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STAT protein species are well-known as transcription
factors that regulate nuclear gene expression. Recent novel
lines of research suggest new non-genomic functions of
STAT5A/B and STATG. It was discovered in human pulmonary
arterial endothelial cells that STAT5A, including STAT5A-
GFP, constitutively associated with the Golgi apparatus, and
both STAT5A and B with the endoplasmic reticulum. Acute
siRNA-mediated knockdown of STAT5A/B led to the rapid
development of a dramatic cystic change in the endoplasmic
reticulum (ER) characterized by deposition of the ER structural
protein reticulon-4 (RTN4; also called Nogo-B) and the ER-
resident GTPase atlastin-3 (ATL3) along cyst membranes and
cyst-zone boundaries, accompanied by Golgi fragmentation.
Functional consequences included reduced anterograde
trafficking, an ER stress response (increased GRP78/BiP) and
eventual mitochondrial fragmentation. This phenotype was
“non-genomic” in that it was elicited in enucleated cytoplasts.
In cross-immunopanning assays STAT5A and B species
associated with ATL3, and the ER-lumen spacer CLIMP63 (also
called cytoskeleton-associated protein 4, CKAP4) but not
RTN4. From a disease significance perspective we posit that
STAT5, which is known to be affected by estradiol-178 and
prolactin, represents the gender-sensitive determinant in the
pathogenesis of idiopathic pulmonary hypertension (IPAH), a
disease which includes ER/Golgi dysfunctions but with a 2- to
4-fold higher prevalence in postpubertal women. A separate
line of recent research produced evidence for the association
of STAT6-GFP, but not STAT3-GFP, STAT3-DsRed, or STAT3-
Flag, with mitochondria in live-cell, immunofluorescence,
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and immunoelectron microscopy. An N-terminal truncation
of STAT6-GFP (1-459), which lacked the SH2 domain and
Tyr-phosphorylation site, constitutively associated with
mitochondria. Thus, the emergent new of biology STAT proteins
includes non-genomic roles—structurally and functionally—
in the three closely related membrane organelles consisting of
the endoplasmicreticulum, Golgiapparatus,and mitochondria.

Introduction

The transcriptional gene regulatory functions in the cell nucleus
of the Tyr- and/or Ser-phosphorylated as well as the non-phos-
phorylated species of the 7 mammalian STAT proteins (STATT1,
2, 3, 4, 5A, 5B, and 6) and their alternatively spliced or proteo-
lytically cleaved isoforms have been extensively discussed over the
last two decades (reviewed in refs. 1 and 2). Thus, the mecha-
nisms mediating the constitutive shuttling of nonphosphorylated
or of phosphorylated STAT protein dimer complexes between
the cytoplasm and the nucleus resulting in regulation of gene
expression in the nucleus (“genomic functions”) have attracted
extensive attention (reviewed in refs. 1-4). Within this context
of constitutive shuttling, the common (mis)representation that
STAT species “translocate” to the nucleus upon phosphorylation
reflects largely a decrease in the rate of exit of phosphorylated
STAT species from the nucleus of growth-factor or cytokine-
stimulated cells due to increased DNA binding affinity and thus
increased nuclear residence times of the phosphorylated species
(reviewed in ref. 3). Strikingly, it has been clear from the very
beginning of the discovery of the respective STAT proteins that
the vast majority of the cellular pool of these proteins (=85%)
resided in the cytoplasm.“® Moreover, there have been reports
that in at least some instances the majority of the cellular pool
even of Tyr-phosphorylated STAT3 remained cytoplasmic in
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Figure 1. Association of STAT5A with the Golgi apparatus, endoplasmic
reticulum and centrosomes. (A) Immunofluorescence imaging of the
association of STAT5A with the Golgi tether GM130 (long arrow) and
centrosomes (short arrows) in human pulmonary arterial endothelial
(HPAEC) and smooth muscle cells (HPASMC) after fixation and then
Triton permeabilization. Scale bars = 5 wm. (B) Fluoresence imaging of
bovine PAECs transfected with a human STAT5A-GFP expression vector
after fixation together with immunofluorescence imaging of the Golgi
tether giantin. Scale bar =5 um; inset shows Golgi region at higher
magnification. (C) Immunofluorescence colocalization of STAT5A with
the endoplasmic reticulum (ER) structural protein RTN4/Nogo-B in
HPAECs after fixation and permeabilization with only digitonin. Arrow-
heads demarcate the region of ER sheets; Scale bars = 10 um. Illustra-
tions in this composite figure were adapted from references 13 and 14.

