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Signal transducer and activator of transcription 3 (STAT3) is
involved in cell proliferation, differentiation, and cell survival
during immune responses, hematopoiesis, neurogenesis, and
other biological processes. STAT3 activity is regulated by a vari-
ety of mechanisms, including phosphorylation and nuclear
translocation. To clarify the molecular mechanisms underlying
the regulation of STAT3 activity, we performed yeast two-hy-
brid screening. We identified ARL3 (ADP-ribosylation factor-
like 3) as a novel STAT3-binding partner. ARL3 recognizes the
DNA-binding domain as well as the C-terminal region of STAT3
in vivo, and their binding was the strongest when both proteins
were activated. Importantly, small interfering RNA-mediated
reduction of endogenous ARL3 expression decreased IL-6-in-
duced tyrosine phosphorylation, nuclear accumulation, and
transcriptional activity of STAT3. These results indicate that
ARL3 interacts with STAT3 and regulates the transcriptional
activation of STAT3 by influencing its nuclear accumulation of
STAT3.

Upon stimulation with cytokines and growth factors, signal
transducer and activator of transcription 3 (STAT3) is selec-
tively activated and phosphorylated at various phosphorylation
sites, particularly at Tyr-705 and Ser-727 (1-3). The activated
STATS3 translocates into the nucleus and binds to specific pro-
moter sequences to exert transcriptional regulation on various
genes (1-3). Thus, STAT3 is a key molecule in the regulation of
a variety of cellular processes, including proliferation, survival,
and migration (4, 5). A number of experimental models have
revealed that STATS3 is essential for embryo development and
stem cell pluripotency (6 —8). Furthermore, it is an important
modulator of inflammatory and malignant diseases (7, 9).
Indeed, constitutive or dysregulated expression of STAT3
has been found in cancer cells and oncogene-transfected
cells (4, 5, 9).

The expression and function of STATS3 are tightly regulated
by multiple molecular mechanisms (10, 11). For example, cyto-
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plasmic tyrosine phosphatases, such as Src homology 2-con-
taining phosphatase 1 (SHP1), SHP2, and protein-tyrosine
phosphatase 1B (PTP1B), remove STAT3 phosphorylation (10,
11). In addition, the expression and activity of STAT3 are reg-
ulated at both pre- and post-transcription, and STAT3 func-
tions are also dependent on its intracellular localization (12).
We have identified several STAT3-interacting molecules, such
as death domain-associated protein (DAXX) (13), zipper-inter-
acting protein kinase (ZIPK) (14), Kriippel-associated box-as-
sociated protein 1 (KAP1) (15), PDZ and LIM domain 2
(PDLIM2) (16), Y14 (17, 18), and signal-transducing adaptor
protein-2 (STAP-2) (19, 20). DAXX negatively and ZIPK posi-
tively regulate STAT3-mediated transactivation (13, 14).
Within the nucleus, KAP1 regulates the phosphorylation and
transactivation of STAT3 by interacting with HDAC3 (15).
PDLIM2, a nuclear E3 ligase for STAT3, terminates STAT3-
mediated signaling (16). Y14 influences tyrosine phosphoryla-
tion and positively regulates cytokine-induced STAT3 transac-
tivation (17, 18). STAP-2 interacts with and enhances STAT3
activity (19, 20).

We performed yeast two-hybrid screening with the C-termi-
nal region of STAT3 as bait. As a result, we identified ADP-
ribosylation factor (Arf)-like 3 (ARL3) as a new binding partner
of STAT3. The ARF? family, which is characterized by the
capacity to bind guanosine triphosphate binding, is structurally
grouped as ARFs, ARLs, and SAR (secretion-associated and
Ras-related) (21). Members of this family are activated by GDP
to GTP exchange, and their activity is terminated upon the
hydrolysis of GTP. The ARF family shares regulation of the
budding and formation of vesicles in the endocytic and exocytic
pathways (21). However, ARLs are likely to have specific func-
tions and biochemical properties, which are divergent from
ARFs. Indeed, mice deficient for the Ar/3 gene exhibit abnormal
development of renal, hepatic, and pancreatic epithelial tubule
structures, which are seen in polycystic kidney diseases (22).
Although the biological actions of ARFs are thought to come
from their specific interactions with a large number of effectors,
such as coat complexes, adaptor proteins, and lipid-modifying
enzymes, much less information is available for ARLs. Here, we

2The abbreviations used are: ARF, ADP-ribosylation factor; LIF, leukemia
inhibitory factor; GTPyS, guanosine 5’-3-O-(thio)triphosphate; BART,
binder of ADP-ribosylation factor-like 2; TCL, total cell lysate; gPCR, quan-
titative PCR; QL, Q71L; TN, T31N; ARL, ADP-ribosylation factor-like; G3PDH,
glyceraldehyde-3-dehydrogenase.
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present new evidence that ARL3 plays a critical role in the phos-
phorylation and nuclear retention of STAT3.

Experimental Procedures

Reagents and Antibodies—Recombinant human LIF was pur-
chased from INTERGEN (Purchase, NY). Human recombinant
IL-6 was a kind gift from Ajinomoto (Tokyo, Japan). Recombi-
nant human G-CSF was kindly provided by Chugai Pharmaceu-
tical Co. (Tokyo, Japan). Expression vectors for FLAG-tagged
STAT1-6and STAT3-C were kindly provided by J. N. Ihle (St.
Jude Children’s Research Hospital, Memphis, TN), J. F. Brom-
berg (Rockefeller University, New York), and N. Yokosawa
(Sapporo Medical School, Sapporo, Japan). Epitope-tagged
STAT3 and its mutants were previously described (15). Expres-
sion vectors for STAT3-F, STAT3-D, and STAT3-LUC were
kindly provided by Dr. T. Hirano (Osaka University Medical
School, Osaka, Japan) (15, 23). Expression vectors for binder of
ADP-ribosylation factor-like 2 (BART) was described previ-
ously (24). Myc-tagged ARL3 and its mutants were generated
by PCR and sequenced (primer sequences are available upon
request). Anti-Myc, anti-GST, anti-STAT3, and anti-ARL3
antibodies were from Santa Cruz Biotechnology (Santa Cruz,
CA). Anti-FLAG and anti-HA antibodies were from Sigma.
Anti-phospho-STAT3 Tyr-705 (pSTAT3 Tyr-705) and anti-
phospho-STAT3 Ser-727 (pSTAT3 Ser-727) were purchased
from Cell Signaling Technologies (Beverly, MA).

