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ABSTRACT
We recently showed that Tiam1 expression is induced in pro-inflammatory T helper 17 (Th17) cells
differentiated with interleukin (IL)-6 and TGF-b1, and together with Rac1 promote Th17 cell
development and autoimmunity in a mouse model of multiple sclerosis. Here we found that STAT3
and Smad3, downstream transcription factors of IL-6 and TGF-b1, respectively, play opposing roles
in regulating Tiam1 transcription in CD4C T-cells. While IL-6-STAT3 signaling promotes Tiam1
expression, TGF-b1-Smad3 induces the opposite outcome. At the Tiam1 promoter, both STAT3 and
Smad3 bind to the Tiam1 promoter in Th17 cells. However, STAT3 induces Tiam1 promoter activity
whereas Smad3 competes with STAT3 and inhibits its activity. Our findings uncover the complexity
of STAT3/Smad3 signaling in regulating Tiam1 expression and Th17 cells.
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T helper (Th)17 cells have been shown to play a major
role in multiple sclerosis (MS) and in many autoimmune
and other inflammatory diseases.1 They are differenti-
ated from na€ıve CD4C T cells in the presence of interleu-
kin (IL)-6 and transforming growth factor (TGF)-b2 and
are identified by the production of IL-17A, IL-17F, and
IL-22 in addition to the expression of the master tran-
scription factor RAR-related orphan receptor gamma
(RORg)t.3 Signal transducer and activator of transcrip-
tion 3 (STAT3) plays a critical role in Th17 cell differen-
tiation in humans and mice as it is rapidly activated
upon exposure to IL-6 during Th17 cell polarization via
IL-6 receptor (IL-6R). STAT3 has been shown to bind to
the promoters and enhancers of several genes involved
in Th17 development.4 Specifically, STAT3 binds to the
promoter of the Rorc gene and STAT3-deficient T cells
have impaired expression of RORgt.5

Rac1 is well characterized as a membrane bound
signal transducing molecule that is involved in the regu-
lation of cell motility and adhesion as well as cell cycle
progression, mitosis, cell death and gene expression.6

Acting principally upstream of Rac1, increased expres-
sion of T-lymphoma invasion and metastasis protein
(Tiam1) has been reported in highly invasive breast
tumors7 and colon carcinomas8 and is mainly involved
in the regulation of Rac1 mediated signaling pathways

including cytoskeletal activities, cell polarity, endocytosis
and membrane trafficking, cell migration, adhesion and
invasion, cell growth and survival, metastasis and carci-
nogenesis.9,10 Recently, we demonstrated that Tiam1/
Rac1 complex is involved in the development of human
and murine Th17 cells and that targeting this complex
either genetically or using pharmacological inhibitors
ameliorated autoimmune encephalomyelitis, a mouse
model of MS.11 Here, we analyzed the molecular mecha-
nism that is involved in Tiam1 induction in Th17 cells.
We identified opposing functions of STAT3 and Smad3
signaling in Tiam1 promoter activation during Th17 cell
polarization revealing a direct crosstalk between STAT3
and Smad3 in autoimmunity.

Results

Opposite roles of STAT3 and Smad3 in the regulation
of Tiam1 expression

To study the regulation of Tiam1 expression in Th17
cells, we first measured Tiam1 expression under pro-
and anti-inflammatory conditions. Na€ıve CD4C T cells
were purified from spleens of wild-type (WT) mice and
cells were stimulated with anti-CD3/CD28 in the pres-
ence of IL-6, TGF-b1 or a combination of IL-6 and
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TGF-b1 (Th17 cell differentiation condition). RNA
lysates were prepared at 0, 16 and 24 hours. We found
that while IL-6 induces a rapid increase in Tiam1 mRNA
expression in CD4C T cells measured by quantitative
PCR (qPCR) (Fig. 1A), TGF-b1 stimulation exerted a
weak effect on Tiam1 mRNA expression (Fig. 1A). Inter-
estingly, addition of TGF-b1 to CD4C T cells in the pres-
ence of IL-6 reduced the stimulatory effects of IL-6 on
Tiam1 expression suggesting that TGF-b1 provides a
dominant signaling that overrides that of IL-6 in the reg-
ulation of Tiam1 expression. We confirmed these find-
ings at the protein level where addition of TGF-b1 to IL-
6-treated T cells antagonizes the positive regulatory
effects of IL-6 on Tiam1 expression. Rac1 protein expres-
sion was not altered by IL-6 or TGF-b1 (Fig. 1B). Next,
we sought to analyze the direct effects of STAT3 and

