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Mitochondrial STAT3 and reactive oxygen species:
A fulcrum of adipogenesis?
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The balance between cellular lineages can be controlled by reactive oxygen species (ROS). Cellular
differentiation into adipocytes is highly dependent on the production of ROS to initiate the process
through activation of multiple interlinked factors that stimulate mitotic clonal expansion and cellular
maturation. The signal transducer and activator of transcription family of signaling proteins have
accepted roles in adipogenesis and associated lipogenesis. Non-canonical mitochondrial localization
of STAT3 and other members of the STAT family however opens up new avenues for investigation
of its role in the aforementioned processes. Following recent observations of differences in
mitochondrially localized serine 727 phosphorylated STAT3 (mtSTAT3-pS727) in preadipocytes and
adipocytes, here, we hypothesize and speculate further on the role of mitochondrial STAT3 in
adipogenesis.
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INTRODUCTION

Adipose tissue (majorly but not solely com-
posed of adipocytes and endothelial cells) as an
endocrine organ is vitally important to homeo-
stasis through the release of hormone cytokines

like leptin, adiponectin and resistin as well as
its involvement in steroid metabolism.'?
Imbalances in adipose tissue are largely detri-
mental to human health e.g. obesity.”” Under-
standing the developmental and maintenance
factors in adipocyte biology are essential.
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Reactive oxygen species (ROS), often
maligned as in oxidative stress, are generally
accepted as required for normal cellular
homeostasis through redox signaling.®'® The
unidirectional process of adipogenesis relies
heavily on ROS production to enable a com-
plex cascade mediated by the redox confor-
mation sensitive C/EBPS to upregulate genes
associated with the process.'""'* Mitochon-
dria, the cellular powerhouses, regulate the
fine balance of cellular ROS levels through
the electron transport chain (ETC) and dis-
proportionation (dismutation).

The Signal Transducers and Activators of
Transcription (STAT) family of proteins have
well described roles in adipogenesis and the
associated process of lipogenesis through
canonical activation through phosphorylation,
nuclear translocation and gene activation.'*™°
Non-canonical mitochondrial localization, in
particular serine 727 phosphorylated STAT3
(hereafter referred to as, mtSTAT3-pS727)
have been reported in normal and disease phe-
notypes to influence cellular respiration
through the ETC and associated oxidative
phosphorylation through apparent direct inter-
action with the protein complexes that com-
prise the ETC.'”'® Further to this mtSTAT3-
pS727 has been reported to interact directly
with the mitochondrial genome.'® Recent evi-
dence provided a causal link between mito-
chondrial STAT3 levels, total cellular ROS and
adipogenesis in the gold standard mammalian
adipogenesis model 3T3-L1.%° Here we discuss
the potential links and speculate further on
the possible mechanisms that mitochondrial
STAT3 plays in adipogenesis. in relation to the
larger network of the STAT family.?!

Adipogenesis — a sequential process

Adipogenesis is a process of differentiation
and maturation of progenitor stem cells (e.g.,
mesenchymal stromal stem cells) and preadipo-
cytes (e.g., isolated fibroblast 3T3-L1) to
mature lipid accumulating adipocytes. The
seemingly stepwise process is regulated by
well-coordinated directional signaling through
the CCAAT/enhancer binding proteins (C/

EBPs), and in turn peroxisome proliferator acti-
vated receptors (PPARSs) for induction of differ-
entiation programming; C/EBP«, C/EBPS, and
C/EBPS$ exhibit sequential and spatial expres-
sion during adipocyte differentiation with C/
EBPg in particular being important by initiat-
ing differentiation and required for transcrip-
tional activation of C/EBP«a and PPARy.***
The process is highly conserved in mouse and
human models allowing for a standard in vitro
differentiation cocktail for the differentiation to
white adipose tissue (WAT).?® The differentia-
tion cocktail composed of insulin, dexametha-
sone and 3-isobutyl-1-methylxanthine (IBMX)
promotes differentiation through insulin-like
growth factor receptor (IGF-1) stimulation with
concomitant cyclic adenosine monophosphate
(cAMP) accumulation, the effects are further
enhanced through the glucocorticoid receptor
agonist, dexamethasone.?**® The cAMP phos-
phodiesterase inhibitor, 3-isobutyl-1-methyl-
xanthine (IBMX) further increases levels of
cAMP resulting in downregulation of Specific-
ity protein 1 (Sp1), a C/EBPa promoter repres-
sor which delays the DNA binding activity of
C/EBPB and C/EBPS.> The insulin sensitizer
and PPARy agonist rosiglitazone is often
included to increase differentiation efficiency
in the first 3 days of differentiation
programming.’

