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Abstract
In recent years several of the key tenets of the original cytokine-STAT signaling paradigm have had
to be revised. First, that nonphosphorylated “inactive” STATs are present in the cytoplasm as free
monomers which dimerized only subsequent to Tyr-phosphorylation has been replaced by the
understanding that nonphosphorylated STATs in the cytoplasm exist largely as dimers and high
molecular mass “statosome” complexes. Second, the notion that phosphorylation, either of Tyr or
Ser residues or both, in STAT species is required for transcriptional activation has been replaced by
the realization that nonphosphorylated STATs can be transcriptionally active albeit with respect to
sets of target genes distinct from phosphorylated STATs. Third, the notion that it is the activation by
phosphorylation of STATs at the plasma membrane that then leads to their import into the nucleus
has been replaced by the recognition that even nonphosphorylated STATs shuttle between the
cytoplasm and nucleus at all times in a constitutive manner. Fourth, the notion that the trans-
cytoplasmic transit of STATs from the plasma membrane to the nuclear import machinery takes place
exclusively as a free cytosolic process has been replaced by the understanding that at least a portion
of this trans-cytoplasmic transit is mediated via membrane-associated caveolar and endocytic
trafficking (the “signaling endosome” hypothesis). Fifth, the targeting and sequestration of activated
STAT3 to long-lived endosomes in the cytoplasm requires consideration of STAT3-mediated “signal
transduction” from the plasma membrane to cytoplasmic membrane destinations potentially for
function(s) in the cytoplasm. Indeed, in tissue sections many discrete histologic cell types display
PY-STAT3 almost exclusively in the cytoplasm with little, if any, in the nucleus. New challenges
include determining the structural bases for the recruitment of nonphosphorylated dimeric STAT
species to the cytosolic face of membranes including at the cytoplasmic tails of respective receptor
complexes, the conformational changes subsequent to phosphorylation and the structural bases for
the targeting and functions of STAT proteins within the cytoplasm per se.
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1. Introduction
The focus of this review is the cell biology of “signal transduction” in the JAK/STAT pathway
with particular emphasis on the trafficking and function of STAT species within and among
different subcellular compartments in mammalian cells. “Signal Transducer and Activator of
Transcription” (STAT)-family proteins are classically viewed as transducing cytokine- and
growth factor-activated signals from the plasma membrane to the cell nucleus for the purpose
of activating transcription [1-4]. The original STAT-signaling paradigm formulated in the early
1990s [1,5] envisaged that monomeric nonphosphorylated STAT species in the cytosol were
recruited to respective ligand-activated cytokine and growth factor receptors at the plasma
membrane, Tyr- and/or Ser-phosphorylated with departure from the receptor complexes,
subsequent dimerization of the phosphorylated STAT species, diffusional transit through the
cytoplasm to the nuclear pore, import into the nucleus and transcriptional activation of target
genes. Cessation of signaling involved dephosphorylation of DNA-bound STAT dimers within
the nucleus and then export back to the cytoplasm [2,3]. This formulation of the STAT signaling
paradigm, particularly the representation that inactive STATs were all free monomers in the
cytoplasm which dimerize only subsequent to phosphorylation followed by nuclear import and
transcriptional activation by the phosphorylated dimers in the nucleus has had a seductive hold
on the STAT signaling field. Though data showing that the original suggestion [5] that inactive
nonphosphorylated STAT1 was monomeric in the cytoplasm was incorrect appeared almost a
decade ago [6,7], the simplicity of elocuting this “monomer to dimer transition” model has
been hypnotic [see Fig. 1 in ref. 8 for one recent example].

Extensive work by cell biologists over the last several decades shows that the cytoplasm is not
simply an empty space between the plasma membrane and the nucleus for signal transduction
purposes. Cell biologists have defined the “signaling endosome” compartment which mediates
vesicular trafficking from the plasma membrane to the nucleus for productive transcriptional
activation [9-14]. However, the trans-cytoplasmic traverse of “activated” STAT species is
largely discussed as soluble and diffusion-driven process [1-4,15]. The phosphorylation of
STAT proteins (either Tyr-P or Ser-P or both) has itself been thought to be obligatorily required
for nuclear import [1,2,15]. Indeed, despite book-keeping analyses to the contrary [16], it has
been more-or-less assumed that the bulk of the pool of say a particular Tyrphosphorylated
STAT species is automatically destined in its entirety for nuclear import and a transcriptional
function [1,2,8,15,17].

It is the purpose of this essay to briefly revisit some of the considerations upon which the
original STAT signaling paradigm was based, discuss some of the shifts in the original
paradigm, and perhaps indulge a bit in the crystal ball. This essay builds upon two earlier
discussions of adjustments to the STAT signaling paradigm [18,19]. As the hyperactivation of
STAT species, especially of STAT3, in localized tissues such as epithelia, endothelium and
smooth muscle cells is increasingly implicated in disease processes such as cancer,
gastrointestinal diseases and pulmonary arterial hypertension [20-24], and hypoactivity due to
mutations in STAT3 implicated in immunological diseases [25,26] it seems an appropriate
moment to revisit some of the basic cell biology of this signaling pathway.