Smad3 on Tiam1 expression in CD4C T cells lacking
STAT3 or exposed to a Smad3 inhibitor. In agreement
with the above data, we found that IL-6 induces Tiam1
expression in WT CD4C T cells, however Tiam1 expres-
sion was impaired in STAT3 deficient CD4C T cells that
were purified from spleens of STAT3 knockout (KO)
mice suggesting that IL-6-induced Tiam1 expression is
STAT3-dependent (Fig. 1C). In the following experi-
ment, we asked whether Smad3 signaling plays a role in
the downregulation of Tiam1 expression by TGF-b1 in T
cells. To this end, we used Smad3 selective inhibitor
SIS3. Cells were pre-treated with SIS3 (10 mM) for
30 min followed by T cell stimulation with anti-CD3/
CD28 for 24 hours in the presence or absence of recom-
binant TGF-b1. Control cells were pre-treated with the
SIS3 solvent, DMSO. After 24 hours, cells were lysed and

Figure 1. Regulation of Tiam1 Expression in Th17 Cells. (A) A representative gene expression assay of Tiam1 in CD4C T cells treated with
IL-6, TGF-b1 or with IL-6 and TGF-b1 combined. Na€ıve CD4C T cells were cultured in the presence of IL-6, TGF-b1 or under Th17 cell
polarizing conditions with combined IL-6 plus TGF-b1 for 0, 16 and 24 hours (h) and Tiam1 mRNA expression was assessed by qPCR. (B)
Effects of TGF-b1 on IL-6-induced Tiam1 expression. CD4C T cells were treated with IL-6, TGF-b1 or with IL-6 C TGF-b1 for 24h. Tiam1
and Rac1 protein expression was measured by Western blot. b-actin level is shown as loading control. (C) Tiam1 mRNA expression is
reduced in STAT3KO T cells. Na€ıve CD4C T cells were prepared from spleens of STAT3KO and control WT mice and cells were activated
under IL-6 or Th17 cell condition for 24 hours. Tiam1 expression was analyzed by qPCR. (D) Tiam1 mRNA expression is upregulated in
the presence of Smad3 inhibitor. Na€ıve CD4C T cells were prepared from spleens of WT mice, cells were kept untreated or were pre-
treated with Smad3 inhibitor SIS3 (10 mM) for 30 minutes followed by stimulation under TGF-b1 or Th17 cell condition for 24 hours.
Tiam1 expression was analyzed by qPCR.
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Tiam1 expression was measured by qPCR. As expected,
TGF-b1 reduced Tiam1 expression in activated WT
CD4C T cells, however, this effect was reversed when
cells were pre-incubated with SIS3 compound indicating
that TGF-b1-induced inhibition of Tiam1 expression is
Smad3-dependent (Fig. 1D).

Competitive binding between STAT3 and Smad3 to
the Tiam1 promoter in Th17 cells

Previous reports demonstrated that both STAT3 and
Smad3 are key regulators of Th17 cell differentiation.12

Although we found that both STAT3 and Smad3 regu-
late Tiam1 expression, our above findings did not dem-
onstrate whether these 2 transcription factors regulate
Tiam1 expression indirectly or by binding and regulating
Tiam1 promoter activity. To test this hypothesis, we
searched the Tiam1 promoter for consensus sequence
motifs for STAT3 and Smad3 using the sequence analysis
algorithm TRANSFAC (TRANScription FACtor data-
base). In silico analysis of the Tiam1 promoter revealed 6
putative Smad3-binding sites (GTCT)13 and 2 STAT3-
binding sites (consensus STAT3-binding sequence,
TTNCNNNAA where N stands for any nucleotide)14,15

within 1 kb upstream of the transcription start site
(TSS). Interestingly, we identified a site at ¡0.82 kb with
potential overlaps between STAT3 and Smad3 binding
(Fig. 2A). To determine the Tiam1 promoter occupan-
cies by STAT3 and Smad3, binding motifs were used to
design Chromatin immunoprecipitation (ChIP) experi-
ments. Primer sets flanking the STAT3 and Smad3 bind-
ing at 4 sites in the Tiam1 promoter (C1 to -111 bp,
-450 to -605 bp, -560 to -708 bp and -770 to -930 bp)
were designed to amplify the immunoprecipitated ChIP
DNA by qPCR. Na€ıve CD4C T cells were differentiated
under Th17 cell-polarizing conditions for 3 hours and
then analyzed by ChIP-qPCR. ChIP analysis of these
sites revealed that Th17 cell differentiation condition sig-
nificantly enhanced the binding of both STAT3 and
Smad3 to the Tiam1 promoter at these 4 sites (Fig. 2B).
Next, we generated a pGL3-Tiam1 luciferase reporter
vector to investigate the ability of STAT3 and Smad3 to
regulate the Tiam1 promoter in a luciferase reporter
assay. 293T cell line was co-transfected with Tiam1.
Unlike Smad3, we found that STAT3 enhanced Tiam1
promoter activity, however, co-transfection of Smad3
with STAT3 reduced STAT3-mediated Tiam1 promoter
transactivation (Fig. 2C) which is in agreement with our
findings in Fig. 1A showing reduction of Tiam1 expres-
sion when T cells were treated with both IL-6 and
TGF-b1 compared with IL-6 treated cells. Nonetheless,
we measured endogenous Tiam1 protein levels in 293T
cells transfected with either STAT3 or in the presence of

increasing amounts of Smad3 alone. We found that while
STAT3 transfection increased Tiam1 expression, co-
transfection with Smad3 plasmid reduces STAT3-medi-
ated increased Tiam1 expression (Fig. 2D). Altogether,
the data show that Smad3 competes with STAT3 in the
regulation of Tiam1 expression.

