the STAT3 gene in human subjects were closely linked to mtDNA copy
number and insulin resistance, whereas variants of known regulators of the mitochondrial
genome, such as TFAM or PPARY, did not show the same association [25]. Additional
studies are needed to characterize the interplay of mitochondrial and nuclear STAT3 effects
in mediating metabolic disease.

2.2. Cancer and mitochondrial STAT3

STAT3’s mitochondrial localization and influence on energy stores makes it ideally situated
to modify cell growth. As an example, mitochondrial STATS3 is required to drive neurite
outgrowth in response to a variety of ligands including nerve growth factor [26,27]. Coupled
with the fact that the mitochondrion is the central player in mediating cell death and survival
pathways, mitochondrial STAT3 may play a role in cancer biology. This idea was first
investigated in the context of Ras transformation. HRasV12 expressing MEFs required
mitochondrial STAT3 to drive colony formation in vitro and tumor growth in mice [2].
Expression of mutant forms of STAT3 in a STAT3 null background demonstrated that
serine 727 phosphorylation of STAT3 was necessary to mediate these effects. The serine
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phosphorylation of STAT3 via oncogenic Ras was later found to be partially dependent
upon Ras activation of the MEK-ERK pathway as MEK inhibitors were able to interfere in
part with mitochondrial STAT3’s role in Ras tumorigenesis [6]. In contrast, sites crucial for
the nuclear actions of STAT3 (SH2 domain, tyrosine 705 site, DNA binding domain) were
not required to drive Ras transformation. Expression of mitochondrial targeted STAT3
(MTS-STATS3) drove Ras transformation as efficiently as wild-type STAT3 suggesting that
mitochondrial localized STAT3 is sufficient to drive these oncogenic effects. The necessity
of mitochondrial STAT3 in Ras transformation extended to other mutant forms of Ras
(KRas and NRas), but not necessarily to other oncogenes such as vSrc. Since activation of
the downstream targets of Ras (RaffMEK/Erk and PI3K) were largely unaffected in the
absence of STAT3, the mechanism regulating Ras dependence on mitochondrial STAT3
likely resides in STAT3’s ability to regulate the ETC to facilitate adequate production of
ATP to drive continued cell growth.

These results were extended by recent work demonstrating that mitochondrial STAT3 is also
important in the growth of already transformed cells [28]. Expression of a mitochondrial
targeted STAT3 (MLS-STATS3) in 4T1 cells, a murine breast adenocarcinoma model,
showed that S727 of STATS3 is also required for optimal cancer cell growth. Mutation of
S727 to alanine leads to decreased colony formation in soft agar, which is mirrored by the
development and progression of tumors in immunocompetent Balbc mice. Tumors
expressing MLS-S727A STAT3 were smaller than their wild-type counterparts and also
displayed decreases in the number of liver and lung metastases. In contrast, expression of
the phospho-mimetic mutant MLS-S727D STAT3 resulted in increased colony formation in
vitro, and larger tumors in mice with a greater metastatic burden. The nuclear effects of
STAT3 could largely be excluded as these constructs contained mutations in the nuclear
localization sequence, SH2 domain, DNA binding domain, and tyrosine 705 sites. The
mechanism behind mitochondrial STAT3’s regulation of breast cancer growth was
attributed to optimization of the ETC and control of reactive oxygen species (ROS)
production in a hypoxic environment. Hypoxia features prominently in the transformation
and growth of solid tumors and is tightly coupled to elevations in mitochondrial ROS
production [29]. The relevance of ROS in driving tumorigenesis and cellular growth has
been widely studied, and is thought to be a potential therapeutic target in cancer therapy
[30,31]. In line with this, cells harboring MLS-S727D STAT3 displayed elevated Complex |
activity of the ETC and decreased ROS production when cultured in 1% oxygen. However,
those cells expressing the S727A mutant had reduced ETC activity and higher levels of ROS
under hypoxic conditions. Interestingly, only tumors from mice expressing MLS-S727A
STAT3 showed a selective growth advantage when mice were injected with the anti-oxidant
Mn(l11)tetrakis(4-benzoic acid)porphyrin chloride (MnTBAP).