2. The classical STAT signaling paradigm: the “monomer to dimer transition”
model

In the classical STAT signaling model inactive latent nonphosphorylated STAT species in the
cytoplasm were posited to be free monomers each of mass approximately 80-90 kDa [1,2,5].
Cytokine binding to cognate cell-surface receptors led to the auto- or cross-Tyrphosphorylation
of one or more members of JAK family kinases preassociated with the receptor complex. The
activated JAKs phosphorylated Tyr residues on the cytoplasmic tails of respective cytokine
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receptor chains and served as docking sites for SH2-domain containing STAT monomers.
Receptor bound STATs were then Tyr-phosphorylated on conserved Tyr residues (e.g. Tyr701
for STAT1 or Tyr705 for STAT3) by JAKs followed by departure of the phosphorylated
STATs from the cytosolic face of the plasma membrane and their subsequent dimerization in
the cytoplasm. Translocation to the nucleus of such STAT dimers, with or without additional
Ser-phosphorylation, then positioned the “activated” STATs to transcriptionally regulate target
genes. It was only the phosphorylated STAT homodimer or heterodimer species, which had
DNA-binding capability, and which, in concert with co-activator proteins, led to transcriptional
regulation. Moreover, the report in 1989 that “all” of the cytoplasmic DNA-shift activity
characterized as ISGF3 (a protein complex now known to contain activated STAT1, STAT2
and interferon regulatory factor 9) was recovered in the S100 cytoplasmic fraction led to the
suggestion that these proteins “are not associated with particles or membranes” [27]. Thus the
trans-cytoplasmic transit of STAT signals was considered to be exclusively a cytosolic process,
even though we (7,14) and others (see Figs. 5A and 5B in ref. 28 for a recent dramatic example)
reported punctuate localization of STAT3 and PY-STAT3 in the cytoplasm.

There is now extensive literature on considerations of Tyr-phosphorylation or Ser-
phosphorylation of respective STAT proteins alone one at a time or both together in a stimulus
and cell-type dependent manner [2,15,29]. There is also now extensive literature on the
mechanisms for regulating STAT signaling through the activity of specific phosphatases, the
PIAS and the SOCS family of proteins [2,4,15,29], topics which are discussed elsewhere in
this volume. The focus of this essay is the basic cell biology of the STAT signaling paradigm
as it plays out in mammalian cells.

3. Limitations of techniques in use to investigate STAT signaling
In looking back (and forward) several limitations of the techniques used to investigate STAT
signaling need to be kept in mind. Sucrose-gradient sedimentation methods to size proteins
and their complexes are only as good as the sedimentation behavior of the size marker proteins,
their replicability and the effect of detergents in such experiments. We suspect that these issues
led Shuai et al [5] to infer that inactive STAT1 in the cytoplasm was all monomeric which
dimerized only subsequent to Tyr-phosphorylation. Gel-filtration chromatography to correctly
demonstrated that native STAT species in the cytoplasm and in solution as recombinant
proteins are at least dimers and in higher molecular mass complexes - with little detectable
monomers in the cytoplasm (Fig. 1)[6,7,30-32].

The use of immunofluorescence microscopy of fixed cells to illustrate the bulk transfer of the
cellular pools of respective STAT species upon cytokine stimulation from the cytoplasm to the
nucleus [33,34] is open to several issues: (a) selective leaching and loss of soluble STAT
proteins during fixation preferentially from the cytoplasm (we have observed loss of
approximately half of STAT3 from cell cultures as a result of fixation, ref. 14); (b) different
immunological reactivity of STAT proteins within the cytoplasmic or nuclear compartments
in a manner that can depend upon the fixative used (Fig. 2); (c) the cell-culture state dependent
behavior of STAT species within a heterogeneous population of cells even within the same
culture vessel; (d) the ability of modern microscopy software to set “dark” thresholds so as to
slice off lower intensity signals and represent these as completely negative; and, (e) the
logarithmic nature of pixel intensity dependence upon analyte concentration allows the
cytoplasm to appear devoid of a STAT signal because of a focus on the most intense pixels in
the nucleus. Cross-comparisons between immunofluorescence and cell fractionation and
Western blotting data reveal discrepancies between the two - usually in the direction that
cytoplasmic STAT species were underrepresented in the immunofluorescence images [14,
35,36]. Indeed in book-keeping studies using metabolic labeling of STAT species or Western
blotting procedures, it is only the minority fraction (perhaps 15-20% at best) of cellular STAT
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species that is observed in the nucleus in cell-types such as HeLa or Hep3B [14,16,37]. From
our perspective, the typical immunofluoresence images (Fig. 2)[14,36] represent “etched”
images of the residual STAT proteins associated with subcellular structures subsequent to
leaching of at least a part of the soluble cytoplasmic pool. Additionally, different fixation
protocols have distinctly different abilities to reveal nuclear versus cytoplasmic STAT species
(Fig. 2)[14]. In the data in Fig. 2 we also draw attention to the presence of STAT3
immunofluorescence in the cytoplasm in clearly etched puncta.

While the use of fluorescence tagged STAT species (GFP, YFP or CFP) in live-cell imaging
studies has been considered a better approach to investigate the dynamics of STAT signaling
[35,38-42] there are technical limitations to these approaches. This fluorescence can be
markedly quenched by binding proteins, even by proteins that bind next to and at the fluorescent
tag itself [43,44]. A further limitation is the known ability of the fluorescent tag to itself affect
trafficking - directing it to aberrant compartments, directing it to the correct compartment but
to a structure segregated from the native molecules or altering kinetics [41,45,46]. Thus,
controls based upon independent techniques become necessary in order to reliably interpret
such tagged-protein studies and to extend the observations to the endogenous untagged copies
[46].

The DNA-binding competence of STAT species using the well-known m67 SIE DNA probe
has been often taken to quantitatively reflect the amounts of the respective Tyr-phosphorylated
dimers in cytoplasmic or nuclear extracts (see ref. 17 for one example). However, in cross-
comparisons of DNA-shift competence and Western-blottable Tyr-phosphorylated STAT1 and
STAT3 species in cytoplasmic and nuclear extracts prepared from Hep3B cells treated with
IFN-γ or IL-6 or both in the presence or absence of vanadate we observed up to a 30-fold
reduced DNA shift competence compared to Western blotting data especially in cells treated
with vanadate [16 and unpublished data]. Wenta et al [32] have recently shown that non-
phosphorylated STAT1 dimers can also bind the m67 SIE DNA probe in gel-shift assays.