Yeast Two-hybrid Screen—Gald-STAT3 was constructed by
fusing the coding sequence for the C-terminal region (amino
acids 483-748) of STAT3 in-frame to the Gal4 DNA-binding
domain in the pGBKT7 vector (Clontech). Saccharomyces
cerevisiae AH109 cells were transformed with pGal4-STAT3
and then mated with Y187 cells containing a pretransformed
mouse 11-day embryo MATCHMAKER ¢DNA library (Clon-
tech), and ~2.6 X 10° colonies were screened as described pre-
viously (14). Plasmid DNAs derived from positive clones were
extracted from the yeast and sequenced.

Cell Culture, Transfection, siRNA, Quantitative Real Time
PCR (gPCR)—A human cervix carcinoma cell line (HeLa) and
human embryonic kidney carcinoma cell line (293T) were
maintained in DMEM containing 10% FCS. An interleukin (IL)-
3-dependent murine pro-B cell line, BaF-G133, was maintained
in RPMI 1640 medium supplemented with 10% FCS with 10%
of WEHI-3B conditioned medium as a source of IL-3 (25, 26).
ARL3-knockdown HeLa cell lines (cell lines 2—4 and 2-10)
were established by transduction with pGPU6/GFP/Neo vector
(Shanghai GenePharm, Shanghai, China) bearing short hairpin
RNA (shRNA) targeting ARL3 (5'-GCAGCTTGCATCTGAA-
GACAT-3') and then selected with G418 (1 mg/ml; Sigma)
(27). Similarly, control shRNA (nonsilencing, 5'-TTC-
TCCGAACGTGTCACGT-3’)-transfected HeLa cell line
(shCont) was also established. The 293T cells were transfected
using a standard calcium precipitation protocol (28). siRNAs
targeting ARL3 used in this study were as follows: si-hu-
man (hu) ARL3#1, 5'-GGGUCAGGAACUAGCGGAATT-3';
huARL3#2,5'- CACCUACACAGGUUUCAATT-3’; si-mouse
(mu) ARL3, 5'-GCAAGAAUGUCAACGCAAATT-3'. Con-
trol siRNA was obtained from Qiagen (nonsilencing; catalog
1022076). HeLa cells were plated on 24-well plates at 2—3 X 10*
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cells/well and incubated with an siRNA/Lipofectamine 2000
(Invitrogen) mixture at 37 °C for 8 h, followed by the addition of
fresh medium containing 10% FCS. At 48 h after siRNA treat-
ment, cells were collected and analyzed for Western blotting or
qPCR. BaF-G133 cells were transfected using a Nucleofector
(Amaxa Biosystems, Cologne, Germany). Cells were trans-
fected with 200 pmol of siRNA in Nucleofector solution V using
program X-001. Immediately following transfection, medium
was added to the BaF-G133 cells, which were then plated in
6-well tissue culture plates and incubated overnight. Cells were
harvested, and total RNAs were prepared by using TRI Reagent
(Molecular Research Center, Cincinnati, OH). First-strand
cDNA was synthesized from 1 ug of total RNA with ReverTra
Ace (TOYOBO, Osaka, Japan). qPCR analysis of mRNA tran-
scripts was carried out using a combination of a KAPA SYBR
FAST qPCR master mix (KAPA Biosystems, Woburn, MA)
with an Mx3005P real time PCR system (Stratagene, Santa
Clara, CA). Primers used for qPCR were as follows: G3PDH,
5'-GAAATCCCATCACCATCTTCCAGG-3' (sense), and 5'-
CAGTAGAGGCAGGGATGATGTTC-3' (antisense); huARLI,
5'-TGGGATTTAGGAGGACAGACAAGTAT-3" (sense),
and 5'-GGCCTGTTCCATGTCCTGTTTATT-3" (antisense);
huARL2,5 -ACGCTGGGCTTCAACATCAA-3' (sense), and 5'-
CGGATGGCGTTAGAGGACAGT-3' (antisense); huARL3, 5'-
GGACAGAGGAAAATCAGACCATACT-3' (sense), 5'-GTC-
GCGGATGGTATGCAGGT-3' (antisense); huSOCS3, 5'-TCA-
CCCACAGCAAGTTTCCCGC-3' (sense), and 5'-GTTGACG-
GTCTTCCGACAGAGATGC-3' (antisense); muArll, 5'-CAG-
TTGTGACCGAGATCGAA-3' (sense), and 5'-ATTCCATTG-
CCTCATCAAGG-3' (antisense); muAri2, 5'-GGAGAAGACG-
TGGACACCAT-3' (sense), and 5'-AGTAGGCTCTGCAGCT-
CTCG-3' (antisense); muAri3, 5'-GACGGGTCAGGAACTAA-
CGG-3' (sense), and 5'-CAGTTCATGCCATCCTGGAC-3’
(antisense); muSOCS3, 5'-TTTTCTTTGCCACCCACGGA-3’
(sense), and 5'-CAGGAACTCCCGAATGGGTC-3' (antisense);
muBcl2l1, 5'-CCTTGGATCCAGGAGAACGG-3’ (sense), and
5'-CGACTGAAGAGTGAGCCCAG-3’ (antisense); Bcl2l11, 5'-
CCGGAGATACGGATTGCACA-3’ (sense), and 5'-GCCTTC-
TCCATACCAGACGG-3' (antisense); muCdknla, 5'-GCAGA-
TCCACAGCGATATCCA-3' (sense), and 5'- GACAACGGCA-
CACTTTGCTC-3' (antisense); and muCdknlb, 5'-CAAACTC-
TGAGGACCGGCAT-3' (sense), and 5'-CTTAATTCGGAGC-
TGTTTACGTCT-3' (antisense).