cytokine-stimulated cells in culture and in single cells in tissues
in vivo.®” Thus, in the last few years the question of possible
functions of STAT protein species in the cytoplasm itself—
“non-genomic functions”—has begun to attract attention. These
have included functions at the level of microtubules,® focal
adhesions,”” and sequestering endosomes.'*!? The present essay
focuses on STAT protein involvement in the structure and func-
tion of cytoplasmic membrane organelles—endoplasmic reticu-
lum, Golgi apparatus, and mitochondria.

In this overview we shall consider two aspects of the emerg-
ing non-genomic role of STAT protein species in mammalian
cells. The major focus will be to summarize the involvement of
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STATSA and STAT5B in maintaining the structure and func-
tion of the endoplasmic reticulum and Golgi apparatus (and by
extension nuclear shape).'*!* Thematically, this new biology of
STATS relates to maintaining intracellular organellar structures
involved in the anterograde vesicular secretory pathway. This
seems an example of biological economy in that a major tran-
scriptional function of STATS5 species is the postpartum bulk
synthesis and secretion of breast milk proteins.”!® We shall also
suggest an involvement of non-genomic STATS5 effects in the
pathogenesis of pulmonary arterial hypertension—a disease with
high morbidity and mortality and a clear sexual dimorphism (2-
to 4-fold more prevalent in postpubertal women)."*" We shall
also relate these new findings to prior literature from 1999-2006
concerning the disruption of IL-6/caveolin-1/raft signaling and
hyperactivation of PY-STAT3 in the pathogenesis of this dis-
ease.”®’ The second area of focus will be to evaluate recent data
reporting the association of STAT3 with mitochondria,” point
to technical issues with the STAT3/mitochondria experimental
data,'”® and review definitive live-cell imaging evidence showing
that it is STAT6-GFP which associates with mitochondria.'®

Association of STAT5A with the Golgi Apparatus
and Endoplasmic Reticulum

The technique of first washing cell cultures with a low digito-
nin-isotonic sucrose buffer to remove bulk soluble STAT pro-
teins followed by fixation assisted in uncovering the association
of endogenous STAT5A with the Golgi apparatus and centro-
somes in immunofluorescence studies.”® It was observed that
STAT5A immunofluorescence was constitutively associated with
the Golgi apparatus and centrosomes (and abscission complexes)
in cultures of primary human pulmonary arterial endothelial
and smooth muscle cells (HPAEC and HPASMC respectively)
(Fig. 1A)." (These cells were used because of our long-term inter-
est in the pathogenesis of idiopathic pulmonary hypertension
[reviewed in refs. 3 and 13]). Replacing the customary Triton
permeabilization after fixation with digitonin permeabiliza-
tion disclosed the association of STATS5A with the endoplasmic
reticulum (ER) (Fig. 1C)." These experiments also disclosed the
presence of STAT5B in the perinuclear ER sheet region.'" The
Golgi and ER association was “constitutive” and did not require
Tyr- or Ser-phosphorylation. In contrast STAT5A which associ-
ated with centrosomes was Ser-phosphorylated. The constitutive
association of STAT5A with the Golgi apparatus was also evident
upon transfection of cells with an exogenous expression vector for
STATSA-GFP (Fig. 1B)."* Mutants of STATSA-GFP at either or
both of the Ser- or Tyr-phosphorylation sites all exhibited Golgi
association.