Mitochondria, reactive oxygen species and
adipogenesis

The electron transport chain and ROS

As the double membraned energy power-
house of the mammalian cell, the mitochondria
maintain energy balance through aerobic respi-
ration and adenosine triphosphate (ATP) syn-
thesis through oxidative phosphorylation
coupled to the inner membrane located ETC
complexes I-IV. Electrons from nicotinamide
adenine dinucleotide hydride (NADH) from the
citric acid (TCA) cycle in the mitochondrial
matrix are oxidized by the ETC complexes (I:
NADH:Ubiquinone oxidoreductase, II: Succi-
nate:Ubiquinone oxidoreductase, III: Ubiqui-
nol:Ferricytochrome ¢ oxidoreductase, and IV:
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Ferrocytochrome ¢ oxygen oxidoreductase) in
the mitochondrial cristae to the final acceptor,
molecular oxygen at complex IV (to generate
water), and concomitantly a proton gradient
(through H™ transfer) is established across the
inner membrane; the gradient is used to drive
the rotary molecular motor component F, of
complex V (ATP Synthase) thereby effecting
phosphorylation of adenosine diphosphate
(ADP) to ATP through the F; component. The
ETC complexes I and III leak electrons to oxy-
gen and reduces it to a radical ROS superoxide
(00,7)'%° (see Fig. 1). Although radical ROS
levels are maintained through spontaneous or
enzymatic dismutation [though superoxide dis-
mutase] to the non-radical ROS hydrogen per-
oxide [H,0,], this balance can be disturbed
leading to cellular senescence or cell death
through oxidative stress.®”>! As low molecular
weight, easily membrane diffusable reactive
species ROS have been described to mediate
signal transduction pathways and cell-to-cell
communications.®?

ROS and initiation of adipogenesis

Reactive oxygen species seemingly act as a
linchpin of adipogenesis through the redox sen-
sitive CCAAT/enhancer binding protein 8 (C/
EBPB) which appears to develop a DNA

binding conformation in the presence of
increased levels of ROS in the gold standard
adipogenesis model 3T3-L1 (mouse).'"'? This
results in the transcriptional activation of per-
oxisome proliferator-activated receptor y
(PPARy) which is required for mitotic clonal
expansion and terminal adipocyte differentia-
tion.>® It should be noted that mitotic clonal
expansion is not required for adipogenesis in
mesenchymal stromal stem cells. High levels
of ROS during onset of adipogenesis in mouse
and humans have been reported, naturally this
should be regulated as fat accumulation is cor-
related with oxidative stress in both mice and
humans.** Tormos and co-workers>> has found
that complex III produced ROS regulates adi-
pogenesis in human mesenchymal stem cells
through targeted antioxidant inhibition of adi-
pocyte differentiation; the differentiation phe-
notype was rescued by exogenous hydrogen
peroxide. Furthermore knockdown analysis of
complex III components confirmed the inhibi-
tory studies. This requirement for ROS in adi-
pogenesis was echoed by Kanda et al. in rat
bone marrow derived mesenchymal stromal
stem cells.*® Taken together these studies indi-
cate a strong role for in the activation of C/
EBPS DNA binding and the induction of adipo-
genic events through the mediation of PPARy
expression; PPARy regulates glucose and fatty
acid metabolism. >

FIGURE 1. The mitochondrial electron transport chain, oxidative phosphorylation and sites of
superoxide (¢0,~) ROS production.'®?! Legend: e~, electron; H*, proton; Q, co-enzyme Q10; c,

cytochrome c. See text for details.
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STAT3 and adipogenesis