These results point to a role of mitochondrial STAT3 in regulating ROS levels as a
determinant of cancer cell growth and proliferation. This makes the mitochondrial pool of
STAT3 a potentially interesting therapeutic target, especially when considering the number
of cancers that display constitutive STAT3 activation. Through the use of a wide array of
targeted inhibitors, numerous studies have demonstrated that blockade of STAT3’s nuclear
prosurvival program is efficacious in promoting cancer cell death [32] Despite this, these
compounds have had little therapeutic value thus far. However, few reports have evaluated
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how these compounds affect the mitochondrial program of STAT3. A recent study by
Mackenzie and colleagues demonstrated the importance of targeting mitochondrial STAT3
in pancreatic cancer [33]. They showed that the anti-tumor activity of their novel compound,
phosphovalproic acid (P-V), depended solely on inhibition of the actions of mitochondrial
STATS3, despite also blocking the STAT3 driven increased expression of the anti-apoptotic
proteins Bcl-xI, Mcl-1, and survivin. Human pancreatic cancer cell lines that expressed a
mitochondrial targeted STAT3 (MLS-STATS3) that were orthotopically implanted into nude
mice were completely insensitive to the tumor growth limiting effects of P-V. Over-
expression of the dominant negative STAT3 mutant Y705F also blocked the pro-apoptotic
program of P-V thereby lending support to the idea that it is the mitochondrial pool of
STATS3, rather than the nuclear pool, that is sustaining the cells’ oncogenic program. P-V
exerted these effects by preventing the mitochondrial localization of STAT3, which in turn
led to a depressed mitochondrial membrane potential, elevated ROS production, and
increased mitochondrial-mediated apoptosis. Targeting mitochondrial STAT3 may
therefore, be just as important in limiting cancer growth and survival as blockade of its
transcriptional activity. The importance of mitochondrial STAT3 in pancreatic cancer is not
without precedent as a study by Kang et al. showed that STAT3 localized to the
mitochondria plays a role in advanced glycation end product-specific receptor (RAGE)
mediated autophagy [34]. Autophagy is upregulated in pancreatic cancers basally, which
makes the mechanism of autophagy an attractive therapeutic target [35]. In this study [34],
autophagy triggered IL-6 induced serine 727 phosphorylation of STAT3, which was
sufficient to increase mitochondrial STAT3 levels and elevate overall ATP production,
likely leading to enhanced tumorigenesis and cellular proliferation. The absence of RAGE in
a KRAS-induced neoplastic model significantly increased time to tumor development,
which was coupled by decreases in mitochondrial STAT3 and its activity with subsequent
increased apoptosis and decreased ATP production. Again, these studies suggest that
mitochondrial STAT3 is important in the growth and maintenance of tumors. While the
study by Mackenzie et al. implicated JAK2, Src, and HSP-90 with decreases in phospho-
STAT3 and an overall decrease in mitochondrial STAT3 levels, further investigation is
needed to characterize the specific effects and binding partners of mitochondrial STAT3 that
drive these pro-oncogenic processes [33].

Another study investigating the involvement of STATS in pituitary growth and
tumorigenesis also determined that Src may be an upstream regulator of mitochondrial
STAT3 activity. In this report, a polymorphism in the fibroblast growth factor receptor led
to enhanced activation of Src, which was correlated with increased levels and activation of
STAT3 in the mitochondria that led to elevated mitochondrial activity as assessed by
cytochrome c oxidase activity [36]. Whether Src’s involvement here is merely an indicator
of overall cellular activation or is specific to initiating a signaling cascade to control
STAT3’s actions in the mitochondria remains unknown.