Dual-Luciferase Assay—Luciferase activities of HeLa cells
transfected with STAT-LUC, in which the a,-macroglobulin
promoter drives expression of a luciferase (LUC) reporter gene,
were measured using a Dual-Luciferase Reporter Assay System
(Promega, Madison, WI) according to the manufacturer’s
instructions.

Immunoprecipitation, Immunoblotting, Pulldown, and Affin-
ity Precipitation Assay—Immunoprecipitation and Western
blotting were performed as described previously (17). The cells
were harvested and lysed in lysis buffer (50 mm Tris-HCI, pH
7.4, 0.15 m NaCl, 1% Nonidet P-40, 1 mMm sodium orthovana-
date, 1 mm phenylmethylsulfonyl fluoride, and 10 mg/ml each
of aprotinin, pepstatin, and leupeptin). The immunoprecipi-
tates from cell lysates were resolved on SDS-PAGE and trans-
ferred to an Immobilon filter (Millipore; Bedford, MA), which
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was then immunoblotted with antibodies. Pulldown assay using
glutathione S-transferase (GST) fusion proteins was performed
as described previously (29). Active GTP-bound forms of
GTPases were detected by affinity precipitation assays, as
described previously (29). GST fusion proteins of BART (GST-
BART) were bacterially expressed and purified on glutathione-
Sepharose. The 293T cells were stimulated with LIF (100
ng/ml) for the indicated periods. Cells were lysed with the
above lysis buffer and incubated with 10 ug of purified GST or
GST-BART and glutathione-Sepharose beads. The beads were
washed three times with lysis buffer. The precipitates were ana-
lyzed by immunoblotting with antibodies.

GTPyS Treatment—The total cell lysates were treated with
GTPvS (100 uMm) (Sigma) in the presence of 1 mm EDTA at
30 °C for 15 min, terminating the reaction by addition of MgCl,
(65 mm), as described previously (30).

Assay for GTPase Cycle—HeLa cells in a 6-well plate were
transfected with Myc-tagged ARL3 using Lipofectamine 2000.
The cells were stimulated with LIF (100 ng/ml) or IL-6 (10
ng/ml) at 48 h post-transfection and then lysed in 20 mm Tris-
HCI, pH 8.0, 150 mm NaCl, 1% Nonidet P-40, and 1 mm EDTA
for 10 min on ice. After centrifugation, an aliquot of the super-
natant was transferred to a well of a 96-well plate, and then the
activities of GTPase cycle were measured using GTPase-Glo
(Promega) according to the manufacturer’s instructions.

Wound Healing Assay—Wound healing assay was performed
as described previously (31). siRNA-transfected HeLa cells
were cultured in 24-well tissue culture plates as a confluent
monolayer, and an artificial wound was created by scraping
with a yellow pipette tip. Cells migrating into open space were
monitored microscopically, and the width of the wound was
measured immediately and after 30 h at 10 randomly chosen
points per well.

Cell Proliferation Assay—The numbers of viable BaF-G133
cells after the indicated treatments were measured using a
WST-8  (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt) assay
(cell counting kit-8; Wako Pure Chemicals) (26). Briefly, 10 ul
of WST-8 solution was added to the cells in each well and incu-
bated for 2 h. The absorbances were measured at a test wave-
length of 450 nm and a reference wavelength of 595 nm using a
microplate reader (Bio-Rad).

Indirect Immunofluorescence Microscopy—HeLa cells (5 X
10%) seeded on a glass plate were fixed with 4% paraformalde-
hyde and reacted with respective antibodies. The cells were
then reacted with FITC-conjugated anti-rabbit IgG or rhod-
amine-conjugated anti-mouse IgG (Chemicon) and observed
under a confocal laser fluorescent microscope (32). Images
were obtained by using a Zeiss LSM 510 laser scanning micro-
scope with an Apochromat X63/1.4 oil immersion objective
and X4 zoom. Nuclei were counterstained with 4/,6-di-
amidino-2-phenylindole (DAPI) (Wako, Osaka, Japan).
Approximately 100 cells were classified according to FITC sig-
nals in the cytoplasm or nucleus. Results are representative of
three independent experiments, in which 100 cells were
counted.

Statistical Methods—The significance of differences between
group means was determined by Student’s ¢ test.
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Results

Molecular Interactions between STAT3 and ARL3—W'e per-
formed a yeast two-hybrid screen of a mouse embryo cDNA
library using the C-terminal region of STAT3 (amino acids
483-748) as bait. We screened about 2.6 X 10° transformants
and identified several positive clones. Sequence analysis
revealed that one of them encoded the entire ARL3 protein
(amino acids 1-182). We first examined whether ARL3 binds to
STAT3 and/or other STATs in mammalian cells. 293T cells
were transfected with a series of FLAG-tagged STAT expres-
sion vectors together with Myc-tagged ARL3. Western blot
analysis of anti-FLAG antibody immunoprecipitates revealed
that ARL3 interacted strongly with STAT3 and STAT4 and
weakly with STAT1, STAT2, STAT5a, STAT5b, and STAT6
(Fig. 1A). ARL3 is a ubiquitously expressed GTP-binding pro-
tein in the ARF family (33). Although STAT3 and STAT4 are
more closely related to each other than to any other STATS,
STAT4 expression is restricted to the testis, thymus, and
spleen, whereas STAT3 is ubiquitously expressed (34). These
results suggested that the STAT3-ARL3 interaction may have a
wider range of biological functions. Therefore, we focused on
the functional association between ARL3 and STAT3. To con-
firm that endogenous ARL3 interacts with STAT3 in vivo, co-
immunoprecipitation experiments were performed using cell
extracts obtained from 293T cells, in which both proteins could
be detected by specific antibodies. The immunoprecipitate with
anti-STAT3 antibody contained endogenous ARL3 protein,
indicating that the binding of ARL3 to STAT3 occurs at physi-
ological expression levels (Fig. 1B).