An interplay of STATI, 3, 5A and 5B and
6 have been described to be functionally
expressed in both preadipocytes and adipo-
cytes and seemingly function to enhance or
inhibit adipogenesis through up-, downregula-
tion or constitutive expression.'>*"*” This is
discussed in detail elsewhere'” and because
of the growing body of knowledge on mito-
chondrial STAT3,38 discussed here later, we
would like to briefly highlight STAT3 activ-
ity in adipogenesis through its canonical
localization and activity. However, of particu-
lar interest in Stephens et al. are the 2 bands
(92 and 84 kDa) observed for STAT3 during
differentiation.(in the presence and absence
of adipogenesis inhibitor tumor necrosis fac-
tor «)'® which is described as the result of
cross reaction with STAT1. The major iso-
forms STAT3 « and B have molecular
weights of 93kDa and 84kDa, respectively,
and exhibit highly specific functions with
STAT3p exhibiting longer nuclear retention
times>>4: the effect of the individual iso-
forms on adipogenesis is still forthcoming.
Deng et al. described high levels of tyrosine
705 phosphorylated STAT3 (STAT3-pY705)
in proliferating 3T3-L1 preadipocytes with
significantly lower levels observed in growth
arrested preadipocytes and adipocytes.'*
Interestingly, the group reported a delayed
increase in STAT3-pY705 during mitotic
clonal expansion following stimulation with
the differentiation cocktail 3-isobutyl-1-meth-
ylxanthine, dexamethasone and insulin; taken
together the data pointed to STAT3-pY705
being important in proliferative preadipocytes
but not in differentiation. Interestingly, the
protein inhibitor of activated STAT3 (PIAS3)
was later shown to inhibit adipogenic gene
expression and it was shown later that
STAT3-pY705 regulated the expression of
PPARYy through selective inhibition with the
JAK2/STAT3 inhibitor AG490.'**' This is
most likely through STAT3 binding to and
activating transcription of CEBP/g through
direct interaction with the distal region of the
CEBP/g promoter.'” The importance of phos-
phorylation of STAT3 at serine 727 (STAT3-

pS727) in adipogenesis is for the most part
undescribed; interestingly serine and tyrosine
phosphorylation have been reported to nega-
tively regulate each other and it is known that
insulin reduces tyrosine phosphorylation and
increases serine phosphorylation of STAT3
thereby reducing nuclear targeting of STAT3
in 3T3-.4*%

The mitochondrial STAT family -
non-canonical localization/function

The seven genes that encode the STAT fam-
ily (STATI1, STAT2, STAT3 STAT4, STAT5a,
STAT5b and STAT6) mediate cellular differ-
entiation, proliferation, survival and metabo-
lism through well described specific receptor
stimulation i.e. Janus Kinase mediated phos-
phorylation followed by nuclear targeting in
canonical JAK-STAT signaling. Mitochondrial
localization of STAT2, STAT3, STATS and
STATG6 have been described in literature; with
STATI seemingly following suit.>® Mitochon-
drial STAT proteins are still hotly debated with
respect to whether it is an actual phenomenon
with respect to translocation, DNA binding,
and effect on the ETC. While Wegzryn et al.,"”
described a wide tissue distribution in mice for
mitochondrial STAT3, Chueh and coworkers’
description of STATS translocation (through
sub-cellular fractionation and fluorescence
microscopy) to the mitochondria in cytokine
stimulated mammalian cells showed no pres-
ence of STATI1 or STAT3.** Khan et al. used
quantitative confocal laser scanning micros-
copy to identify STAT6 mitochondrial localiza-
tion (co-localized with Cytochome Oxidase 1V,
COXIV) but not STAT3 in Hep3B hepato-
cytes.*> Work by our group provided evidence
of STAT3-pS727 in mouse 3T3-L1 mitochon-
dria by quantitative confocal laser scanning
microscopy and subcellular fractionation which
indicated no cytoplasmic or endosomal con-
tamination.”® Mitochondrial STAT3 remains
the best described with respect to mitochondrial
localization and associated function in regula-
tion of mitochondrial activity specifically in
cellular respiration and associated production
of ROS.
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Mitochondrial STAT3 — a modulatory
cog in the wheel