A recent study had demonstrated that STAT3 interacts with Cyclophilin D (CypD) to
regulate the mitochondrial permeability transition pore (MPTP) [37]. While the structural
components of the permeability transition pore are debated [38—40], the only protein known
to be absolutely required for pore functioning is Cyclophilin D (CypD), which is thought to
be activated in the mitochondrial matrix and translocate to the inner mitochondrial
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membrane to facilitate pore opening [41]. Under non-stressed conditions the pore transiently
opens and closes to maintain calcium concentration gradients and mitochondrial membrane
potential. Sustained opening of the pore due to certain stimuli (ROS, misfolded
mitochondrial proteins, excess Ca2", etc.) leads to mitochondrial swelling, dysfunction, and
ultimately, apoptosis or necrosis [42]. Other TFs, such as p53, can also control cell viability
by modulating MPTP opening through interactions with CypD [43]. Interestingly, the
permeability transition pore more readily opens in the absence of STAT3 or in the presence
of the STAT3 inhibitor, Stattic, thereby implicating STAT3 in MPTP regulation [13,37].
This may serve as a cytoprotective mechanism to mitigate cell death and hence be
advantageous for cancer cells. This idea is in line with the work by Mantel et al., who also
suggest that STAT3’s regulation of the MPTP may have pathophysiological consequences in
myleoproliferative disorders [44].

Though it would appear that STAT3 is playing a pro-survival role here, there is one report
that demonstrates that translocation of STAT3 to the mitochondria is actually required for
tumor necrosis factor (TNF) induced necroptosis [45]. As STAT3’s effect on the MPTP was
not investigated in this study, further work is needed to clarify the mechanism through
which STAT3 controls cell viability at the mitochondria.

2.3. Defense against cellular stress

A large body of work on STAT3 and its mitochondrial function lies in the area of ischemia/
reperfusion injury, and the importance that STAT3 may play in preserving cell viability and
function following myocardial injury, and though not studied as extensively, in the case of
cerebrovascular accident. The importance of STAT3 in this context has been thoroughly
reviewed elsewhere [3,46], and hence, will only be briefly discussed. Ischemia triggers
dysfunction of the electron transport chain, which upon reperfusion drives the production of
excess reactive oxygen and nitrogen species (ROS/RNS) that damage mitochondria and the
cell. Therefore, better understanding of the molecular pathways regulating ROS/RNS
production affords the opportunity of maximizing cardio- or neuroprotection. STAT3 is
recruited to mitochondria following ischemic injury [9], while the pool of mitochondrial
STAT3 may be activated as early as seven minutes post-reperfusion in mouse hearts
subjected to ischemia and reperfusion [47]. Mitochondrial localized STAT3 preserves
Complex | activity during ischemia and reduces ROS production, which is sufficient to limit
cytochrome c release, likely preserving cell viability [9]. Similar results were obtained in a
model of ischemic post-conditioning in porcine hearts [48]. In these studies increases in
phospho-Y705 STAT3 in the mitochondria were directly linked to decreases in infarct size,
maintenance of Complex | activity, and decreased MPTP opening. These protective effects
were diminished in the presence of the STAT3 inhibitor, Stattic. The role of mitochondrial
STAT3 in preserving cardiac function may be more relevant in the context of ischemic post-
conditioning, which uses brief, repeated bouts of ischemia prior to reperfusion in an attempt
to limit injury via ROS/RNS induced activation of pro-survival kinases. In line with this,
mice harboring a cardiomyocyte specific deletion of STAT3 showed no difference in infarct
size following ischemia and reperfusion [37]. There was however a statistically significant
difference in infarct size following ischemic postconditioning, in which STAT3 knockout
hearts had larger infarcts than their wild-type counterparts [49]. In fact, in a rat model,
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mitochondrial STAT3 activation was not observed with ischemia/reperfusion, but only with
ischemic postconditioning [50]. While not studied in the context of ischemia, other studies
have demonstrated that cardiac disease and injury is modulated by mitochondrial STAT3.
Decreased activation of mitochondrial STAT3 (pS727) is permissive to the development of
cardiac hypertrophy driven by catecholamine injury [51]. Likewise, decreases in total and
phosphorylated mitochondrial STAT3 were correlated with the pathology seen in a model of
dilated cardiomyopathy [52]. In contrast, increased STAT3 activation in mitochondria
correlates with improved mitochondrial activity and optimal left ventricular functioning in a
rat model [53]. Additional studies are needed to fully understand the mechanism and timing
behind which mitochondrial STAT3 exerts these protective effects.