To delineate the regions of STAT3 involved in the ARL3-
STATS3 interaction, various deletion constructs of GST-fused
STAT3 (Fig. 1C) were subjected to pulldown assays in 293T
cells. As shown in Fig. 1D, the DNA-binding domain (amino
acids 320-493) of STAT3 interacted most strongly with ARL3,
and weak associations of ARL3 with the coiled-coil (amino
acids 138-319) and the C-terminal (amino acids 494—750)
regions of STAT3 were also detected.

We further confirmed the involvement of the STAT3 activa-
tion state in these interactions. Expression vectors encoding
Myc-tagged ARL3 and HA-tagged STAT3 WT (wild type),
STAT3-F, and STAT3-D mutants were transiently transfected
into 293T cells. STAT3-F has a phenylalanine substitution for
the tyrosine residue at 705 and fails to be phosphorylated at
Tyr-705. STAT3-D has glutamic acid substitutions for alanines
at 434 and 435 and acts as a dominant-negative form of STAT3
because of the mutated DNA-binding domain (23). The trans-
fected 293T cells were lysed and subjected to immunoprecipi-
tation with anti-HA antibody. The immunoprecipitates were
then used in Western blot analysis with an anti-Myc antibody.
As shown in Fig. 1E, STAT3-F and -D showed much less bind-
ing potential to ARL3 than STAT3 WT, suggesting that activa-
tion state and an intact DNA-binding domain of STAT3 are
required for full interaction between ARL3 and STATS3.

LIF Activates ARL3 and the Active Form of ARL3 Functionally
Interacts with STAT3—The ARL family of GTPases is known to
be activated by GDP to GTP exchange. BART interacts with
GTP-bound, but not GDP-bound, ARL3 (35, 36). We investi-
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FIGURE 1. ARL3 physically interacts with STAT3 in vivo. A, 293T cells (5 X 10°) were transfected with Myc-tagged ARL3 (5 ug) and/or FLAG-tagged STAT1-6
(10 png). At 48 h after transfection, the cells were lysed and immunoprecipitated (/P) with anti-FLAG antibody and immunoblotted (/B) with anti-FLAG or
anti-Myc antibodies. An aliquot of total cell lysates (TCL) (1%) was blotted with anti-Myc antibody. B, HeLa cells (2 X 10”) were lysed and immunoprecipitated
with control or anti-STAT3 antibody and then immunoblotted with anti-STAT3 or anti-ARL3 antibodies. TCL (1%) was blotted with anti-ARL3 and anti-STAT3
antibodies. C, domain structure of STAT3 and its GST-fused mutant fragments are shown schematically. D, 293T cells (1 X 107) were transfected with GST,
GST-STAT3(1-137), GST-STAT3(138-319), GST-STAT3(320-493), and GST-STAT3(494-750) (10 ug), together with or without Myc-tagged ARL3 (10 j1g). At48 h
after transfection, the cells were lysed and pulled down with glutathione-Sepharose beads, followed by immunoblotting with anti-Myc or anti-GST antibodies.
TCL (1%) was blotted with anti-Myc antibody. E, 293T cells (1 X 107) were transfected with HA-STAT3 WT or STAT3-F or STAT3-D (10 ug) with or without
Myc-ARL3 (10 ng). At 48 h after transfection, the cells were lysed and immunoprecipitated with anti-HA and then blotted with anti-HA or anti-Myc antibodies.

TCL (1%) was blotted with anti-HA or anti-Myc antibodies.

gated whether LIF stimulation generates the GTP-bound form
of ARL3 using GST-BART. As shown in Fig. 24, GST-BART-
bound ARL3 was detected in LIF-stimulated, but not unstimu-
lated, 293T cell lysates. Thus, LIF stimulation activates ARL3
and generates a GTP-bound form of ARL3. We then tested
whether the activation state of ARL3 is required for the physical
interaction between ARL3 and STAT3. To produce GTP-
bound ARL3, we employed the non-hydrolyzable GTP analog
GTPvS. As shown in Fig. 2B, STAT3 bound much more
strongly to ARL3 in the GTPvyS-treated 293T cell lysates. To
further examine this issue, we generated ARL3 mutants Q71L
(QL) and T31N (TN) (the numbers refer to the amino acids in
ARLS3), corresponding to the classical Ras mutations Q61L and
T17N (37), respectively. Oncogenic Ras Q61L is a dominant
activating mutation because of the decreased ability of Ras
GTPase-activating proteins to stimulate the hydrolysis of
bound GTP, resulting in increased levels of GTP-bound Ras in
cells. Ras T17N acts in a dominant-negative manner by seques-
tering the Ras exchange factor Sos, thereby blocking activation
of endogenous Ras. We also assessed the activities of GTPases,
GTPase-activating proteins and guanine nucleotide-exchange
factors, which are components of the GTPase cycle in these
ARL3 mutants, using a GTPase-Glo assay. This assay assesses
the activities of GTPases by detecting the amount of GTP
remaining after GTP hydrolysis in a GTPase reaction. In this
system, the remaining GTP is converted into ATP and then
detected as a luminescent signal. Therefore, activation of
GTPase activity is observed by reduction of luminescence.
These activities in cell lysates of ARL3 WT-transfected HeLa
cells were enhanced compared with those in cell lysates of
empty vector-transfected HeLa cells (Fig. 2C). Importantly, LIF
or IL-6 treatment of ARL3 WT-transfected HeLa cells resulted
in a significant enhancement of these activities. Enhancement
of these activities was not observed in cell lysates of ARL3 TN-
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transfected HeLa cells, whereas further enhanced activities
were observed in cell lysates of ARL3 QL-transfected HeLa cells
when compared with those in cell lysates of ARL3 WT-trans-
fected HeLa cells. However, a significant effect was not
observed in these cells by LIF or IL-6 treatment, and further
investigation will be required to clarify this issue. As shown in
Fig. 2D, a weak interaction of STAT3 with ARL3 WT and TN
was observed, whereas STAT3 interacted strongly with ARL3
QL in 293T cells. Therefore, LIF stimulation induces GTP-
bound ARL3, which shows strong binding to STATS3.