The consequences of acute STAT5A/B knockdown using siR-
NAs on the structure and function of the ER-Golgi-mitochondrial
axis were unexpected. In these acute knockdown experiments
there was 70—80% reduction of STATSA and STATS5B (with
some crossover) in 1-2 d with the best results obtained using
both siRNA preparations (Fig. 2)."> This acute knockdown of
STATSA/B led to cystic dilatation of the ER, dilatation, and
fragmentation of the Golgi cisternae, lunate distortion of the
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nucleus and mitochondrial fragmentation in cystic ER zones in
several different cell types (Fig. 3). There was a marked tubule to
cyst or tubule to sheet to cyst change in the ER, with the develop-
ment of juxtanuclear cysts in which the outer nuclear membrane
had been pulled away from the inner nuclear membrane (thus
distinguishing this phenotype from simple “ER stress” in which
the nucleus remains intact). The cyst zone boundaries in the
periphery of the cytoplasm were demarcated by deposition of the
ER structural protein reticulon-4b (RTN4/Nogo-B) and the ER-
and Golgi-resident GTPase atlastin-3 (ATL3). Remarkably, the
nucleus was twisted in shape with an ice-cream scoop scalloped
appearance. The concave side of the lunate nuclear deformation
corresponded to a cyst due to separation of the outer and inner
nuclear membranes; the convex side showed marked deposition
of RTN4 (again distinguishing this phenotype from simple “ER
stress”). Cells with STAT5A/B knockdown displayed decreased
anterograde VSV-G trafficking, mitochondrial fragmentation
and decreased mitochondrial function.’*"” The observation that
STATSA/B knockdown altered the structure of cytoplasmic
organelles—the ER and Golgi (and eventually mitochondria) in
the present instance—was without precedent. Off-target effects
of the particular STAT5A/B siRNAs used in these studies were
thought unlikely to contribute to the present observations in
that (1) siRNAs for STAT1, STAT3, RTN4, or ATL3 did not
elicit the cystic phenotype, (2) the human-specific STAT5A/B
siRNAs did not elicit a cystic phenotype in mouse embryo fibro-
blasts (MEFs) although murine-specific STAT5A/B siRNAs did,
and (3) STAT5a/b~ null MEFs also displayed altered ER/Golgi
dynamics. Specifically, compared with early passage wr MEFs,
early passage STAT5a/b™"~ null MEFs responded to the stress of
plating by exhibiting a flagrant cystic ER phenotype which was
however transient and diminished by 12-24 h. Moreover, such
STAT5a/b"- null MEFs displayed persistent Golgi enlargement
and fragmentation.”?

STAT5A/B Knockdown Produces a Cystic ER
Phenotype in Enucleated Cytoplasts

Following the discovery of the association of STAT5A with the
Golgi apparatus and the observation that acute siRNA-mediated
knockdown of STAT5A/B led to an extensive cystic change in ER
structure and to Golgi fragmentation,” the question of whether
manifestations of this phenotype were dependent on altera-
tions in the transcriptional/nuclear functions of STATS species
became a critical mechanistic question. That development of the
cystic ER phenotype was unaffected by the transcriptional inhib-
itor  5,6-dichloro-1-B-D-ribofuranosylbenzimidazole ~(DRB)
suggested a nongenomic basis for the development of the cys-
tic ER/fragmented Golgi phenotype in response to STAT5A/B
siRNAs."*"" However, such inhibitor effects could be leaky. This
question was addressed definitively in experiments using enucle-
ated cytoplasts."

The cytochalasin B-centrifugation method?® was applied to
adherent cultures of primary human pulmonary arterial endo-
thelial cells grown in 35 mm dishes to generate enucleated cyto-
plasts (65-75% of enucleated cells). Such cytoplasts showed a
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Figure 2. Acute knockdown of STAT5A or STAT5B or both in HPAECs

by respective siRNAs. (A and B) The content of respective STAT5A and
STAT5B proteins in cell extracts prepared from HPAECs either 1 d (A) or
2 d (B) after transfection with the indicated siRNAs was evaluated using
western blotting. Equal amounts of total cellular protein (approxi-
mately 14 p.g/lane) were loaded in each of the four lanes in each gel;
reprobing for B-actin confirmed equivalent protein loading in (A). The
densitometric quantitations are of blots immediately below each graph.
Illustration was adapted from reference 13.

normal ER structure and a compact Golgi apparatus. It was thus
possible 5 h later to expose such cultures to respective siRNAs
and to monitor development of organellar changes at the single-
cell level in DAPI-negative cytoplasts. Such provably nucleus-free
cytoplasts developed the cystic ER/fragmented Golgi phenotype
in response to acute STAT5A/B siRNA-knockdown." Thus,
STAT5A/B knockdown modulated ER and Golgi structure inde-
pendent of nuclear transcription or any other nuclear function,
consistent with the direct localization of STATS5 species in the

ER/Golgi.