The upstream and downstream signaling components that mediate STAT3’s functional
significance in the mitochondria in reperfusion injury/cell stress have remained elusive,
though there are potential targets. The finding that STAT3 may regulate the mitochondrial
permeability transition pore (MPTP) [13,37] has broad implications in ischemia/reperfusion
injuries, as the MPTP is a major player in cellular injury following this insult [54,55]. As the
MPTP is activated in response to a number of cellular stressors including ROS and elevated
intra-mitochondrial Ca2* concentrations (the latter likely due to the tight connection

between Ca2* homeostasis and ROS production), it is possible that oxidative modification of
STAT3 in the mitochondria regulates its association and control of the MPTP. STAT3 has
been shown to be S-glutathionylated [56-58] and S-nitrosylated [59] in the cytosol, and it is
capable of forming multimers following an oxidative insult that impinges on its ability to
bind DNA [60]. Whether similar events are modifying STAT3 in the mitochondria and if
this has a functional significance remains to be determined [61]. Under these circumstances,
recruitment of STAT3 to the mitochondria may involve both redox-dependent and redox-
independent mechanisms [50], and thus, the mechanism by which STATS3 translocates to the
mitochondria is likely stimulus dependent. More classical signaling cascades have also been
linked to mitochondrial STAT3’s activation and protective effects in the heart. Pre-treatment
with the JAK inhibitor AG490 has been shown to block the reduction in infarct size
mediated by STAT3 in ischemia/reperfusion models [47,48,50]. IL-6 mediated signaling
may also play a role as it is linked to STAT3 activation during ischemia and is important for
cardioprotection [62]. In the absence of heat shock protein H11 kinase/Hsp22 (Hsp22), a
stress response protein that is important for responses to cardiac overload, both the
mitochondrial and nuclear actions of STAT3 were diminished [63]. Hsp22 was determined
to be necessary for STAT3 activation, which was dependent on NFxB driven 1L-6
production, again pointing to IL-6 activation as potentially upstream of STAT3’s
mitochondrial function. Further studies are required to adequately separate the importance of
these signaling cascades in mitochondrial STAT3 function apart from their effects on
STAT3 dependent gene transcription.

Aside from its clear role in the heart, mitochondrial STAT3 may play a role in other systems
in minimizing oxidant cellular stress. A study using a mouse model with a hematopoietic
cell specific deletion of STAT3 demonstrated that the absence of STAT3 leads to
mitochondrial dysfunction and significantly elevated ROS production [44]. The authors
believed that this was likely due to defects in the ETC that led to electron leak and
subsequent elevated mitochondrial and cellular ROS levels. The mitochondrial dysfunction
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observed correlated with decreased hematopoietic stem cell reserves, and a shift toward a
hematological makeup that mimicked human myeloproliferative disorders. As these
myeloproliferative diseases are generally seen in older individuals, it is notable that these
mice displayed an accelerated aging phenotype as evidenced by lymphoid-myeloid markers
and their dramatically reduced lifespan. While not previously addressed, perhaps the
absence of mitochondrial STAT3 contributes to the aging process. In fact, mitochondrial
STATS3 is reduced in the hearts of older mice [37]. Considering the link between aging and
mitochondrial dysfunction, it is plausible that reduction in mitochondrial STAT3 levels over
time plays a part in this phenomenon. Therefore, therapeutic strategies designed to maintain
STAT3 in mitochondria could prove fruitful in combating age related disorders.