ARL3 Enhances the Transcriptional Activity of STAT3 after
IL-6 Stimulation—We examined whether activation of ARL3
influences STAT3-mediated transactivation. As shown in Fig.
2E, ectopic expression of ARL3 WT and QL, but not TN,
enhanced LIF-induced STAT3-LUC activation in 293T cells,
indicating that ARL3 WT and QL enhance LIF-induced STAT3
transactivation. To further examine a direct activation of
STAT3 by ARL3, we used a constitutively active form of
STAT3, STAT3-C. Ectopic expression of ARL3 QL, but not
WT or TN, enhanced STAT3-LUC activation by STAT3-C,
even in the absence of LIF stimulation (Fig. 2F). These results
indicate that activated ARL3 positively regulates STAT3-medi-
ated transactivation through a direct interaction. We also
tested the effects of these mutants on STAT3-LUC activation
without LIF stimulation. ARL3 WT, QL, or TN did not show
any significant effect on STAT3-LUC activation without stim-
ulation (Fig. 2G).

To further evaluate the physiological role of ARL3 on
STAT3-mediated transactivation, we examined whether a
reduction of endogenous ARL3 expression affects STAT3-me-
diated transactivation and gene expression using ARL3-specific
siRNAs. Specific knockdown of ARL3 but not of ARL1 or ARL2
was observed, but this did not alter protein levels of STAT3
(Figs. 3, A and D, and 5, A and C). As shown in Fig. 3B, IL-6/
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FIGURE 2. LIF stimulation activates ALR3 and enhances ARL3-STAT3 interaction. A, 293T cells (1 X 107) were treated with LIF (100 ng) for 30 min. Cells were
lysed and mixed with GST or GST-BART protein (10 ng). The mixture was then pulled down with glutathione-Sepharose beads, followed by immunoblotting (/B)
with anti-ARL3 or anti-GST antibodies. An aliquot of TCL (1%) was blotted with anti-ARL3 antibody or anti-pSTAT3 antibody. B, Hela cells (1 X 107) were
transfected with HA-STAT3 WT (10 ng) with or without Myc-ARL3 (10 ung). At 48 h after transfection, the cells were lysed and mixed with GTP+S. The
immunoprecipitate (IP) with anti-Myc was then blotted with anti-HA or anti-Myc antibodies. TCL (1%) was blotted with anti-HA or anti-Myc antibody. C, HeLa
cellsin a 6-well plate were transfected with empty vector, Myc-tagged ARL3 WT, ARL3 QL, or TN (2 n.g). The cells were stimulated with LIF (100 ng/ml) for 30 min
or IL-6 (10 ng/ml) for 60 min. The activities of the GTPase cycle were calculated from luciferase activity of the lysate. *, p < 0.05. D, 293T cells (1 X 107) were
transfected with HA-STAT3 WT (WT) with or without Myc-ARL3 WT, QL, or TN (10 ng). 48 h after transfection, the cells were lysed and immunoprecipitated with
anti-Myc, followed by immunoblotting with anti-HA or anti-Myc antibodies. TCL (1%) was blotted with anti-Myc antibody. E, 293T cells in a 24-well plate were
transfected with STAT3-LUC (100 ng) with or without ARL3 WT, ARL3 QL or ALR3 TN (100 ng). At 36 h after transfection, cells were treated with LIF (100 ng/ml)
foran additional 12 h. The cells were harvested and assayed for luciferase activity. The results are indicated as fold induction of luciferase activity from triplicate
experiments, and the error bars represent S.D. F, 293T cells in a 24-well plate were transfected with STAT3-LUC (100 ng) with or without STAT3-C and ARL3 WT,
ARL3 QL, or ALR3 TN (100 ng). At 48 h after transfection, cells were harvested and assayed for luciferase activity as described above. **, p < 0.01. G, 293T cells
in a 24-well plate were transfected with STAT3-LUC (100 ng) with empty vector, ARL3 WT, ARL3 QL, or ALR3 TN (100 ng). Relative luciferase activity represents
the ratio of luciferase to B-galactosidase activity. Shown is a representative experiment, which was repeated at least three times with similar results.

