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Signal transducer and activator of transcription 3 (STAT3) is an important oncogenic transcription factor
residing in the cytoplasm in the resting cells. Upon stimulation, STAT3 is activated and translocated to the
nucleus to regulate target genes. Although the canonical transcriptional function of STAT3 has been intensively
studied, less is known about its cytoplasmic localization. In this study, by immunoprecipitation, microtubule
cosedimentation, and immunofluorescence assays, we present the first evidence that cytoplasmic STAT3 in-
teracts with both tubulin and microtubules. By using small-molecule inhibitor approaches, we further dem-
onstrate that the localization of STAT3 on microtubules and its activation are independent of histone
deacetylase 6 (HDAC6) activity. In addition, disruption of microtubule dynamics does not alter the activation
and nuclear translocation of STAT3 in response to interleukin-6 treatment. These findings reveal that cyto-
plasmic STAT3 is physically associated with microtubules, whereas its activation and nuclear translocation are
independent of microtubule dynamics, implicating that the association of STAT3 with microtubules might be
involved in the regulation of noncanonical functions of STAT3 in the cytoplasm.

Introduction

M icrotubules are important for a variety of cellular
activities, including the maintenance of cell shape, cell

division, cell motility, intracellular transport, and signal trans-
duction. In cells, a number of proteins known as microtubule-
associated proteins (MAPs) are localized to microtubules and
regulate microtubule dynamics to fulfill their distinct functions
(Gao et al., 2008; Sun et al., 2012; Tala et al., 2014a). Aberrant
expression and localization of these MAPs are frequently as-
sociated with pathological diseases such as cancer and neuro-
degenerative diseases (Tala et al., 2014b; Xie et al., 2014).

Signal transducer and activator of transcription 3
(STAT3), the most pleiotropic member of the STAT family,
resides largely in the cytoplasm in the resting cells (Boulton
et al., 1995). In response to cytokines and growth factors,
STAT3 is activated by tyrosine phosphorylation, resulting in
its dimerization and nuclear translocation to regulate the
transcription of genes involved in cell proliferation, sur-
vival, and differentiation (Walker et al., 2010, 2011). Be-
sides its transcriptional function, STAT3 interacts with
stathmin, a microtubule depolymerizing protein that se-
questers free tubulin (Ng et al., 2006; Verma et al., 2009),
suggesting a noncanonical role for STAT3 in the regulation
of microtubule dynamics. However, the physical association
of STAT3 with microtubules has not been characterized.
This study was designed to test this possibility directly.

Materials and Methods

Materials

Paclitaxel, nocodazole, tubacin, tubastatin A, anti-a-
tubulin antibody, and anti-acetylated a-tubulin antibody
were obtained from Sigma-Aldrich. Anti-STAT3 antibody,
anti-GFP antibody, and horseradish peroxidase-conjugated
secondary antibody were purchased from Santa Cruz. Anti-
phosphorylated STAT3 (Y705) antibody was purchased
from Cell Signaling Technology. Fluorescein- and rhoda-
mine-conjugated secondary antibodies were from Jackson
ImmunoResearch Laboratories.

Cell culture and transfection

Jurkat cells were cultured in an RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS) and in-
cubated at 37�C in a humidified atmosphere with 5% CO2.
HeLa, Cos7, and 293T cells were cultured in a DMEM
containing 10% FBS. Cells were transfected with GFP or
GFP-tubulin by using polyethylenimine.

Microtubule cosedimentation assay

The microtubule cosedimentation assay was performed as
described previously with minor changes (Sun et al., 2011).
5 · 106 HeLa cells were collected and homogenized, and the
cell lysates were centrifuged at 4�C for 10 min at 12,000 rpm.
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The supernatants were incubated at 37�C for 30 min in the
presence or absence of 20mM paclitaxel and 1 mM GTP.
Subsequently, the MME buffer (100 mM MES, 1 mM
MgCl2, 1 mM EGTA, 1 mM DTT, and 1% Triton) containing
20% glycerol and 20mM paclitaxel was added and then
centrifuged at 37�C for 1 h at 100,000 g. The supernatant and
pellet fractions were collected for the detection of tubulin
and STAT3.