The similarities between ischemia/reperfusion injuries in the heart and the nervous system,
makes it likely that mitochondrial STAT3 may play an equally important role in
cerebrovascular accidents. STAT3 normally regulates the expression of the manganese
superoxide dismutase (Mn-SOD) gene, a protein that is important in reducing mitochondrial
oxidative species, but that regulation is lost during cerebral ischemia and reperfusion [64].
However, inactivation of STAT3 with Stattic during ischemia and reperfusion still
significantly increased neuronal cell death and infarct size. While it is clear that the nuclear
actions of STATS3 regulate the anti-oxidant status of the cell basally, it is possible that
STAT3 translocates to the mitochondria following oxidative injury to regulate mitochondrial
function directly to limit ROS production and maintain cell viability. Perhaps then,
inactivation of STAT3 in this model limits its mitochondrial translocation, and may explain
in part the increase in neuronal cell death observed following Stattic treatment. STAT3 is
also required to maintain mitochondrial membrane potential and limit cell death in lung
epithelial cells exposed to hyperoxia [65]. Again, while this study did not directly
investigate mitochondrial STAT3’s actions, it suggests that STAT3 may protect the cell
from oxidative stress by its actions in both the nucleus and the mitochondria.

2.4. Summary

The role of STAT3 in regulating mitochondrial function is summarized in Fig. 1. Though
not currently known, it is likely that upstream activation of signaling cascades by cytokines,
growth factors, and/or oxidative stress is involved in STAT3’s targeting to the mitochondria.
Due to the association of S727 phosphorylation with STAT3’s mitochondrial function, a
number of signaling cascades known to activate STATS3 at this residue (including ERK,
JNK, p38 MAPK, Protein Kinase C, mTOR, etc.) [66] also probably play a role in STAT3’s
mitochondrial action with the particular kinase involved being stimulus and cell-type
specific. Within the mitochondria STAT3 modulates two major players in mitochondrial
physiology: the ETC and MPTP. This tends to result in increased mitochondrial membrane
potential (AW), increased ATP production, decreased ROS levels, and decreased cell death.

3. Other STATs with known mitochondrial function

Although STAT3’s actions in the mitochondria have been the most studied, there is
evidence from the literature and unpublished results that points to the importance of other
STAT family members in mitochondrial function. Aside from STATS3, other STATs
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(STATL, STAT2, STATS5, and STATG6) have been shown to localize to the mitochondria.
Their mitochondrial actions are discussed below and are summarized in Table 2.

3.1. Signal Transducer and Activator of Transcription 1 (STAT1)

In contrast to STAT3, which is a well-known negative regulator of the mitochondrial
apoptotic program (based on its control of Bcl-2 family member protein expression), STAT1
is a prominent player in pro-apoptotic signaling [67-69]. While most of the actions of
STAT1 are attributed to its role as a TF, STAT1 has been reported to localize to the
mitochondria [37]. Unpublished results from our lab (Sisler JD and M Morgan) have
confirmed that STAT1 is present in the mitochondria from a variety of tissues and cell types,
but its exact functional significance there is still unclear. As a key mediator of interferon
(IFN) signaling, our results suggest that mitochondrial localized STAT1 may play a role in
downregulating the transcription of mitochondrial encoded RNA’s, while also negatively
controlling nuclear encoded transcripts of the electron transport chain in response to IFNP
but not IFNy. The reduction of mitochondrial encoded RNA’s in the presence of IFNJ
occurs even in platelets, which lack nuclei, and was abrogated in STAT1 null platelets. In
vitro transcription assays demonstrated that STAT1 could inhibit mitochondrial transcription
on both the heavy and light strands of the mitochondrial genome, albeit to a lesser extent on
the light strand (Sisler JD et al., unpublished results). Interestingly, starvation reduces
STAT1 protein levels in tissues that leads to increased mitochondrial biogenesis, which
correlates with data obtained from STAT1 knockout mice that display elevated levels of
mitochondrial biogenesis compared to wild type mice (Sisler JD et al., unpublished results).
Further work is ongoing to clarify the role that mitochondrial STAT1 plays in regulation of
mitochondrial content.