Interactions between STAT5 Species
and ER/Golgi-Resident Organellar Proteins

The question of how STATS species might interact with the ER/
Golgi was addressed in magnetic-bead cross-immunopanning
and western blotting experiments using antibodies to STAT5A
and STAT5B and the organelle-associated proteins RTN4,
ATL3, and CLIMPG63/CKAP4 (Fig. 4)."*' Anti-STAT3 pAb
and competition with respective relevant or irrelevant peptides
in the immunopanning were used as controls. The data obtained
showed an association between STATS5A and STAT5B with
ATL3 and CLIMP63 but not with RTN4. Since GTPase activity
of atlastin species is thought to mediate the constant and rapid
process of homotypic fusion cycles between ER tubules, our
working hypothesis is that STATS may be a necessary co-factor
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Figure 3. The cystic ER/Golgi fragmentation/lunate nucleus phenotype
produced by STAT5A/B siRNAs in HPAEC cultures. (A) Phase-contrast
images of cultures 18 h after transfection with respective siRNAs. Scale
bars = 25 wm. (B) Immunofluorescence characterization of the cystic

ER phenotype showing the cystic change and increased deposition

of RTN4 and ATL3 at the cyst-zone boundaries. Scale bar = 10 pum.

(€) HPAEC cultures transfected with scrambled or STAT5A siRNA were
immunostained for GM130 (Golgi marker) and DAPI (nucleus marker)
and imaged using z-stack data collection and rendered in 3D. Scale bars
=5 pum. lllustrations in this composite figure were adapted from refer-
ences 13 and 14.
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for the ATL3 GTPase activity, and thus reduced STAT5 would
lead to reduced homotypic fusion and loss of membrane curva-
ture (i.e., development of cysts). Since we have also detected a
palmitoylation motif within the amino acid sequence of STAT5A
(and a weaker such motif in STAT5B), an additional/alternative
possibility is the association of STAT5A with endomembranes
resulting from palmitoylation.

The STAT5A/B siRNA Knockdown Phenotype
Includes Conventional “ER Stress”

There is a large amount of literature on the subject of what is
colloquially called ER stress (reviewed in refs. 21-23). This phe-
nomenon and term encompasses the response of cells to deal with
an excess of imperfectly folded proteins, imperfectly glycosylated
proteins, proteins whose turnover has been impeded and a variety
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of other “stressors.” These pathways begin in the ER/Golgi (e.g.,
the Irelat, XBP1/ATF6, and PERK pathways), and mainly con-
verge on the nucleus to affect transcriptional regulation of genes
for proteins that act as chaperones and scavengers in the ER
lumen (e.g., glucose-regulated protein 78 [GRP78/BiP]). The
cystic phenotype produced in human pulmonary arterial endo-
thelial cells as a result of acute STAT5A/B knockdown included
the accumulation of KDEL-mCherry (a marker of ER stress)
and CLIMPG63-myc in the cystic lumen."* Moreover, similar cys-
tic cells produced in the human endothelial cell line EA.hy926
showed the marked and increased accumulation of GRP78/BiP
in the ER cyst lumen (a conventional readout of ER stress). Thus
it is clear that activation of conventional ER stress pathways is

part of the STAT5A/B knockdown phenotype.