Beyond the canonical nuclear targeting of
activated STAT3, the reports of endosomal tar-
geting*® as well as the reported nuclear activity
of unphosphorylated and therefore traditionally
unactivated STAT3,*” have further highlighted
the complexity of this protein beyond being a
simple transcriptional activator. Wegrzyn et al.
were the first to describe the strong role in
mitochondrial metabolism through the mainte-
nance of the electron transport chain basal
activity by maintenance of mitochondrial mem-
brane potential'’ through modulation of com-
plex I and II activity; this was subsequently
confirmed in multiple cellular phenotypes and
appears that up or down modulation of activity
is related to stoichiometric ratios of mitochon-
drial STAT3 to ETC proteins.*® It should be
noted that STAT3 does not have a clear mito-
chondrial targeting sequence/signal. Further-
more it has been suggested that it may be a
negative regulator of the Mitochondrial Perme-
ability Transition Pore (MPTP).*®* STAT3
activity in the mitochondria appears to be medi-
ated by the complex I subunit GRIM-19 (Genes
associated with Retinoid-IFN-induced Mortal-
ity-19).* GRIM-19 has previously been
reported to interact with and act as a negative
regulator of STAT3%>! and appears to act as a
chaperone to recruit STAT3 into mitochondria
and enhance STAT3 association with complex
I*°. Mitochondrial STAT3 has also been shown
to play an important role in ischemic pre- and
post- conditioning in myocardial cells. Boen-
gler et al. showed the presence of STAT3 in
cardiomyocyte mitochondria found a positive
correlation with reduced cell death after ische-
mia through the regulation of MPTP.*® As men-
tioned, it is still unknown how STAT3 is
targeted to the mitochondria but Boengler and
co-workers have suggested following co-immu-
noprecipiation that STAT3 may be imported
into the mitochondria via the mitochondrial
presequence receptor Tom20.*® Gough et al.,
have described that serine 727 phosphorylation
of STAT3 was required for mitochondrial
localization this was evident in the promotion
of cellular transformation by the H-Ras

oncogene by mitochondrial STAT3 by sustain-
ing altered glycolysis and oxidative phosphory-
lation (through increased complex V activity),
further strengthening the fact that STAT3 regu-
lates mitochondrial metabolism.'® The impor-
tance of the phosphorylation at serine 727 was
reiterated by Zhang et al. through site directed
mutagenesis [SDM] and consequently the
group showed the effects of mtSTAT3-pS727
on promoting breast cancer tumor growth, the
increased activity of complex I and the accu-
mulation of ROS in the cell.’® In addition to
this, site directed mutagenesis experiments con-
ducted by Tammineni et al. showed that a
S727A mutation reduced the import and assem-
bly into complex I of STAT3 by GRIM-19.%
Combined these data further highlight the role
of mtSTAT3-pS727 in ETC activity and conse-
quently ROS production.

Recently, work by our group showed the
defined changes in levels of mtSTAT3-pS727
in relation to total cellular STAT3* and
STAT3-pY705  (Unpublished data AH
Kramer). The effect on ETC activity by
mtSTAT3-pS727 in adipogenesis is however
unknown and currently under investigation.
The changes in mtSTAT3-pS727 levels
observed between preadipocyte and adipocyte
mitochondria may contribute to potential mod-
ulation of ETC activity and hence the presence
of relatively low ROS levels in preadipocytes
as opposed to the differentiated progeny. Large
stoichiometric shifts may be important when
considering that 3T3-L1 derived adipocytes
appear to generate a large amount of lactate
through aerobic glycolysis (with the concomi-
tant although not shown generation of
ATP).”>>* Although argued by the authors to
be a non-Warburg effect and a potential mecha-
nism of the cells to dispose of excess glucose,
this may be a method of the adipocyte to ensure
production of sufficient ATP considering the
potential that low mtSTAT3-pS727 may result
in decreased ATP production.'®>* Unpublished
data by our group further shows that total cellu-
lar levels of STAT3-pY705 decrease during
differentiation after mitotic clonal expansion,
but expression levels remain relatively high in
preadipocytes this concurs with previous find-
ings indicating the importance of STAT3-
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pY705 in proliferating 3T3-L1 cells.'>'* Over-
all stoichiometric ratios of mtSTAT3-pS727 to
cytoplasmic pools of STAT3/STAT3-pY705/
STAT3-pS727 in preadipocytes/stem cells and
adipocytes need quantitative evaluation to fur-
ther mechanistic understanding of the contribu-
tion of STAT3 to adipogenesis. As mentioned,
Andersson et al. described that insulin
decreases the total cellular levels of STAT3-
pY705 but this results in an increase in
STAT3-pS727 levels.** This results in reduced
nuclear targeting and an increased cytoplasmic
pool of STAT3-pS727, this was confirmed by
our findings.?’ Relative to this the levels of ser-
ine phosphorylated STAT3 decreased during
the progress of differentiation. It may be specu-
lated that insulin plays a key role in signaling
the “release” of mtSTAT3-pS727 into the cyto-
plasm, this however requires quantitative con-
firmation. As mentioned earlier the importance
of complex III ROS in mesenchymal stromal
stem cell adipogenesis; as the ETC is sequential
it may be possible that mitochondrial STAT3
may play an important role in controlling the
overall flux of electrons in the chain through its
interaction with complex I, i.e., one effective
bottleneck of the ETC.>>*°

Mitochondria, the Warburg effect and a
potential interplay between STAT3-pY705
and mtSTAT3-pS727 in vivo?