3.2. Signal Transducer and Activator of Transcription 2 (STAT2)

A study by Goswami and colleagues demonstrated that translocation of STAT2 to
mitochondria could be mediated by viruses in an attempt to alleviate the cells anti-viral
response [70]. STAT?2 activation features prominently in interferon induced anti-viral cell
defense. In this context, they examined the role of viral targeting of the mitochondrial
antiviral signaling adaptor (MAVS) in suppressing innate immunity. The viral non-structural
(NS) proteins NS1 and NS2, with the help of MAVS, drive the formation of a degradasome
at the mitochondria, which was responsible for targeting the cell’s anti-viral protein
repertoire to the mitochondria for degradation, which included STAT2. Though the authors
focused on the pool of STAT2 that was degraded in the mitochondria by the formation of
the viral degradasome, there was a small fraction of STAT2 that basally resided in the
mitochondria of the lung epithelial adenocarcinoma A549 cell line. With the emergence of
mitochondria as an important player in innate immunity by controlling the cell’s energy and
oxidation status [71] and STAT2’s role in immune defense, it is possible that mitochondrial
localized STAT2 could also contribute by priming mitochondria for an immune response.
Unpublished results from our lab also indicate that a small pool of STAT2 basally resides in
the mitochondria (Sisler JD et al.). Here it may selectively negatively regulate the
transcription of mitochondrial RNAs. Mitochondrial encoded mRNA transcripts are
increased in the absence of STATZ2, but unlike STAT1, no effect was observed on nuclear
encoded mitochondrial MRNA’s or on mitochondrial biogenesis (Sisler JD et al.,
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unpublished results). The importance of these findings remains to be determined.
Nevertheless, it points to a much broader regulation of cellular homeostasis by these
transcription factors.

3.3. Signal Transducer and Activator of Transcription 5 (STAT5)

There is limited knowledge about the role of STATS in mitochondrial function. One report
has shown its localization to the mitochondria in a murine T lymphoma cell line, where it
associates with the E2 component of pyruvate dehydrogenase [72]. The authors also
reported STATS translocation to the mitochondria following cytokine stimulation (IL-2
treatment of the human leukemia cell line CLL-20 and IL-3 treatment of the murine pro-B
cell line BaF3). Cytokine induced targeting of STATS5 to the mitochondria was specific as
neither STAT1 nor STAT3 was recruited to the mitochondria under these conditions.
STATS5 was shown to bind to the D loop of mitochondrial DNA, but the actions of STAT5
on mitochondrial gene expression have not been delineated. Due to the switch to aerobic
glycolysis that was observed in these cell lines upon mitochondrial STATS5 translocation, the
authors speculated that STAT5 might be playing a role here in regulating mitochondrial
metabolism in cancer cells. Considering the role that STATS5 plays in cancer, this study is
consistent with an analogous role for STAT5 as STATS3 in driving tumorigenesis via its
actions in the mitochondria. As this study did not differentiate between STAT5a and
STATS5b, which have both redundant and unique biological actions, more work is needed to
fully understand mitochondrial localized STAT5’s role and function.

3.4. Signal Transducer and Activator of Transcription 6 (STAT6)

To date only one report indicates that STAT6 localizes to the mitochondria. Khan and
colleagues demonstrate the association of STAT6 with mitochondria in a variety of cells
using immunofluorescence [73]. The use of immunogold electron microscopy in human
pulmonary artery endothelial cells showed the constitutive presence of STAT6 in the
mitochondria. This was further validated using live-cell imaging. Interestingly, only the N-
terminal half of STAT6 was required for its mitochondrial localization indicating that the
SH2 domain and tyrosine 641 phosphorylation site are not needed for its targeting to this
organelle. Though this work provides compelling evidence for STAT6 in the mitochondria,
the functional significance of STAT6’s localization here was not explored and warrants
further investigation.