The question of the relevance of cell culture-derived trafficking data to cells located in distinct
histologic cell types in intact tissues has rarely been raised. Most investigations of STAT
trafficking have used cell culture systems in which the nuclear pool of activated STAT proteins
is usually quite evident. However, the situation in vivo in cells in tissues can be quite different
with, in certain instances, almost all the PY-STAT3 retained in cytoplasmic vesicles with very
little detectable in the nucleus even when the same histologic cell type maintained in culture
shows clear nuclear accumulation [24].The sustained long-term residence of activated STATs
in the cytoplasm (for a particularly dramatic example of the imaging of PY-STAT3 exclusively
in the cytoplasm see Fig. 2B in ref. 47) is little discussed. In our hands, STAT3 trafficking in
vivo in the lung can be such that in specific histologic types of cells all of the PY-STAT3
remains cytoplasmic (see Fig. 6 below).

4. Higher-order structure of nonphosphorylated STAT species in the
cytoplasm

Lackmann and colleagues [6] reported almost a decade ago that by gel-filtration sieving
chromatography inactive nonphosphorylated STAT1 in the HeLa cell S100 cytosol prepared
using detergent-free methods was not the expected 80-90 kDa free monomer but was at least
a dimer of mass approximately 160-200 kDa. These investigators were unable to detect any
free STAT1 monomer. Even more telling, these investigators showed that the
nonphosphorylated STAT1 species eluting off a gel-filtration which was recruited to the
cytoplasmic tail peptide of the IFN-γ-receptor in an immobilized-binding detection assay was
in the 160-200 kDa range and thus at least dimeric. Importantly, there was no STAT1 in the
monomer region of the FPLC eluate that bound the IFN-γ receptor fragment. Moreover, cytosol
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prepared from HeLa cells exposed to IFN-γ showed that the gel-filtration properties of Tyr-
phosphorylated STAT1 detected by Western blotting were identical to those of
unphosphorylated STAT1 from cells not treated with the cytokine. Thus there was no size shift
of STAT1 upon phosphorylation as would have been predicted by the “inactive monomer
becomes an active dimer upon Tyr-phosphorylation” paradigm. Also in 1998 Stanley and
colleagues [48] reported their gel-filtration chromatography studies showing the presence of
PY-STAT3, PY-STAT5A and PY-STAT5B isolated from the cytoplasm of a colony
stimulating factor-1-treated macrophage cell line to be in complexes in the size range 160-600
kDa.

We reported in 1999 our failure to detect free monomers of STAT1, STAT3, STAT5A or
STAT5B in the S100 cytoplasm of Hep3B cells and rat liver hepatocytes (Fig. 1)[7].
Nonphosphorylated STAT species were found to be in structures at least as large as dimers or
in complexes larger than dimers (Fig. 2 and ref. 7). Nonphosphorylated STAT proteins in the
S100 cytosol of Hep3B and rat liver hepatocytes eluted in a broad continuum in the range
200-400 kDa (“statosome I”) with an additional peak in the void volume around 1-2 MDa
(“statosome II”)[7]. The latter larger complexes included clathrin heavy chain [14].

To keep the literature in perspective, cross-immunoprecipitation studies beginning in 1996 had
revealed the interaction between and among non-phosphorylated STAT1 and STAT3 species
in the cytoplasm [49,50]. However, such cross-immunoprecipitation studies cannot exclude
the presence of free STAT monomers in the cytoplasm. The resolution of the latter question
derived solely from the use of gel-filtration chromatography techniques by Lackmann et al
[6] and by Ndubusi et al [7] for native nonphosphorylated STAT1, STAT3, STAT5A and
STAT5B species.

Subsequently, Ota et al [30] reported that recombinant nonphosphorylated STAT1, STAT3,
STAT4, STAT5A, STAT5B and STAT6 formed dimers in solution as assayed by gel-filtration
chromatography as well as in yeast two-hybrid assays. Moreover, nonphosphorylated STAT4
dimers formed in vivo before cytokine receptor-driven activation. Braunstein et al [30] also
confirmed that STAT1 and STAT3 were dimeric in the cytoplasm of unstimulated cells and
that the respective recombinant proteins were also dimeric in solution. Little or no free STAT1
or STAT3 monomer was detected in the cytoplasm. That nonphosphorylated STAT1 is dimeric
and can even be tetrameric has now been additionally confirmed by the Darnell group [51,
52] and the Vinkemeir group [32]. The available data has led Darnell and colleagues and
Vinkemeir and colleagues to now enunciate a conformational change model (switch from
antiparallel dimer to a parallel dimer upon Tyr-phosphorylation)[3,32,51,52]. Nevertheless,
even today [8,15] models of the recruitment of STAT species to the receptor cytoplasmic tails
depict the docking of the free STAT monomer despite the lack of any experimental evidence
that it is indeed the free monomer that binds the receptor. The mechanism by which the non-
phosphorylated dimer is recruited to the receptor complex on the cytosolic face of the plasma
membrane remains an enigma. At the moment, a conceptual way out has been to envisage some
sort of a dimermonomer equilibrium [3,32] with the monomer actually doing the docking.
However there are no data one way or the other, except for those of Lackmann et al [6] showing
that it is the nonphosphorylated dimer of STAT1 that docks with the IFN-γ-receptor PY-440-
containing fragment.