STAT3 has been implicated in activating and
maintaining the Warburg effect in cancer
through down regulation of mitochondrial activ-
ity.>> The Warburg effect, also known as aerobic
glycolysis, is when mitochondrial activity is
seemingly decreased and glycolytic activity is
increased to ensure sufficient ATP production.
This has been shown to be essential for survival
of cancer cells as well as for stem cells.’*>® In
vivo stem cell niches exhibit a propensity for
hypoxia resulting in decreased mitochondrial
activity, decreased ROS and increased self-
renewal (therefore decreased differentiation).
The in vivo niche of adipose derived mesenchy-
mal stem cells remains largely unknown but hyp-
oxia culture adipose derived mesenchymal
stromal stem cells do exhibit normal phenotypes,
undergo self-renewal and the ability to differenti-
ate into adipose tissues indicating the potential
activation of the Warburg effect.”*°° This is pure
speculation but both canonically active STAT3-
pY705, through downregulation of mitochon-
drial protein expression, and non-canonically

FIGURE 2. The interplay between canonical and non-canonical pools of STAT3 in maintenance of
an undifferentiated (preadipocyte) phenotype. This graphical representation assumes that total
STAT3 expression levels remain constant, irrespective of STAT3« or 8 We speculate on the poten-
tial of the nuclear targeted STAT3-pY705 and mtSTAT3-pS727 maintaining a Warburg like effect
with respect to downregulation of mitochondrial biogenesis and activity through STAT3-pY705
activity and stabilization of mitochondrial membrane potential and decreased ROS production
through mtSTAT3-pS727. See text for further details.
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active mtSTAT3-pS727, through stabilization of
the mitochondrial membrane potential and hence
stability as well as decreased ROS production,
may play a strong role in the regulation of a War-
burg effect in vivo and therefore aid in maintain-
ing a non-differentiated phenotype (Fig. 2).

CONCLUSION
The contribution of STAT3 to mitochondrial
metabolism either as directly localized

mtSTAT3-S727, nuclear targeted STAT3-
pY705 as well as individual isoforms in cellular
differentiation requires further investigation
and clarification. Furthermore, studies need to
be expanded beyond 3T3-L1, where adipogenic
variability is well characterized, to other cell
and in vivo models before any definitive con-
clusions may be drawn. However, in light of
Phillips and coworkers findings on the stoichio-
metric ratios of mitochondrial STAT3 to other
mitochondrial proteins, and considering the
substantial ~ fraction of mtSTAT3-pS727
observed relative to loading controls in mito-
chondrial isolates from 3T3-L1 cells it be that
the preadipocyte phenotype may provide an
ideal model to quantitatively investigate mito-
chondrial STAT3 in vitro. The hormone and
cytokine signals that control the molecular
switches that regulate the balance between
cytoplasmic, nuclear and mitochondrial pools
of STAT3 however require elucidation. Further
to this the presence and role of mitochondrial
STATI1, STAT5a and b and STAT6 in adipo-
genesis needs to be investigated. Many ques-
tions remain regarding the overall role of these
proteins in the mitochondria first and foremost
being, what the trigger mechanism is that tar-
gets the proteins to the organelle? Is there a
specific trigger at all? With respect to STAT3
and its role in mitochondrial activity, it should
be evident that there must be a signaling event
that regulates the levels in the mitochondria.
Furthermore, how do these proteins enter the
mitochondria? The potential role of molecular
chaperones, as discussed by Meier and Larner
should be clear in the mediation of import into
the mitochondria.® Beyond the interaction
with the ETC, is the question of to what extent

the STATs interact with the mitochondrial
genome and regulate transcription.'® The exact
mechanism, function and activity of the STAT
family and notably STAT3 remains to be
described in the mitochondria and for example
in the case of unphosphorylated nuclear
STATS3 in the nucleus as well. The global net-
work of this family however needs description
as it is clear that no single event linked to local-
ization (and activity) controls the process of
adipogenesis.
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