4. Conclusions and future directions

The increasing number of reports that link STATSs and other TFs with the mitochondria
demonstrate both the relevance and importance of a careful investigation of their function in
this subcellular organelle. Though new actions of these proteins in the mitochondria are
being unveiled, fundamental questions still remain unanswered. When one considers their
relative low abundance in the mitochondria and the limitations of cell fractionation,
delineation of the mitochondrial targets of STATSs is challenging. There are also likely
inherent differences in the amounts of these proteins present in the mitochondria depending
upon the tissue or cell type studied and whether or not the cells are stressed. These factors
likely contribute to the discrepancies in detection of STAT3 in the mitochondria. This has
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been particularly the case with fluorescent-based approaches [73,74]. Similar differences in
STATS5’s mitochondrial localization have also been reported [37,72].

The general mechanism by which these proteins are differentially trafficked to intracellular
compartments and organelles remains unknown, despite their broad intracellular
distribution. STATS, like the other nuclear TFs with roles in the mitochondria, lack a
classical mitochondrial localization sequence. Most studies of STAT3 demonstrate selective
accumulation of phospho-S727 STAT3 in the mitochondria, though reports of tyrosine
phosphorylated STAT3 also exist, suggesting other regulatory modifications might be
involved. It has not been carefully explored whether or not tyrosine phosphorylation of
STAT3 in the mitochondria occurs in the absence of serine phosphorylation or if there is any
difference in STAT3’s mitochondrial action depending upon its phosphorylation status.
Based on studies where the serine site in STAT3 has been mutated to an alanine to render it
phospho-null [1,2,6,28] it would appear that phosphorylation of S727 in STAT3 is required
for its mitochondrial action. Though the role of tyrosine phosphorylated STAT3 in
mitochondrial function is unclear, it is known to not be required for STAT3 to regulate
respiration, Ras-dependent transformation, or for tumor growth of breast cancer cells
[1,2,28]. Phosphorylation of STATS5 [72] and STAT1 (Sisler JD et al., unpublished results)
might also be required for their mitochondrial targeting. However, phosphorylation of
STATG6 was not required for its accumulation in the mitochondria [73]. In the case of p53, a
nuclear transcription factor with distinct roles in the mitochondria [3], its trafficking has
been suggested to be dependent on Pinl, a cytoplasmic peptidyl-prolyl cis-trans isomerase.
Isomerization of proline bonds by Pin1 has been implicated as being important for
regulation of protein function and intracellular localization [75], and absence of Pinl
attenuates the recruitment of p53 to the mitochondria [76]. STAT3 has been shown to
interact with Pin1 [77,78], suggesting that Pin1 may represent one mechanism through
which STAT3 is transported to the mitochondria.

Once at the mitochondria, the import of STATS represents another crucial regulatory step, as
most proteins that enter the mitochondria must be first unfolded. Typically, the re-folding
and maturation into functional proteins depends on the mitochondrial family of heat shock
proteins (HSPs). Other nuclear transcription factors have been shown to interact with these
HSPs presumably as part of their mitochondrial targeting and maturation following import
[3]. It remains to be determined whether HSPs play a similar role in determining STAT
mitochondrial function, though considering STAT3’s localization to the inner mitochondrial
membrane and matrix it is likely that some chaperone protein is required. GRIM-19, a
component of Complex | of the ETC, has been shown to facilitate import of STAT3 into
mitochondria [5], but it is probable that other proteins are involved, such as translocases of
the outer membrane (TOM), of which STAT3 is known to interact with TOM20 (see Fig. 1)
[37]. In order to better understand the function of STATS in the mitochondria the mechanism
behind their mitochondrial targeting and import needs to be more fully addressed.

Lastly, how STAT protein levels are regulated in the mitochondria is also not clear. The idea
of inter-organelle communication may feature prominently in this regulation. Notably,
knockdown of the mitochondrial matrix protein CypD leads to constitutive activation of
cytosolic STAT3 leading to its nuclear localization [79], and recent results from our lab
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demonstrated that expression of a mitochondrial targeted STAT3 construct led to nuclear
activation of endogenous STAT3 protein [28]. Whether nuclear localized STAT3 could be
exerting a similar effect on the mitochondrial pool of STAT3 requires further investigation.
Even if this intracellular signaling is not responsible for determining levels of STATSs in the
mitochondria, it points to a much broader network of communication. Coordinate regulation
and communication between the nucleus and mitochondria would serve a clear adaptive
advantage, especially in the context of cellular proliferation and survival. As more
information becomes available, we will be better equipped to understand the emerging role
that the STAT family of transcription factors has on mitochondrial function.
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Box 1: The Electron Transport Chain (ETC)