Immunoprecipitation

293T cells transfected with GFP or GFP-tubulin were
lyzed, and the cell lysates were incubated with anti-GFP
agarose beads at 4�C for 4 h. The beads were centrifuged at
4�C for 30 s and then washed with a cell lysis buffer thrice.
The beads were resuspended with a 50 mL cell lysis buffer
and used for STAT3 detection.

Immunoblotting

Protein samples were separated by SDS-PAGE and
transferred onto polyvinylidene difluoride membranes
(Millipore), followed by blocking with Tris-buffered saline
containing 0.2% Tween 20 for 1 h. The membranes were
incubated sequentially with primary antibodies and horse-
radish peroxidase-conjugated secondary antibodies. Specific
proteins were detected with an enhanced chemilumines-
cence detection reagent (Millipore) according to the man-
ufacturer’s protocol.

Immunofluorescence microscopy

HeLa and Cos7 cells were cultured on glass coverslips,
and Jurkat cells were settled down on poly-lysine coated
coverslips. Cells were fixed with 4% paraformaldehyde for
15 min at room temperature, perforated with 0.1% Triton
X-100 for 20 min, and blocked with 2% bovine serum
albumin in PBS for 40 min. Cells were then incubated
with primary antibodies and fluorescein- or rhodamine-
conjugated secondary antibodies. Nuclei were stained with
DAPI. Images were captured using a Zeiss fluorescence
microscope or a Leica TCS SP5 confocal microscope.

Statistical analysis

All data were derived from three independent experi-
ments and presented as mean – SD. Student’s t-test was
performed for statistical analysis.

Results

Interaction of STAT3 with both tubulin
and microtubules

To investigate the interaction of STAT3 with tubulin, we
transfected GFP or GFP-tubulin to 293T cells to analyze
whether endogenous STAT3 could be immunoprecipitated
by GFP-tubulin. As shown in Figure 1A, STAT3 was de-
tected in the GFP-tubulin immunoprecipitate, suggesting an
association between STAT3 and tubulin. We then performed
the microtubule cosedimentation assay to examine the in-
teraction of STAT3 with microtubules. HeLa cells were
homogenized, and the cell lysates were incubated at 37�C in
the presence of paclitaxel and GTP to allow microtubules to
polymerize. Microtubules and MAPs were pelleted by

centrifugation. The majority of STAT3 was present in the
pellet fraction when the experiment was performed in the
presence of paclitaxel and GTP (Fig. 1B), suggesting a ro-
bust interaction of STAT3 with microtubules. By contrast,
STAT3 was entirely present in the supernatant fraction and
hard to detect in the pellet fraction when the experiment was
performed in the absence of paclitaxel and GTP (Fig. 1B).
Taken together, these data demonstrate that STAT3 can
interact with both tubulin and microtubules in cells.

STAT3 partially colocalizes with microtubules in cells

We next investigated the localization of STAT3 in cells.
By immunostaining a-tubulin and STAT3 in HeLa cells, we
found that STAT3 was mainly localized in the cytoplasm in
the resting cells (Fig. 2A). Interestingly, we observed a
microtubule-like distribution pattern of STAT3, indicating a
partial colocalization of STAT3 with microtubules (Fig.
2A). To investigate whether the microtubule colocalization
pattern of STAT3 is cell-type dependent, we examined the
localization of STAT3 in Cos7 and Jurkat cells. As shown in
Figure 2B, STAT3 also colocalized with microtubules in
these cells. In addition, STAT3 localized at the centrosome,
the microtubule organizing center, in Jurkat cells (Fig. 2B).