The existence of STAT3 dimers in the cytoplasm of live cells has been confirmed using
fluorescence resonance energy transfer (FRET) methods [53,54]. Moreover, fluorescence
relaxation spectroscopy approaches in analyzing the physical nature of STAT3-GFP in the
cytoplasm of live Hep3B cells has provided evidence for inactive STAT3 to be in complexes
of rotational radii consistent with a molecular mass of 200-400 kDa with the IL-6-induced
generation of high molecular mass statosome complexes of STAT3 >1 MDa [40].
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It is now clear that, in addition to their dimeric nature, cytoplasmic STAT species associate
with a variety of proteins in the cytoplasm (as “dimer-plus” complexes). The associated
proteins include regulatory proteins, chaperones, proteins involved in membrane trafficking,
proteins ordinarily present in organelles such as mitochondria, and proteins involved in the
trafficking of STAT species to the nucleus [2,15,19,29]. From the point of view of endocytic
membrane-associated trafficking of STAT proteins through the cytoplasm the association with
clathrin heavy chain, caveolin-1 and the chaperones heat shock protein 90 and glucose
regulated protein 58 [14,55,56](see below).

5. Constitutive nucleocytoplasmic shuttling of STATs
Early immunofluorescence studies showed an increase in the nuclear pool of respective STAT
species when cells in culture were exposed to relevant cytokines and growth factors [2,15,33,
34]. The published illustrations were particularly dramatic and led to the inference that for
example almost all of bulk cellular STAT1 accumulated in the nucleus of IFN-γ treated HeLa
cells. With the availability of antibodies to Tyr-phosphorylated STAT species,
immunofluorescence microscopy illustrations again represented that virtually all of the
respective PY-STAT species was in the nucleus [1]. Moreover, assays of DNA-binding
competent STAT1, and thus by inference of PY-STAT1 dimers, in IFN-γ-treated HeLa cells
during a prolonged staurosporine chase were interpreted to show that the entirety of the
cytoplasmic pool of say PY-STAT1 eventually transited to the nucleus [17]. These data led to
the inferences (a) that it was only upon activation and phosphorylation that STAT proteins
transited to the nucleus, and (b) that there was a bulk transit of STAT proteins, particularly of
the phosphorylated pool, from the cytoplasm to the nucleus upon such activation.

Nevertheless, experiments using cell fractionation methods showed the discrepant results such
as that at most 15-20% of cellular STAT1 was in the nuclear pool when assayed by Western
blotting or by metabolic labeling [7,14,37]. Additional discrepant results using cell
fractionation and Western blotting approaches showed that the majority of say PY-STAT1 in
IFN-γ-treated Hep3B cells or of PY-STAT3 in IL-6-treated Hep3B cells remained cytoplasmic
even during a prolonged staurosporine chase [16]. In contrast, other investigators highlighted
their observations that nonphosphorylated STAT3 was nuclear in provenance in cultured
Hep3B cells [35].

Upon the availability of expression constructs for fluorescently-tagged STAT species several
investigators confirmed the cytokine or growth factor-driven increased accumulation of STAT
proteins in the nucleus [38-41,53]. The illustrations evident in the literature show an almost
complete bulk transit of respective STAT proteins to the nucleus (in Fig. 3A note the upper
cell showing almost all the STAT3-GFP in the nucleus). The nuclear import pathway for
activated STAT species was delineated as the binding of the respective nuclear localization
signals in STAT dimers to specific importins (for example STAT1 to importin α5 and β1,
STAT3 to importin α3 or α6 and β1) followed by traverse through the nuclear pore [8].
Additional requirements for Rac1 and the MgcRacGAP GTPase have been reported for nuclear
import of STAT5A and STAT3 [57,58]. The export of dephosphorylated STAT species from
the nucleus was delineated to be dependent upon the nuclear export signal in STAT proteins,
the adapter CRM1 (thus inhibited by leptomycin B) and regulated by the DNA binding-
competence of respective STAT complexes [8,41].

In a seminal discovery Vinkemeir and colleagues [38] used fluorescence recovery after
photobleaching (FRAP) approaches to show that nonphosphorylated STAT1 traffics from the
cytoplasm to the nucleus and out again in a constitutive manner. This constitutive import of
nonphosphorylated STAT1 through the nuclear pore was found to be independent of the
karyopherin (importin) mechanisms. On the other hand phosphorylated STAT1 was
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obligatorily dependent upon the karyopherin mechanism. Export required dephosphorylation
and a CRM1-dependent mechanisms [38,41]. The nucleocytoplasmic shuttling of
nonphosphorylated STAT3 and of STAT3 persistently activated by src kinase is also now clear
[35,39,59]. Indeed, Pranada et al [39] pointed out that the apparent IL-6-induced accumulation
of STAT3 and PY-STAT3 in the nucleus was largely due to decreased export from the nucleus.
In careful analyses of the dynamics of the nuclear import and export of nonphosphorylated and
phosphorylated STAT1 species, Vinkemeir and colleagues [41] showed that the GFP tag itself
altered the transit kinetics with a greater retardation of the kinetics of the transit of
nonphosphorylated STAT1 than of phosphorylated STAT1. The slowing in the kinetics of
nuclear transit due to the GFP tag was reflected in concomitant changes in the reduction of the
respective STAT1 species to elicit a transcriptional response. Thus, not only is there constant
nucleocytoplasmic shuttling of STAT proteins, its kinetics can be altered by the fluorescent
tag itself. The nuclear import mechanisms applicable for the respective STAT proteins can be
different for the nonphosphorylated and phosphorylated species [33,41].