The electron transport chain in the inner mitochondrial membrane consists of four
complexes (I-1V). Complexes I-1V (I: NADH:ubiquinone oxidoreductase, II:
Succinate:ubiquinone oxidoreductase, 111: Ubiquinol:ferricytochrome ¢ oxidoreductase,
IV: Ferrocytochrome c: oxygen oxidoreductase) are responsible for driving the transport
of electrons down the chain by pairing electron donors with specific electron acceptors.
As a result of this transfer of energy, protons (H* ions) are pumped across the inner
mitochondrial membrane from the mitochondrial matrix side into the inter-membrane
space, thereby generating an electrochemical gradient across the inner mitochondrial
membrane. Complex V, also known as ATP Synthase, is then able to dissipate this proton
gradient and couple the resulting energy release with ATP production. However, the
generation of fuel for the cell is not without cost as the alternative reaction of proximal
complexes I-111 directly with molecular oxygen can lead to the formation of reactive
oxygen species (ROS) that may be detrimental to the cell. In order to measure the activity
of the electron transport chain a few widely used techniques can be employed. In general,
purified intact mitochondria that have been detergent solubilized or permeabilized
mitochondria are incubated in the presence of specific substrates for each of the
complexes with the readout of the activity depending upon the assay being employed (i.e.
oxygen consumption, spectrometric analysis, blue native gel staining, etc.). Following
measurement of the activity of the respective complex in the presence of its substrate, the
specificity of the reaction for the complex can be verified through the addition of a
known inhibitor to that complex (i.e. rotenone for Complex I, antimycin A for Complex
111, azide or cyanide for Complex 1V). Coupling these analyses with other mitochondrial
measures performed in intact mitochondria, including oxidative phosphorylation and
mitochondrial membrane potential, provide an indication of the functional status of the
mitochondria.
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A ATP Production
V¥ ROS Production
" ¥ Cell Death

Model of STAT3’s mitochondrial action. Upstream activation by cytokines, growth factors,

or oxidative stress likely post-translationally modifies STATS3 to target it to the
mitochondria. Though still unknown, mitochondrial import of STAT3 may rely on
translocases of the outer membrane (TOM20 potentially) and GRIM-19 in the inner

mitochondrial membrane. Once imported, STAT3 modulates both the electron transport

chain (ETC) and the mitochondrial permeability transition pore (MPTP) to regulate

mitochondrial membrane potential (A¥), ATP production, ROS production, and cell death.

OMM: outer mitochondrial membrane; IMM: inner mitochondrial membrane.
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Role of STATSs in mitochondrial function. Members of the STAT family of proteins with known

mitochondrial actions.

Mitochondrial function

Reference

STAT1 < Regulation of mitochondrial biogenesis

« Negative regulation of mitochondrial encoded transcripts
STAT2 -« Negative regulation of mitochondrial encoded transcripts

« Mitochondrial translocation as a target of viral NS degradasome
STAT3  « Regulation of the ETC, cellular respiration, and mitochondrial membrane potential

« Modulation of mitochondrial ROS production

« Association with ATP production

« Transformation and cellular growth

« Inhibition of mitochondrial permeability transition pore

« Protection against ischemia/reperfusion and cardiac injury

« TNF induced necroptosis
STAT4  « No published data toward mitochondrial function as of yet

STAT5 e« Cytokine mediated mitochondrial translocation and binding of the D-loop of
mitochondrial DNA

STAT6  « Shown to co-localize with mitochondria using both fluorescence and electron
microscopy

Sisler JD et al., unpublished

Sisler JD and M Morgan et al., unpublished
Sisler JD et al., unpublished
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