Inhibition of HDAC6 activity increases tubulin
acetylation without affecting STAT3 localization

Microtubules close to the centrosome are known to be
relatively stable with hyperacetylation. Regarding the ob-
servation that endogenous STAT3 was concentrated at the
centrosome in Jurkat cells, we examined whether the cen-
trosomal localization of STAT3 is associated with the level

FIG. 1. Immunoprecipitation and microtubule cosedi-
mentation assays reveal that signal transducer and activator
of transcription 3 (STAT3) interacts with both tubulin and
microtubules. (A) 293T cells transfected with GFP or GFP-
tubulin were lyzed and the cell lysates were incubated with
anti-GFP agarose beads. The immunoprecipitate was ana-
lyzed by immunoblotting with the anti-STAT3 antibody,
and cell lysates were analyzed with anti-STAT3 and anti-
GFP antibodies. (B) HeLa cells were lyzed, and the lysates
were incubated at 37�C for 30 min in the presence or ab-
sence of paclitaxel and GTP (P/G indicates paclitaxel and
GTP). The microtubules and microtubule-associated pro-
teins were pelleted by ultracentrifugation, and proteins in
the pellet fraction (P) and the supernatant fraction (S) were
examined by immunoblotting.
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of microtubule acetylation. Histone deacetylase 6 (HDAC6)
is known to regulate microtubule dynamics through its ac-
tion on microtubule acetylation (Li et al., 2011). By inhi-
bition of HDAC6 activity with its selective inhibitor
tubacin, we found that microtubule acetylation was re-
markably increased (Fig. 3). Interestingly, the subcellular
localization of STAT3 was not affected (Fig. 3). These re-
sults indicate that STAT3 localization is independent of
HDAC6-mediated microtubule deacetylation.

Microtubule dynamics or HDAC6 activity
does not affect IL-6-induced STAT3 activation

Upon the stimulation of cytokines such as interleukin-6
(IL-6), STAT3 is activated and translocated to the nucleus to

regulate the targeted genes (Zhong et al., 1994). Micro-
tubule dynamics are thought to be involved in the activation
of a number of transcription factors. To investigate whether
STAT3 activation is modulated by microtubule dynamics,
we treated cells with the microtubule-stabilizing agent
paclitaxel and the microtubule-destabilizing agent nocoda-
zole. The response of STAT3 signaling to IL-6 was exam-
ined by detecting the level of STAT3 phosphorylation. As
shown in Figure 4A, IL-6 stimulation resulted in a signifi-
cant increase of STAT3 phosphorylation, while paclitaxel
and nocodazole had little effect on STAT3 activation.
Consistently, alteration of the microtubule dynamics by ei-
ther the microtubule-stabilizing agent paclitaxel or micro-
tubule-destabilizing agent nocodazole had little effects on
the IL-6-induced STAT3 nuclear translocation (Fig. 4B, C).

FIG. 2. Immunofluorescence mi-
croscopy shows that STAT3 partially
colocalizes with microtubules in cells.
(A) HeLa cells were stained with anti-
a-tubulin and anti-STAT3 antibodies,
and the boxed areas were magnified
and shown in the lower panel.
(B) Immunofluorescence microscopy
of Cos7 and Jurkat cells stained
with anti-a-tubulin and anti-STAT3
antibodies and DAPI.

FIG. 3. Inhibition of histone deace-
tylase 6 (HDAC6) activity increases
tubulin acetylation without affecting
STAT3 localization. Jurkat cells
were treated with DMSO or HDAC6-
selective inhibitor tubacin for 4 h,
and then cells were stained with anti-
STAT3 and anti-acetylated tubulin
antibodies and DAPI.
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We further examined whether HDAC6 is involved in IL-
6-induced STAT3 activation. By using HDAC6-selective
inhibitors, tubacin and tubastatin A, we found that micro-
tubule acetylation was markedly elevated; however, tubacin
and tubastatin A did not affect STAT3 phosphorylation in
response to IL-6 (Fig. 4D). Taken together, these results
suggest that IL-6-induced STAT3 activation is independent
of microtubule dynamics and HDAC6 activity.