Implications in a Human Disease: Pulmonary
Arterial Hypertension (PAH)

Insights concerning the non-genomic effects of STATS surfaced
in studies performed using HPAECs and HPASMCs because of
our long-standing interest in Golgi blockade in pulmonary arte-
rial hypertension.?* Idiopathic pulmonary arterial hypertension
(IPAH) is a relentlessly fatal disease with a sexual dimorphism in
that women are more susceptible with a disease linkage to muta-
tions in BMPR2 (reviewed in ref. 19). Histologically, lung vascu-
lar lesions in this disease have been reported to contain “plump”
and “vacuolated” cells. We previously reported Golgi enlarge-
ment and fragmentation, and increased cytoplasmic dispersal of
giantin in pulmonary vascular cells within IPAH lesions accom-
panied by defects in intracellular trafficking and hyperactiva-
tion of PY-STAT3.2** Strikingly, the electron microscopy (EM)
data showing cystic ER dilatation in HPAECs upon STAT5A/B
knockdown' were reminiscent of the EM data of Smith and
Heath®*! from the late 1970s showing cystic dilatation of the
ER in cells in a pulmonary vascular lesion in a patient with PAH
as well as in PAEC:s in the hypoxic rat. Very recently we reported
observing cystic cells with lunate distortion of the nucleus with
RTN4 lining and cytoplasmically sequestered STAT5A in vascu-
lar lesions in IPAH." Sutendra et al.?* reported increased accu-
mulation of RTN4/Nogo-B and activation of the ATF6 pathway
in lesion tissues in IPAH. Additionally, mice with RTN4~~ dele-
tions had reduced susceptibility to hypoxia-induced PAH. The
new STATS data raise the question of whether a reduction in
STATS in pulmonary vascular cells and consequent effects on
anterograde trafficking might also contribute to the pathogenesis
and observed ER stress in this disease.”

Indeed, given the low penetrance (10-15%) of BMPR2 muta-
tions/deletions in causing overt disease even in familial PAH
investigators have searched extensively for candidate “second-hit”
genes (reviewed in ref. 19). The observation that VSV-G traffick-
ing was significantly inhibited upon combining the functional
haploinsufficiencies of STAT5A and BMPR2 (using siRNA
knockdowns)? suggested that STAT5A had the potential to be
such a “second-hit” gene. Moreover it is noteworthy that STAT5
species are known to be estrogen- and prolactin-responsive'¢
and thus STATS biology might well underlie sexual dimorphic
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features of IPAH (higher prevalence in women).”” This represents
an exciting new area of research in the pathogenesis of a fatal
human disease.

However, STATS5 is not the only STAT protein implicated
in the pathogenesis of PAH. Our interest in trafficking dys-
functions in the pathogenesis of PAH?® began with the twin
discoveries in 1999 by Bhargava et al.® of IL-6 involvement in
the monocrotaline-rat model of PAH and our own understand-
ing of the commencement of IL-6/STAT3 signaling at plasma
membrane caveolin-1/rafts.>** We thus investigated whether
there was activation of PY-STAT3 in endothelial cells in culture
exposed to monocrotaline pyrolle and in the monocrotaline-
rat model in vivo. We observed disruption of caveolin-1 rafts
accompanied by hyperactivation of STAT3 signaling, and pre-
sented these findings already in 2003-2004.7>3*% Lisanti and
colleagues also reported similar findings relating the hyper-
activation of STAT3 inversely to the loss of caveolin-1 either
due to genetic deletion or in response to monocrotaline.’®%
Moreover, the latter investigators were able to block the STAT3
activation and block the disease using a caveolin-1 peptide.’’
Mukhopadhyay et al.” extended these studies to the human dis-
ease and showed remarkably that PY-STAT3 remained exclu-
sively cytoplasmic in endothelial and smooth muscle cells in the
vascular lesions in the monocrotaline—rat model and in human
IPAH. It was the discovery of the inverse relationship between
the loss of caveolin-1 rafts and hyperactivation of PY-STAT3
that led us to investigate defective anterograde membrane traf-
ficking as a mechanism that might underlie the pathogenesis of
PAH as well as the association of various STAT proteins with
intracellular membrane organelles.*

In light of the existence of this prior literature from 1999—
2006 cited above, it is incorrect for Paulin et al.’® in a review
written in 2012 in this journal to state that “a role of STAT3 in
PAH has been [first] suggested in 2007 [...] and strengthened
in the last couple of years, even leading to the conclusion that
STAT?3 activation might be an early event in PAH etiology, ...”
That conclusion was already presented in 2003-2004 from the
laboratories of Mathew, Sehgal and Lisanti deriving from data
going back to 1999 (see citations above). Moreover, Paulin et al.®
fail to consider the mechanism of an inverse relationship between
caveolin-1/raft disruption and hyperactivation of IL-6/STAT3
signaling, and more generally changes in membrane trafficking
in PAH.