6. Transcriptional functions of non-phosphorylated STAT species
Even before the discovery of constitutive nucleocytoplasmic shuttling of STAT1, Stark and
colleagues [60] pointed out that nonphosphorylated STAT1 must have a function in cells.
STAT1-null cells in culture showed resistance to apoptosis by TNF. Replacement of STAT1
restored TNF-induced apoptosis and the expression of the caspases Ice, Cpp32 and Ich-1
[60]. Mutations in STAT1 which otherwise reduce cytokine-induced transcriptional capability
also restored sensitivity to apoptosis. Thus constitutive STAT1 displayed biological activities
different from those that mediated cytokine-induced gene expression.

Subsequently several investigators have highlighted the ability of nonphosphorylated forms of
STAT1, STAT3 and STAT6 to transcriptionally activate target genes, albeit different from
those activated during cytokine- or growth factor-mediated induction. Stark and colleagues
have pioneered the demonstration that nonphosphorylated STAT1 and STAT3 have
transcriptional effects in the nucleus through complexes formed with IRF1 or other
transcription factors [61,62]. There is also now evidence that unphosphorylated STAT6
contributes to the constitutive expression of cyclooxygenase-2 in a human cancer cell line
[63].

7. STAT signaling along raft/caveolar and endocytic pathways (signaling
endosome hypothesis)

Immunofluorescence analyses of STAT species, particularly STAT3, in the cytoplasm of
Hep3B hepatocytes in culture fixed using the methanol-acetone procedure had a clearly
punctuate appearance [36](see Fig. 2). Thus we asked whether at least a portion of cytoplasmic
STAT3 might be associated with various membrane and organellar fractions in the cytoplasm.
Cell fractionation, membrane rafting, double- and triple-label immunofluorescence studies
disclosed the association of STAT species and cytokine receptor chains in plasma membrane
rafts/caveolae and in association with cytoplasmic with vesicular elements of the caveosome/
endosome pathways [14,42,55,56]. Significantly, the disruption of plasma membrane rafts
using β-methylcyclodextrin or filipin III reversibly affected not only the generation of cytokine-
induced Tyr-phosphorylation of STAT1 or STAT3 but also productive transcriptional
signaling [55,56,64]. Independently, in a seminal report in 2002 Jove and colleagues showed
the association of STAT3 and PY-STAT3 in cells exposed to EGF with clearly defined
cytoplasmic vesicles which colocalized with the endocytic marker α-adaptin [65]. Critically,
these investigators showed that overexpression of proteins which have a dominant-negative
effect on endocytic trafficking inhibited productive growth factor/STAT3 transcriptional
signaling. Also independently, Scoles et al [66,67] showed that the endocytosis regulators HRS
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(hepatocyte growth factor-regulated tyrosine kinase substrate) and schwanomin (product of
the NF2 neurofibromatosis gene) inhibited STAT3 and STAT5 phosphorylation and
transcriptional function in human schwannoma cell lines exposed to insulin-like growth
factor-1 or epidermal growth factor.

Shah et al [14] confirmed and extended the observations of Jove and colleagues [65] to IL-6-
induced trafficking of activated PY-STAT3 in the Hep3B cytoplasm. Cell fractionation
methods revealed that the majority (60-75%) of the pool of cytoplasmic PY-STAT3 at 15 min
after IL-6 exposure was associated with the early endosome fraction [14]. In terms of
productive transcriptional signaling, overexpression of proteins which have a dominant
negative effect on endocytic trafficking (the dynamin II K44A mutant deserves special note)
reduced activity of STAT3-driven reporter constructs while overexpression of an active
dynamin species (MxA) enhanced transcriptionally productive signaling [14]. Lamaze and
colleagues [68] showed the dichotomy of IFN-α and IFN-γ induced STAT signaling along the
endocytic pathway. Upon cytokine stimulation both IFN-α and IFN-γ receptors were
internalized by a classical clathrin- and dynamin-dependent pathway and inhibition of clathrin-
dependent endocytosis blocked the uptake of both receptors. However, this inhibition affected
only IFN-α-induced transcriptional signaling involving STAT1 and STAT2 but not that by
IFN-γ involving STAT1. Nevertheless, activated IFN-γ receptors rapidly became enriched in
plasma membrane raft microdomains. The complexities of the interdependence between raft/
caveolar and intracellular endocytic trafficking in the response of cells to IFN-γ in terms of
STAT1 localization had been previously pointed out by Johnson and colleagues [69]. In the
case of JAK/STAT signaling in Drosophila Ziedler and colleagues have identified several
proteins including the early endosome marker Rab5 as able to modulate the strength of the
productive transcriptional signal [70,71] and Devergne et al [72] have provided evidence using
genetic approaches for the critical dependence of productive JAK/STAT signaling on clathrin
heavy chain, rab5, Hrs or deep orange mutations in all of which block endocytic trafficking.

The immunofluorescence observations of Jove and colleagues [65] showing activated STAT3
along the endocytic pathway have received strong independent confirmation in recent studies
of STAT3-GFP and STAT3-YFP trafficking [41,73]. Ng and colleagues [73] were the first to
draw attention to the constitutive targeting of an N-terminally truncated STAT3β-GFP to
“vesicular-like structures in the cytoplasm [of dengue virus NS1 transfected BHK cells] that
may be of endosomal or lysosomal origin” (see Fig. 3 in ref. 73). In our hands [41], Fig. 3A
shows one example in which two IL-6-treated Hep3B cells growing side-by-side show either
the classical phenotype (almost all evident STAT3-GFP in the nucleus) or a phenotype in which
considerable STAT3-GFP is localized to cytoplasmic endosome structures. Figs. 3A and 3B
together show that the cytoplasmic structures were distinct from the lysosomal, endoplasmic
and mitochondrial compartments. Fig. 3C confirms that endogenous PY-STAT3 in IL-6-
treated Hep3B cells localized to the endosomal compartment as was first shown by Jove and
colleagues [65]. Moreover Xu et al [42] used the fluorescence protease protection assay to
determine that the STAT3 was on the surface of such sequestering endosomes and went on to
isolate purified endosomal fractions and verified the presence of STAT3 on the surface of such
vesicles by whole-mount immunoelectron microscopy.