STAT3-mediated transactivation was reduced in ARL3
siRNA-treated HeLa cells. Similarly, IL-6/STAT3-mediated
SOCS3 mRNA levels were also reduced in ARL3 siRNA -treated

vation of STAT3 (25). As shown in Fig. 4, A and B, G-CSF/
STAT3-mediated SOCS3 expression was also decreased in
ARL3 siRNA-treated BaF-G133 cells. BaF-G133 cells have also

HeLa cells (Fig. 3C). Furthermore, reduced STAT3-mediated
transactivation and gene expression after IL-6 stimulation was
observed in ARL3 knockdown cells (Fig. 3, E and F). These
results indicate that ARL3 plays a role in the regulation of
STAT3 transactivation in vivo. STAT3 has been shown to have
a critical role in regulating cell migration (38, 39). Loss of
STAT3 has exhibited impaired cell migration of keratinocytes
or mouse embryonic fibroblasts in in vitro wound healing assay
(38, 39). We tested the effect of ARL3 knockdown on cell migra-
tion in HeLa cells. As shown in Fig. 3G, ARL3 siRNA-treated
HelLa cells demonstrated a significantly reduced capacity of cell
migration. Therefore, ARL3 also plays a role in cell migration.
We further investigated this effect in a murine hematopoietic
cell line BaF-G133. G-CSF treatment of BaF-G133 cells induces
dimerization of GCSFR/gp130 chimeric receptors causing acti-
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been used to measure gp130/STAT3-mediated cell growth by
G-CSF treatment (25, 26, 40). We therefore tested the effect of
reduced ARL3 expression on G-CSF/gp130/STAT3-mediated
BaF-G133 cell growth. As shown in Fig. 4C, G-CSF/STAT3-
mediated cell growth was decreased in ARL3 siRNA-treated
BaF-G133 cells. In BaF-G133 cells, Bcl-xL expression is
reported to be involved in gp130/STAT3-mediated cell survival
signals (25). We examined the effect of reduced ARL3 expres-
sion on mRNA levels of Bcl-xL and proapoptotic Bim. Bcl-xL
expression was not altered, but Bim expression was slightly
enhanced in ARL3 siRNA-treated BaF-G133 cells. In these
cells, STAT3 has been also been shown to regulate cell cycle
progression by down-regulation of cyclin-dependent kinase
inhibitors, such as p21 and p27 (40). Thus, we examined the
effect of reduced ARL3 expression on mRNA levels of p21 and
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p27. p21 but not p27 expression was slightly enhanced in ARL3
siRNA-treated BaF-G133 cells. These results indicate that
up-regulation of Bim and p21 may be involved in suppression
of G-CSF/gpl130/STAT3-mediated cell growth in ARL3
siRNA-treated BaF-G133 cells, although further detailed anal-
yses are required to clarify this issue.

ARL3 Is Involved in Phosphorylation and Nuclear Accumula-
tion of STAT3—We examined whether reduction of ARL3
expression affects phosphorylation of STAT3, which is related
to its activation. As shown in Fig. 5, A and B, IL-6-induced
tyrosine phosphorylation (Tyr-705), but not serine phosphory-
lation (Ser-727) of STAT3, was decreased by a reduction of
ARL3 expression in HelLa cells, suggesting that ARL3 plays a

role in the enhancement of the phosphorylation state of
STAT3. Similarly, reduced STAT3 tyrosine phosphorylation
after IL-6 stimulation was observed in ARL3 knockdown cells
(Fig. 5, Cand D).

To further understand the molecular mechanisms underly-
ing the regulation of STAT3 activities by ARL3, we analyzed the
effect of overexpression of ARL3 on the intracellular localiza-
tion of STAT3 using confocal microscopy. Interestingly, ARL3
QL exhibited strong perinuclear localization, but ARL TN was
likely to diffuse in the cytoplasm even in the absence of LIF
stimulation. Furthermore, when ARL3 QL, but not WT and
TN, was expressed in HeLa cells, STAT3 accumulated in the
nucleus, even in the absence of LIF stimulation (Fig. 6, A and B).
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FIGURE 4. ARL3 regulates the STAT3-mediated cell growth in BaF-G133 cells. A, BaF-G133 cells were transfected with control and muARL3 siRNAs (20
pmol). Total RNA was extracted at 48 h post-transfection, and target mRNA levels were quantified by qPCR. Data represent the levels of target mRNA
normalized to that of a G3PDH internal control and are expressed relative to the value of control siRNA-treated samples. The results are representative of three
independent experiments, and the error bars represent the S.D. ***, p < 0.001. B, BaF-G133 cells were transfected with control and muARL3 siRNAs (20 pmol).
48 h after transfection, the cells were left untreated or treated with G-CSF (50 ng/ml) for 60 min. Total RNA was then extracted, and SOCS3 and mRNA levels were
quantified by qPCR. Data represent the levels of SOCS3 mRNA normalized to that of a G3PDH internal control and are expressed relative to the value of control
siRNA-treated samples. The results are representative of three independent experiments, and the error bars represent the S.D. **, p < 0.01; ***, p < 0.001. C,
BaF-G133 cells were transfected with control and muARL3 siRNAs (20 pmol). 24 h after transfection, siRNA-transfected BaF-G133 cells were harvested and
seeded into 96-well plates (1 X 10*/well). Cells were left untreated or were treated with G-CSF (3, 10, 30 ng/ml). At 48 h, viable cells were evaluated by a WST-8
assay. Shown is a representative experiment, which was repeated at least three times with similar results, and the error bars represent the S.D. **, p < 0.01; ***,
p < 0.001. D, BaF-G133 cells were transfected with control and muARL3 siRNAs (20 pmol). 48 h after transfection, the cells were left untreated or treated with
G-CSF (50 ng/ml) for the indicated periods. Total RNA was then extracted, and target mRNA levels were quantified by gPCR. Data represent the levels of target
mRNA normalized to that of a G3PDH internal control and are expressed relative to the value of control siRNA-treated samples. The results are representative
of three independent experiments, and the error bars represent the S.D. *, p < 0.05.