Difficulties with Recent Claims of the Association
of STAT3 with Mitochondria

Beginning in 1999-2000 we reported data showing the asso-
ciation of endogenous STAT3 in Hep3B cells with intracellular
membranes including cell fractions that contained a mitochon-
drial marker.*1%%-%! (These studies were performed in human
Hep3B hepatocytes because this cell is a professional-going
responder to IL-6 in terms of the synthesis of acute phase plasma
proteins [reviewed in refs. 2—4]). However, extensive stud-
ies showed that this STAT3 was associated with plasma mem-
brane rafts, endosomes and lysosomes.*”!*1"3-4! Indeed live-cell
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Figure 4. Association between STAT5A and STAT5B with ATL3 but not
RTN4 in magnetic-bead cross-immunopanning assays and western
blotting. (A) Immunopanning (IPN) of proteins from extracts of human
endothelial cells (EA.hy926) was performed using anti-ATL3 or anti-ATL1
rabbit pAb as well as control beads alone (endothelial cells do not ex-
press ATL1; thus this also acts as a “negative” IgG control). The immuno-
isolates were western blotted for STAT5A or STAT5B as indicated. (B) Im-
munopanning was performed using extracts from human endothelial
cells (EA.hy926 cells) using anti-STAT5A rabbit pAb in triplicate together
with controls which included absence of any IgG, use of an irrelevant
pAb (anti-STAT3 pAb) and prior incubation of the anti-STAT5A pAb with
either relevant competing peptide (Peptide-5A) or an irrelevant com-
peting peptide (Peptide-3). Western blotting of the immunoisolated
complexes was performed as indicated. (C) Equal aliquots of HPAEC
extracts were subjected to magnetic-bead immunopanning using
anti-STAT5A or anti-STAT3 pAb. The immunoisolates were sequentially
western blotted using Abs to ATL3 or CLIMP63 as indicated. lllustrations
in this composite figure were adapted from references 13 and 14.

STAT3-GFP studies presented in 2007-2008 showed clearly the
association of STAT3-GFP with endosomes and lysosomes but
not the MitoTracker-positive mitochondria.”!!

Nevertheless, beginning in 2009 several investigators inferred
the constitutive association of the transcription factor STAT3
with mitochondria in various human and murine cell types based
upon observing the presence of STAT3 in mitochondria-enriched
cell fractions as assayed by western blotting."*#4 It is notewor-
thy that these studies were accompanied by controls showing
the absence of soluble cytosolic proteins in the mitochondria-
enriched pellet but no effort was made to address contamination
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Figure 5. Lack of association of STAT3-GFP with mitochondria. Hep3B
cells cultured in 6-well plates were transfected with the STAT3-GFP
expression plasmid and one day later exposed to IL-6 for 30 min or
left unstimulated. The cultures were then fixed or first washed 4x with
the digitonin (50 pg/ml)-0.3 M sucrose buffer, then fixed followed by
fluorescence imaging for GFP and immunofluorescence imaging for
F1-ATPase to mark mitochondria as indicated. Insets show the boxed
areas (broken white lines) at higher magnification. Scale bars = 10 pm.
lllustration adapted from reference 18.

by other membrane organelles. It was simply stated that such
pellets represented “pure” mitochondria. While, molecularly
modified STAT3 carrying an engineered mitochondrial tar-
geting sequence was reported able to modulate mitochondrial

energy-generation functions,”#?

no microscopy evidence using
molecular tools for the association of STAT3 with mitochondria
has been forthcoming. We note that we ourselves have observed
mitochondrial immunofluorescence labeling using a particular
commercial rabbit serum antibody preparation designated “anti-
STAT3” (including its competition by the STAT3 peptide).
However, such data are open to interpretation about the compo-
sition of the polyclonal IgG in rabbit serum.