The key question remains whether membrane-associated trafficking of activated STATs is
obligatorily required for productive transcriptional signaling. Thus far we are not able to answer
this question in mammalian cells and it is likely that the answer will be STAT specific and
cell-type specific. As an example, Devergne et al [72] showed using genetic approaches that
that productive JAK/STAT signaling in the Drosophila embryo required intact endocytic
trafficking. In a second clear example, O'Brien and Nathanson [74] used neuronal cell cultures
with long dendrites to physically separate the location of application of the cytokine LIF and
investigated STAT3 activation in the neuronal cell body at a distance. In this elegant system,
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they were able to show that application of LIF at a distal location led to activation of gp130
which was associated with an endosome which then traveled upstream to the cell body and
there activated STAT3. Thus, in this cell type it was the activated gp130 complex resident on
a “signaling endosome” that traveled towards the cell body. It is noteworthy that the cytokine-
induced internalization of gp130 and the receptor chains for other cytokine and growth factors
along the caveolar/endocytic pathway with continued signaling from within the cytoplasmic
endocytic compartments has been well characterized [15,19,66,71]. Indeed the notion of the
“signaling endosome” has been in the literature for the last two decades in a variety of different
contexts [9-13](Fig. 4).

A host of mechanistic issues remain unresolved in terms of the association and trafficking of
STAT proteins with the caveolar/endocytic signaling pathways. The molecular mechanisms
of membrane-targeting are unknown except for the hint that clathrin heavy chain is somehow
involved [14]. There appears to be an inverse relationship between levels of caveolin-1 (cav-1)
and STAT3 signaling, at least in certain cell types [24,75]. Reduced cav-1 is accompanied by
upregulation of PY-STAT3 and PY-STAT3 DNA-binding activity in the cytoplasm and the
nucleus in pulmonary arterial endothelial cells [24,75]. Overexpression of cav-1 inhibits
transcriptional cav-1 signaling [24]. Yet, raft/caveolar disruption also inhibits IL-6/STAT3
signaling [55,56,64]. For the moment it is not clear what the role of cav-1 is at the level of the
plasma membrane and what its function is at the level of the targeting of cytoplasmic
endosomes to the lysosomal compartment (Fig. 4; see ref. 24). In other contexts such as in
myeloid cells, cav-1 has a positive-going effect on IL-6/gp130 signaling [76]. Moreover, the
functional dependence of IL-6/STAT3 signaling on cholesterol-enriched plasma membrane
rafts is evident even in cells with little cav-1 [55,56,76,77]. It is well known that cav-1 is only
one of many proteins that contribute to the structure of plasma membrane localized raft
microdomains so cells with little or no cav-1 can continue to display detergent-resistant
functional rafts [19,77]. Although “preformed” membrane complexes containing JAKs,
cytokine receptors and STAT proteins have been observed [55,56,76,77], the mechanisms by
which STAT proteins cycle on and off intracellular membranes remain unknown.

8. Activated STAT3 in sequestering endosomes: function(s) in the
cytoplasm?

Until recently all discussions of the activation and trafficking of STAT proteins took place
exclusively in the context of the eventual transcriptional regulatory function of these proteins.
However there were already hints in the literature that activated PY-STAT3 may not always
find their way into the nucleus. Silver et al [78] reported that activated STAT3 localized not
only to the nuclei but also to focal adhesions in ovarian cancer cells in culture. Mukhopadhyay
et al [24] have confirmed the localization of PY-STAT3 to focal adhesions in human pulmonary
arterial smooth muscle cells in culture. Cao and colleagues [79] have implicated activated
STAT3 in the regulation of microtubule function by antagonizing the depolymerization activity
of stathmin. Impressively, Mitsuyama et al [47] published an illustration showing PY-STAT3
and CD4 double-label immunostaining of lymphoid cell collections in the gut of genetically
altered SAMP1/Yit mice with ileitis showing virtually all of the PY-STAT3 in the cytoplasm
of CD4+ cells with none detectable in the nucleus (Fig. 2B in ref. 47) but did not comment
upon this paradigm-breaking observation.

Figs. 3A and 3B showed the IL-6-induced targeting of STAT3-GFP to cytoplasmic endosomes.
Figs. 3D and 3E show the massive accumulation of bulk fluorescently-tagged STAT3 in
cytoplasmic vesicular structures in Hep3B expressing the K44A dynamin II dominant-negative
mutant with depletion of the nuclear pool. This DN mutant inhibits not merely the budding of
endosomes at the plasma membrane but also a variety of intracellular trafficking events. This
bulk accumulation of STAT3 in cytoplasmic vesicular structures in K44A-expressing cells
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demonstrates that the membrane-associated station in the cytoplasm is a major locale for
constitutive trafficking of STAT3 within the cell. In staurosporine chase experiments Xu et al
[42] discovered that the STAT3-GFP-sequestering endosomes were long-lived (t1/2 approx
15 min), did not physically move towards the nucleus and did not colocalize with early
endosome markers. We suggested that these entities represented PY-STAT3 “sequestering
endosomes” and may serve a function(s) in the cytoplasm per se [42].