FIGURE 3. ARL3 enhances the transcriptional activity of STAT3 after IL-6-stimulation. A, Hela cells in a 24-well plate were transfected with control,
huARL3#1, or huARL3#2 siRNAs (20 pmol). Total RNA was extracted at 48 h post-transfection, and target mRNA levels were quantified by qPCR. Data represent
the levels of target mRNA normalized to that of a G3PDH internal control and are expressed relative to the value of control siRNA-treated samples. The results
are representative of three independent experiments, and the error bars represent the S.D. **, p < 0.01. B, HeLa cells in a 24-well plate were transfected with
control, huARL3#1, or huARL3#2 siRNAs (20 pmol), and then transfected with STAT3-LUC (100 ng). At 24 h after transfection, cells were left untreated or treated
with IL-6 for an additional 12 h. The cells were harvested and assayed for the luciferase activity. Relative luciferase activity represents the ratio of Firefly and
Renilla luciferase activity for each sample. Data are representative of at least three independent experiments. Error bars represent the S.D. ¥, p < 0.05; **, p <
0.01. G, Hela cells in a 24-well plate were transfected with control, huARL3#1, or huARL3#2 siRNAs (20 pmol). At 48 h after transfection, cells were treated with
IL-6 (10 ng/ml) for the indicated periods. Total RNA samples isolated from these cells were also quantified by gPCR analysis. Data represent the levels of SOCS3
mRNA normalized to that of a G3PDH internal control and are expressed relative to the value of control siRNA-treated samples. The results are representative
of three independent experiments, and the error bars represent the S.D.*, p < 0.05; **, p < 0.01. D, total RNAs from HeLa shControl, shARL3#2-1, or shARL3#2-10
cells were extracted at 48 h post-transfection, and target mRNA levels were quantified by gPCR. Data represent the levels of target mRNA normalized to that
of a G3PDH internal control and are expressed relative to the value of control siRNA-treated samples. The results are representative of three independent
experiments, and the error bars represent the S.D. ***, p < 0.001. £, HeLa shControl, shARL3#2-1, or shARL3#2-10 cells in a 24-well plate were transfected with
STAT3-LUC (100 ng). At 24 h after transfection, cells were left untreated or treated with IL-6 for an additional 12 h. The cells were harvested and assayed for the
luciferase activity. Relative luciferase activity represents the ratio of Firefly and Renilla luciferase activity for each sample. Data are representative of at least three
independent experiments. Error bars represent the S.D. *, p < 0.05. F, HeLa shControl, shARL3#2-1 or shARL3#2-10 cells in a 24-well plate were treated with IL-6
(10 ng/ml) for the indicated periods. Total RNA samples isolated from these cells were also quantified by gPCR analysis. Data represent the levels of SOCS3
mRNA normalized to that of a glyceraldehyde-3-dehydrogenase (G3PDH) internal control and are expressed relative to the value of control siRNA-treated
samples. The results are representative of three independent experiments, and the error bars represent the S.D.*, p < 0.05. G, HelLa cells in a 24-well plate were
transfected with control or huARL3#1 siRNAs (20 pmol). 48 h after siRNA-transfected cells were plated, and an artificial wound was created in the cell
monolayer. Cells migrating into the open space from the wound edge were quantified. Data are representative of four independent experiments. Error bars
represent the S.D. **, p < 0.01.
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FIGURE 5. ARL3 is involved in phosphorylation of STAT3. A Hela cellsin a
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24-well plate were transfected with control, huARL3#1, or huARL3#2 siRNAs (20

pmol). 48 h after transfection, the cells were treated with IL-6 (10 ng/ml) for the indicated periods. Then the cells were lysed, and an aliquot of total cell lysates
(19%) was blotted with anti-pSTAT3 (Tyr-705), anti-pSTAT3 (Ser-727), anti-STAT3, or anti-ARL3 antibody. /B, immunoblot. B, densitometric quantification of the
above results was also shown. Relative intensity of pSTAT3 (Tyr-705) was normalized to the STAT3 protein of the same sample. The results are representative
of threeindependent experiments, and the error bars represent the S.D. **,p < 0.01. C, HeLa shControl, shARL3#2-1, or shARL3#2-10 cells in a 24-well plate were
treated with IL-6 (10 ng/ml) for the indicated periods. Then the cells were lysed, and an aliquot of total cell lysates (1%) was blotted with anti-pSTAT3 (Tyr-705),
anti-pSTAT3 (Ser-727), anti-STAT3, or anti-ARL3 antibody. D, densitometric quantification of the above results was also shown. Relative intensity of pSTAT3
(Tyr-705) was normalized to the STAT3 protein of the same sample. The results are representative of three independent experiments, and the error bars

represent the S.D.

Moreover, transfection of HeLa cells with ARL3 siRNA sup-
pressed LIF-induced nuclear accumulation of STAT3 (Fig. 6, C
and D). These results indicate that ARL3 is involved in the accu-
mulation of STAT3 in the nucleus.

Discussion

We have demonstrated that ARL3 is a new STAT3-binding
partner and that endogenous ARL3 enhances STAT3-mediated
transactivation by influencing tyrosine phosphorylation and
nuclear accumulation of STAT3. The interaction between
STATS3 and a classical small GTPase, Racl, has been reported
previously (41); however, the biological significance of this
interaction for STAT3 function was not fully understood. In
our previous study, we reported BART as a novel STAT3-bind-
ing partner critical for the nuclear retention of STAT3 (24).
Although BART was first reported to be an effector for an ARL
(35), BART could also recognize ARL3 (36). Therefore, our
findings further emphasize the involvement of the ARL family
of GTPases on the regulation of STAT3 activation.

The strong interaction between STAT3 and ARL3 was
detected only when 293T and HeLa cells were stimulated with
LIF. Of importance, STAT3-F (a mutant lacking Tyr-705 phos-
phorylation) bound weakly to ARL3 as compared with wild-
type STATS3. In addition, STAT3 bound strongly to dominant-
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active ARL3 QL and weakly to dominant-negative ARL3 TN.
The treatment of cells with the non-hydrolyzable GTP analog
GTPvS enhanced the interaction between STAT3 and ARL3.
Taken together, STAT3 and ARL3 strongly interact when both
are activated. ARL3 mainly recognized the DNA-binding
domain of STAT3. BART, which is an effector of ARL and can
bind to ARL3 (36), also recognizes the same domain of phos-
phorylated STAT3 (24). The two proteins seem to have similar
mechanisms for the STAT3 recognition. Because both proteins
are involved in the phosphorylation and the nuclear retention
of STAT3, ARL3 and BART might work additively or synergis-
tically on STAT3 function.