Subsequently, Cimica et al.” also reported that exogenously
expressed STAT3-GFP did not associate with MitoTracker-
positive organelles in the cytoplasm of Hela or Hep3B cells.
Additionally, Phillips et al.“® reported their inability to detect
any STAT3 by mass spectrometric approaches in mitochondrial
fractions derived from porcine and murine heart and liver. The
absence of microscopy data (STAT3-GFP fluorescence or immu-
nogold electron microscopy) from unfractionated cells showing
association of STAT3 with mitochondria remained a difficulty.

The potential functional importance of the association of a
STAT-protein family member with mitochondria led us to revisit
the possible association of STAT3-GFP with mitochondria using
a detergent-dissection approach in adherent cell cultures (as in
Fig. 1). In these experiments a low-concentration digitonin-
sucrose buffer was used to remove bulk STAT proteins from the
cell cytoplasm followed by fluorescence or immunofluorescence
microscopy. We have remained unable to confirm the associa-
tion of GFP-, DsRed-, or Flag-tagged STAT3 with mitochondria
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(Fig. 5)."® It has been suggested that the various tags used in these
studies which were attached to the C-terminus of STAT3 might
have interfered with the mitochondrial import of the STAT3 pro-
tein. This possibility, while theoretically possible, needs careful
consideration in that a C-terminal GFP tag did not interfere with
the mitochondrial import of STAT6 or even of an N-terminal
half-truncation of STATG" (also see below). It is now for the
“STAT3 in mitochondria” proponents to provide definitive evi-
dence for the association of endogenous STAT3 with mitochon-
dria without resorting to post hoc explanations.

Live-Cell Imaging of the Association of STAT6-GFP
with Mitochondria

The broader question of a possible association of other STAT-
family of proteins with mitochondria was addressed by first using
immunofluorescence assays in Hep3B and human pulmonary
arterial endothelial and smooth muscle cells using commercial
pAbs for all seven STAT proteins.' Strong anti-STAT6-immuno-
localization with mitochondria was apparent in fluorescence and
electron microscopy assays of cells first washed with a digitonin-
sucrose buffer to remove bulk soluble STAT proteins. Critically,
in live-cell imaging studies, STAT6-GFP, but not N1-GFP, was
observed to constitutively colocalize with MitoTracker- and
tetramethylrhodamine ethyl ester-positive mitochondria, and
with mitochondrial F1-ATPase when assayed by immunofluo-
rescence after fixation'® (Fig. 6A). This association was Tyr-
phosphorylation independent in that a STAT6 truncated protein
(STATG6'*°-GFP) which lacked the SH2 domain (517-632) and
the cytokine-activated Y641 phosphorylation site also accumu-
lated in MitoTracker-positive mitochondria in live-cell imaging
(Fig. 6B). This was consistent with the unexpected discovery
that anti-STAT6-immunofluorescence also associated with
mitochondria in MEFs from both wild-type and the STAT6°#*/
82 mouse.'® MEFs from the latter mouse, which had been engi-
neered in 1996 to be deleted in the STAT6 SH2 domain (amino
acids 505-584) expressed an immune-specific ~50 kDa protein
detectable in whole cell and mitochondria-enriched fractions.
Taken together, these data provide the first definitive evidence of
the association of any STAT-protein family member with mito-
chondria—that of STATG6.

That proteins with major functions in the nucleus can also
serve significant functions in the mitochondria is an emergent
theme in cell biology. A recent example is the discovery that
the nuclear telomerase complex protein TIN2 is imported into
mitochondria, there processed by proteolytic cleavage to serve
functions that include generation of reactive oxygen species.”
That the full-length ~100 kDa STAT6 undergoes specific pro-
teolytic processing to a ~65 kDa fragment has already been

documented.”® More recently, Chen et al.®

reported the recruit-
ment of STATG to the endoplasmic reticulum in response to
virus infection to serve antiviral functions independent of the
Janus-activated kinases. However, inferences of the organellar
association of STAT proteins and their potential nongenomic
functions in the cytoplasm need careful data evaluation. Thus

a recent claim of cytokine-stimulated translocation of STATS5
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(including of Tyr-phosphorylated STATS5) to mitochondria in
leukemic T cells exposed to IL-3 rests on inadequately con-
trolled cell-fractionation and immunofluorescence evidence® in
that the data do not exclude the association of PY-STAT5 with
cytoplasmic endosomes, as is already known for IL-6-activated
PY-STAT3.10-12