The discovery that PY-STAT3 is almost entirely sequestered in the cytoplasm in pulmonary
arterial endothelium (PAEC) in rats which develop pulmonary hypertension (PAH) subsequent
to a single administration of the plant alkaloid monocrotaline (MCT) and in some of the cells
in the plexiform lesions in the lungs of patients with PAH [24](Fig. 5) pointed to a function of
PY-STAT3 in the cytoplasm. Indeed, in quantitative analyses, almost 70-80% of a particular
cell type can display PY-STAT3 exclusively in the cytoplasm (see Table 1 in ref. 24). From a
technical standpoint it is reassuring that in these analyses clear nuclear provenance of PY-
STAT3 was also observed in discrete cells in the same sections (Fig. 5). In an even more
dramatic demonstration, Fig. 6A illustrates sections of lungs of a patient with PAH showing
the clear nuclear localization of PY-STAT3 in the nuclei of epithelial cells lining the thickened
alveolar septa. In contrast Figs. 6B and 6C identify a specific cell type in the normal
tracheobronchial epithelium - likely to be the basal cell (which is a progenitor cell to the other
differentiated goblet, columnar and Clara cells) - which has PY-STAT3 exclusively in the
cytoplasm. It is noteworthy that in both Fig. 5 and Fig. 6 the PY-STAT3 immunofluorescence
was confirmed to be specific by showing that it was competed by the relevant PY-STAT3
peptide but not by the irrelevant cav-1 peptide.

Tissue-derived data such as in Figs. 5 and 6 compel us to ask about the function of PY-STAT3
in the cytoplasm in a manner separate from that in the nucleus i.e. in a manner not secondary
to nuclear events (Fig. 7). Candidate possibilities include regulation of the duration of signaling
to the nucleus or functions in the cytoplasm including cross-talk with other signaling pathways.
One hint about the latter possibility comes from the observation that the adapter protein MyD88
colocalized with the STAT3-GFP sequestering endosomes as in Fig. 3, particularly in dynamin
II K44A expressing cells [42]. This adapter has been shown to mediate the stabilization target
mRNA species through the MEKK6/p38 pathway. Indeed there has been literature around for
the last two decades that IL-6 not only transcriptionally activates acute phase plasma protein
genes but also increases the stability of several of the acute phase protein mRNA species
[42]. However the mechanisms for the latter have not yet been delineated. It could well be that
IL-6, via activation of STAT3, might not only transcriptionally activate acute phase plasma
protein genes at the level of the nucleus but also stabilize the respective mRNA species at the
level of the cytoplasm (Fig. 7). The role of activated STAT3 in regulating mitochondrial energy
generation has also emerged in recent years [80], although it is not yet clear whether that
function depends on the direct transit of PY-STAT3 to the mitochondria per se or is an indirect
consequence of transcriptional effects in the somatic nucleus.

9. STAT3 in mitosis
Despite the intense focus in the STAT signaling field on mechanisms of promoting or inhibiting
cell proliferation by these proteins [15,20-23], extant literature is largely silent about what
happens to STAT proteins during cell division per se. Metge et al [81] reported that STAT3
activity was required for centromere duplication during cell division and Cao and colleagues
[79] showed that STAT3 affected microtubule function by antagonizing the depolymerization
activity of stathmin. Although during mitosis the Golgi organelle and the nuclear membrane
break up the fate of STAT proteins during this process has not been investigated. Fig. 8 shows
the dramatic colocalization of STAT3 and PY-STAT3 with clathrin heavy chain and with the
membrane protein LAMP-1 along elements of the mitotic spindle during mitosis [82]. These
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data are reflective of the growing recognition that proteins otherwise thought to be involved
in endocytosis (such as dynamin II, clathrin and the endocytic coat protein ARH) have
additional functional roles during mitosis [83-85]. Clearly elucidation of the biology and
function of STAT proteins during mitosis per se remains ahead of us.