Discussion

The oncogenic transcription factor STAT3 has been
considered as an important target for cancer therapy
(Lavecchia et al., 2011). STAT3 is constitutively activated
in several types of cancers, such as breast cancer, T-cell
lymphomas, and liver cancer (Garcia et al., 1997; Mitchell

and John, 2005; Wang et al., 2011). Besides its role in ac-
tivating cancer-related genes, emerging evidence reveals
that STAT3 interacts with stathmin to regulate microtubule
dynamics and metastasis of cancer cells (Ng et al., 2006;
Walker et al., 2011), implicating a potential association
STAT3 with microtubules. However, whether cytoplasmic
STAT3 colocalizes with microtubules remains undefined. In
this study, we reveal that STAT3 interacts with both mi-
crotubules and tubulin, and immunostaining exhibits a par-
tial localization of STAT3 with microtubules. Like many
other transcription factors, STAT3 possesses a coiled-coil
domain (Zhang et al., 2000), which is found in a variety of
microtubule-binding proteins as well; for example, the
coiled-coil motif in MAP7 domain-containing protein 3
(Mdp3) is essential for its interaction with tubulin and
microtubules (Sun et al., 2011; Tala et al., 2014a). It is

FIG. 4. Inhibition of microtubule dynamics or HDAC6 activity does not alter STAT3 activation in response to
interleukin-6 (IL-6) treatment. (A–C) HeLa cells were treated with DMSO, paclitaxel, or nocodazole for 1 h, followed by
IL-6 treatment for 30 min. (A) Phosphorylated STAT3, total STAT3, and a-tubulin were examined by immunoblotting. (B)
Cells were stained with anti-STAT3 and anti-a-tubulin antibodies and DAPI. (C) The percentage of nuclear STAT3 was
measured by dividing the fluorescence intensity of STAT3 in the nucleus with that in the whole cell. (D) HeLa cells treated
with DMSO, tubacin, or tubastatin A for 4 h were stimulated with IL-6 for 30 min. Phosphorylated STAT3, total STAT3,
acetylated tubulin, and a-tubulin were examined by immunoblotting. ns, not significant ( p ‡ 0.05).
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warranted to investigate in the future whether this motif is
required for the interaction of STAT3 with microtubules.

Factors that regulate microtubule dynamics are thought to
have potential effects on the localization of MAPs (Cassi-
meris and Spittle, 2001). In Jurkat cells, STAT3 is mainly
concentrated in the centrosome region where microtubules
are more stable and hyperacetylated. We found that the lo-
calization of STAT3 was not affected by HDAC6-mediated
microtubule dynamics, and IL-6-induced STAT3 activation
was independent of microtubule dynamics and HDAC6
activity as well, suggesting that STAT3 localization and
transcriptional function were modulated by other mecha-
nisms. Regarding the importance of microtubules in STAT3
transport, we speculated that STAT3 was recruited to
the microtubules where it was activated and translocated to
the nucleus to regulate biological behaviors. However, our
further data revealed that disrupting the microtubule dy-
namics with paclitaxel or nocodazole did not affect the IL-6-
induced STAT3 translocation to the nucleus. These evidences
thus demonstrate that the activation and nuclear transloca-
tion of STAT3 are independent of microtubule dynamics,
suggesting that the physical association of STAT3 with mi-
crotubules is not relevant to the canonical transcriptional
functions of STAT3.

STAT3 is known to regulate microtubule dynamics
through sequestration of the microtubule depolymerizing
protein stathmin (Ng et al., 2006). Recent study reveals that
the regulatory role of STAT3 in microtubule dynamics is
critical for the lifecycle of hepatitis C virus (McCartney
et al., 2013). In addition, mounting evidence demonstrates
that microtubules are required and served as a track for the
transport of various viruses to the nucleus (Martin and
Helenius, 1991; Su et al., 2010; Rode et al., 2011). The
transactivator of the transcription (Tat) protein of human
immunodeficiency virus and Jembrana disease virus inter-
acts robustly with microtubules and regulates microtubule
dynamics (Xuan et al., 2007; Huo et al., 2011; Liu et al.,
2014). Similarly, a robust interaction of STAT3 with mi-
crotubules was observed in this study. It would be inter-
esting to investigate whether disrupting the interaction of
STAT3 with microtubules would be a potential approach for
the modulation of STAT3-associated diseases.
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