STAT6 lacks an obvious mitochondrial import signal
sequence. Nevertheless, the N-terminal 459 amino acids appear
sufficient to mediate this mitochondrial association. That this
mitochondrially-targeted fragment of STATG6 lacked the SH2
domain (amino acids 1-459) and the Y641 phosphorylation site
indicates that the mitochondrial import mechanism involved is
likely independent of cytokine-mediated activation of STAT6.

Comments

The field of STAT protein biology, which arose out of consid-
erations of transcriptional regulation two decades ago, is on the
cusp of a paradigm addition. While the emphasis on genomic
transcriptional regulation continues to be deservedly well-placed
and its importance easy to understand, reapplying simple regular-
going cell biology methods with critical attention to technical
issues (essentially overlooked in the decades-old rush to collect
transcription-related STAT protein data) has now disclosed new
aspects of the localization and functions of STAT proteins in the
cytoplasm. However, with an increasing and fashionable focus on
the biology of STAT proteins in the cytoplasm, it is necessary that
modern-day investigators (and journal reviewers) dust off their old
textbooks of cell biology methods and reacquaint themselves with
some of the simple principles of cell fixation, detergent effects,
and cell fractionation established by cell biologists in the 1970s
and 80s so as to carry their investigations forward on a sound
technical footing. The technical assumptions and approximations
that entered the STAT protein field over the last two decades
while pursuing the techniques of making nuclear extracts, DNA
binding studies, and reporter-construct assays are not necessar-
ily valid when evaluating basic cell biology in the cytosol and
function in association with cytoplasmic organelles. Fortunately
established cell biology methods already provide us with the nec-
essary tools—however, these need to be applied with care and an
understanding of their shortcomings so as not to generate a lot of
noise in the literature as has been happening in the area of claims
of finding assorted STAT proteins in “mitochondria” including
claims of their rapid mitochondrial import accompanied by vari-
ous phosphorylation events within minutes of exposing cells to
respective cytokines or growth factors (some examples have been
cited above). Moreover, modern-day investigators (and reviewers)
would do well to familiarize themselves with earlier studies in the
STAT protein field so as not to overlook easily avoided pitfalls.
The new “paradigm addition” in STAT proteins biology in
recent years concerns the roles of these proteins in cytoplasmic
organellar functions. These include—structurally and func-
tionally—the axis of three closely-related membrane organelles

www.landesbioscience.com
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MitoTracker

A STAT6-GFP

Inset
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Wt
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Figure 6. Live-cell imaging of STAT6-GFP and of its N-terminal
truncation with mitochondria. (A) Hep3B cells in 35-mm plates were
transfected with the STAT6-GFP expression plasmid and 2 d later the
cultures were exposed to MitoTracker Red CMXRos at 100 nM for 15 min.
After washing with PBS the live cells were imaged using a 40x water-
immersion objective in green (STAT6-GFP) and red (MitoTracker). Insets
depicted within each panel in the top row are shown at high magnifica-
tion in the bottom row. Scale bars = 10 um. Quantitative colocalization
analyses using the Pearson’s and Costes’ plugins in Image J confirmed
colocalization between STAT6-GFP and MitoTracker fluorescence at a
setting of p < 0.05 in this experiment. (B) Hep3B cells in 35-mm plates
were transfected with expression constructs for either the full-length or
the N-terminal 1-459 truncated version of STAT6-GFP. Two days later the
plates were exposed to MitoTracker Red CMXRos at 100 nM for 15 min
(B) and imaged as (A). Scale bars = 10 wm. Illustrations in this composite
figure were adapted from reference 18.

consisting of the endoplasmic reticulum, Golgi apparatus, and
mitochondria. What lies ahead is elucidating the specific details
of which STAT protein does what, where, when and how in the
cytoplasm—all questions clearly subject to further debate, tech-
nical dissection, and new insights.
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