10. Concluding remarks
Almost a decade after the reports of Lackmann et al [6] and Ndubuisi et al [7] it is time that
the STAT signaling field moved away from the mindset of the original “monomer to dimer”
transition paradigm. Structural mechanisms of recruitment of nonphosphorylated dimers to the
cytokine receptors and their “activation” following phosphorylation likely involve novel
conformational rearrangements. Moreover, nonphosphorylated STAT proteins traffic
constitutively into and out of the nucleus and exert transcriptional activation functions in the
nucleus. Cytokine- or growth-factor mediated activation of STAT species by virtue of Tyr- or
Ser-phosphorylation events or both adds to the ability of these signal transducer proteins to
transcriptionally activate distinct classes of “induced” genes. The IL-6-treated Hep3B cell
illustrated in Fig. 3A showing STAT3-GFP almost exclusively in the nucleus represents a
continuum with the past literature. However, the same illustration showing an adjacent cell
with STAT3-GFP sequestered in endosomes in the cytoplasm represents a step ahead of extant
literature. The schematic in Fig. 4 attempts to place recent discussions of the trans-cytoplasmic
transit of activated STAT species within the larger context of discussions of the signaling
endosome pathways in cell biology in diverse experimental systems. Whether membrane-
associated trafficking of activated STATs is obligatorily required for productive transcriptional
signaling in mammalian cells remains open. The best answer at the moment comes from genetic
analyses in Drosphila showing defective productive STAT signaling in vivo in mutants in the
endocytic pathway [72]. The tissue level-derived data from this lab (Figs. 5 and 6 and Table
1; ref. 24) and other investigators [46] evidencing the almost exclusive localization of PY-
STAT3 in the cytoplasm in discrete histological cell types under specific biological conditions
pose new questions about the mechanisms and functions of “activated” STAT species in the
cytoplasm (Fig. 7). We suspect that novel aspects of the biology of STAT proteins in the
cytoplasm, including during mitosis (Fig. 8), remain to be discovered.
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Fig. 1.
Superose-6 FPLC analyses of STAT proteins in rat liver cytosol. An aliquot (200 μl) of rat
liver cytosol (the 100,000 x g supernatant) was fractionated through Superose-6 FPLC
(approximately 1 ml per fraction), and the elution of various STAT proteins was evaluated by
SDS-PAGE and Western blotting of 100-μl aliquots of each elutae fraction. Panels A-D show
the elution of STAT3, STAT1, STAT5A and STAT5B. Panel E shows the elution of murine
anti-STAT3 mAb (IgG) of mass approximately 150-160 kDa off the same column in a separate
run. Fr. No., fraction number; void volume of the column is in fractions 7-8. From ref. 7.
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Fig. 2.
Immunofluorescence analyses for STAT3 in Hep3B cells in culture showing punctuate
cytoplasmic immunostaining and dependence of observations on specific fixation protocol
used. Analyses for STAT3 were carried out in untreated and IL-6-treated (10 ng/ml for 30 min)
Hep3B cells using the C20 anti-STAT3 rabbit IgG from Santa Cruz, Inc, Santa Cruz, CA using
cold methanol-acetone, cold paraformaldehyde-Triton X-100 or formaldehyde (37°C)-Triton
X-100 fixation methods. Respective peptide competition controls using relevant and irrelevant
(cav-1) peptides were included in the analyses. Scale bar = 25 μm. From ref. 14.
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Fig. 3.
Live-cell imaging of the sequestration of fluorescently tagged STAT3 to cytoplasmic
sequestering endosomes.
Panels A and B. STAT3-GFP (green) transfected Hep3B cells were exposed to IL-6 for 30 min
and imaged together with labeling for the lysosomal (LysoTracker in red), endoplasmic
reticulum (ER-Tracker in red) or mitochondrial compartments (MitoTracker in blue).
Panel C. Sequestration of endogenous native PY-STAT3 in cytoplasmic membrane structures.
Replicate Hep3B cells were exposed to IL-6 for 30 min and then sequentially to digitonin (50
μg/ml) in ice-cold 0.25 M sucrose-phosphate-buffered saline (sucrose buffer) and to Brij 58
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(0.5% vol/vol in sucrose buffer), fixed with cold paraformaldehyde and immunostained for
PY-STAT3.
Panels D and E. Cotransfection with an expression construct for the K44A dominant-negative
mutant of dynamin II leads to marked accumulation of STAT3 in cytoplasmic vesicles with
depletion from the nucleus.
All scale bars = 25 μm; adapted from ref. 41.
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Fig. 4.
Signal transduction through the cytoplasm: the signaling and sequestering endosome
mechanisms. Adapted from ref. 24.
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Fig. 5.
Marked cytoplasmic provenance of PY-STAT3 in distinct cell types in lung tissue in pulmonary
arterial hypertension assayed in formalin-fixed paraffin-block sections.
Panels A and B. Double-label immunofluorescence analyses using anti-PY-STAT3 pAb and
DAPI showing PY-STAT3 in the cytoplasm of luminal pulmonary arterial endothelial cells in
rats administered monocrotaline 4 wk earlier. Scale bar = 25 μm. Analyses included a peptide
competition assay confirming the specificity of the PY-STAT3 pAb used. Per cell integrated
pixel intensities were obtained using NIH Image J and expressed in terms of the section stained
with PY-STAT3 pAb without any blocking peptide. * P < 0.05 in comparison to the section
stained with PY-STAT3 pAb without any peptide, n = 50-60 cells per variable.
Panel C. High magnification panels of indicated area in Panel A. Scale bar = 5 μm.
Panel D. Plexiform lesion in idiopathic pulmonary arterial hypertension in man showing cells
with both cytoplasmic (single arrowheads) and nuclear (double arrowheads) PY-STAT3. Scale
bar = 5 μm.
Panel E. High magnification panels of indicated area in Panel D. Scale bar = 5 μm.
Adapted from ref. 24.
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Fig. 6.
Predominant nuclear or cytoplasmic provenance of PY-STAT3 in cells of distinct histologic
phenotypes in the human lung.
Panel A. Predominantly nuclear PY-STAT3 in cells lining thickened alveolar septa in a patient
with pulmonary arterial hypertension.
Panel B. Exclusively cytoplasmic PY-STAT3 in the tracheobronchila epithelium in normal
lung in cells apparently of the basal cell progenitor phenotype.
Panel C. Low and high magnification panels of a peptide competition assays using sequential
serial sections of the same block to verify the detection of PY-STAT3 as in panel B.
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Scale bars = 25 μm except in the low magnification panel in C in which scale bar = 10 μm.
(formalin-fixed paraffin-block sections of human lung specimens were kindly provided by Dr.
Rubin M. Tuder, Department of Pathology, Johns Hopkins University School of Medicine as
in ref. 24).
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Fig. 7.
Signal transduction by STAT3 to cytoplasmic destinations.
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Fig. 8.
STAT3 and PY-STAT3 during mitosis. Double-label confocal images of cells in mitosis in
cultures of Hep3B or of bovine pulmonary arterial endothelial cells were captured au naturel
showing the co-localization of STAT3 with clathrin heavy chain (CHC) or with LAMP1
(Hep3B cells) or of PY-STAT3 with CHC (endothelial cells). Scale bar = 10 μm. Adapted from
ref. 82.
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