The transcriptional regulatory activity of STAT3 is in part
dependent on its nuclear localization, although it also depends
on STAT3 stability, STAT3 phosphorylation, and inhibitory
molecules. In general, phosphorylated STAT3 dissociates from
the receptor, forms homo- or heterodimers, and then translo-
cates into the nucleus. However, recent work has indicated that
STAT3 is continuously imported to the nucleus independently
of tyrosine phosphorylation and that both phosphorylated and
unphosphorylated STAT3 shuttle between nuclear and cyto-
plasmic compartments (12). Of note, the two states of STAT3
differently co-exist in the nucleus and regulate the expression
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FIGURE 6. ARL3 enhances nuclear accumulation of STAT3. A, Hela cells in a six-well plate were transfected with Myc-ARL3 WT, QL, or TN (500 ng). 48 h after
transfection, the cells were left untreated or treated with LIF (100 ng/ml) for 60 min. The cells were fixed and stained with anti-Myc or anti-STAT3 antibodies and
then rhodamine-conjugated anti-mouse IgG (red) or FITC-conjugated anti-rabbit Ab (green). The same slide was also stained with DAPI for the nuclei staining.
Original magnification X600. B, quantitative analysis of the subcellular localization of STAT3 in A. Approximately 100 cells were classified according to FITC
signals in the cytoplasm or nucleus. Results are representative of three independent experiments, in which 100 cells were counted. C, Hela cells in a six-well
plate were transfected with control or ARL3 siRNA (100 pmol). At 48 h after transfection, the cells were left untreated or treated with LIF (100 ng/ml) for 60 min.
The cells were fixed and stained with anti-STAT3 antibody and then FITC-conjugated anti-rabbit antibody (green). D, quantitative analysis of the subcellular
localization of STAT3 in C. Approximately 100 cells were classified according to FITC signals in the cytoplasm or nucleus. Results are representative of three

independent experiments, in which 100 cells were counted.

of target genes. In addition, STAT3 phosphorylation tran-
siently increases the nuclear accumulation, but this might be a
result from retention by DNA binding or heterodimerization
with other STATs. Our confocal microscopy clearly revealed
that ARL3 enhanced the accumulation of phosphorylated
STAT3 in the nucleus after LIF stimulation. Interestingly,
ectopic expression of constantly active ARL QL induced the
accumulation of unphosphorylated STAT3 into the nucleus,
even in HeLa cells without LIF stimulation. Therefore, acti-
vated ARLS3 is likely to be involved in STAT3 functions beyond
cytokine signals. We also tested ARL3 siRNA knockdown on
unphosphorylated STAT3-regulated genes, such as RANTES
(regulated on activation normal T cell expressed and secreted)
(42). However, we could not observe significant alteration on its
expression by ARL3 siRNA knockdown because the expression
was too low to evaluate (data not shown).

With regard to the mechanisms for the increase of STAT3
activity by activated ARL3, several interesting studies have been
reported (36, 39, 43—45). Importin-a3 has been shown to be
required for nuclear import of STAT3, independently of
STATS3 tyrosine phosphorylation (43). Recent study has also
SASBMB
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demonstrated that nuclear import of STAT3 is dependent on
the action of Ran GTPase and importin-B1, again indepen-
dently of STAT3 tyrosine phosphorylation (44). Therefore,
importin-a/importin-B1/Ran may be an important molecular
mechanism by which STATS3 traffics to the nucleus, indepen-
dently of STAT3 tyrosine phosphorylation. There might be a
possibility that ARL3 influences the importin-a/importin-1/
Ran system, although ARL3 is involved in tyrosine phosphory-
lation of STAT3.

Importantly, ARL3 has been shown to play a role in micro-
tubule-dependent processes (36). siRNA knockdown of ARL3
in HeLa cells caused changes in cell morphology, increased
acetylation of a-tubulin, failure of cytokinesis, and an increased
number of binucleated cells. Notably, STAT3 also associates
with microtubules (39), and the interaction between STAT3
and microtubules promotes migration by competing with the
binding of the microtubule-associated protein Stathmin (39).
Furthermore, STAT3 is required for the stabilization of micro-
tubules. Most interestingly, treatment of breast cancer cells
that constitutively express active STAT3 with microtubule-tar-
geting drugs inhibited tyrosine phosphorylation of STAT3 and

JOURNAL OF BIOLOGICAL CHEMISTRY 11169



Interactions between STAT3 and ARL3

STAT3-dependent gene expression (45). Importantly, overex-
pression of a dominant-active ARL3 QL exhibits a very strong
perinuclear staining in the absence of LIF stimulation, suggest-
ing that this cellular location may be due to microtubule per-
turbations in cells. Moreover, perinuclear ARL3QL may stim-
ulate tyrosine phosphorylation via a microtubule-dependent
process. At the present time, we do not have data concerning
this issue. Thus, ARL3 may regulate tyrosine phosphorylation
and transactivation of STAT3 in a microtubule-dependent
manner, although further analysis will clarify this issue.

Here, we propose a novel scheme in which a STAT3-ARL3
complex serves as machinery for STAT3 tyrosine phosphoryla-
tion and nuclear retention. Clarifying each step of STAT3 reg-
ulation is important because STAT3 is a key player in the
pathogenesis of diverse human diseases and is a prime target for
novel therapies. Specific inhibitors of the STAT3-ARL3 path-
way are good candidates for the treatment of STAT3-related
human diseases.
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