Discussion

In summary, our study demonstrates that STAT3 and
Smad3 signaling triggered by IL-6 and TGF-b1, respec-
tively, play opposite roles in the direct regulation of
Tiam1 promoter activity and Tiam1 expression in Th17
cells. Recently we have shown that Tiam1-Rac1 complex
plays a crucial role in the induction of pro-inflammatory
Th17 cells and autoimmunity in a mouse model of MS
where pharmacological and genetic targeting of Tiam1/
Rac1 complex inhibited Th17 cell development and ame-
liorated disease symptoms and pathology.11 Differentia-
tion of na€ıve CD4C T cells into Th17 cells is achieved
with the cytokines TGF-b1 and IL-62. This cytokine
combination generates Th17 cells, that co-produce IL-9,
IL-10 together with IL-17A and do not induce autoim-
munity and have therefore been called non-pathogenic
Th17 cells.16 To acquire the ability to induce autoimmu-
nity in vivo, IL-17A-producing T cells need to either be
exposed to IL-2317 or be generated with alternative cyto-
kine combinations such as IL-1b, IL-6, IL-23 in the
absence of TGF-b1.18 Of interest, in addition to IL-6 as
an inducer of STAT3 signaling in Th17 cells, both IL-1b
and IL-23 modulate STAT3 activation in Th17 cells.19,20

Here, we found that in contrast to the pro-pathogenic
STAT3 signaling in Th17 cells that induces Tiam1
expression, Smad3 pathway downregulates Tiam1
expression and is associated with non-pathogenic Th17
cells. Thus, our findings further support the implication
of Tiam1/Rac1 complex in the development of patho-
genic Th17 cells leading to the exacerbation of autoim-
mune response in vivo.

It has been previously shown that the Rac1 guanosine
triphosphatase can bind to and regulate STAT3 activity.
Dominant negative Rac1 inhibited STAT3 activation by
growth factors, whereas activated Rac1 stimulated
STAT3 phosphorylation on both tyrosine and serine res-
idues.21 This suggests that in Th17 cells, active Rac1 may
provide a positive feedback loop to further promote
Tiam1 expression in a STAT3-dependent manner.
Indeed, we have found that NSC23766, a small molecule
that effectively inhibits Tiam1 from binding and activat-
ing Rac122 reduced Tiam1 protein expression in Th17
cells (Data not shown) which supports a role of Rac1
downstream signaling in the induction of Tiam1
expression.
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TGF-b1 is a pleiotropic cytokine that regulates diverse
cellular responses including apoptosis, cell growth inhi-
bition and immune surveillance.23 Several studies, albeit
conflicting, reported direct crosstalk between STAT3 and
Smad3 signaling.24,25 For instance, TGF-b1 reduces
STAT3 phosphorylation and suppresses its downstream
target genes.26 On the other hand, a report showed
STAT3 induces TGF-b1 expression to promote fibro-
sis,27 whereas another report showed that STAT3 inter-
acts physically with Smad3 thereby disrupting Smad3-
Smad4 complex leading to the attenuation of TGF-b1-

mediated Smad3 signaling in epithelial cells.25 Using
Tiam1 reporter assay, we found that while Smad3
appears to have a modest effects in Tiam1 promoter
activity, co-transfection with STAT3 showed a more
prominent repression of Tiam1 promoter suggesting
Smad3 may exert both STAT3-dependent and indepen-
dent effects. It is noteworthy that only one out of the 6
Smad3 predicted binding sites to the Tiam1 promoter
overlaps with STAT3 binding site. Recently, the interac-
tion between STAT3 and SMAD signaling pathways was
analyzed in Th17 cells. The authors unraveled a complex

Figure 2. STAT3 and Smad3 bind to the Tiam1 promoter in Th17 cells. (A) Several predicted binding sites for Smad3 (Open box) and
STAT3 (filled boxes) were identified upstream of transcription start site (TSS) of the Tiam1 promoter using the sequence analysis algo-
rithm TRANSFAC. Consensus binding sites for STAT3 and Smad3 are shown. (B) ChIP analysis of STAT3 and Smad3 binding to the Tiam1
promoter in Th17 cells. Na€ıve CD4C T cells from WT mice were polarized under Th17 cell conditions for 3 hours and ChIP-qPCR was per-
formed to determine STAT3 and Smad3 binding to different regions of the Tiam1 promoter relative to IgG control as indicated above
the graphs. Abs used for IP are anti-STAT3, anti-Smad3 and control IgG. Total input DNA before IP was used for normalization of data.
Data are presented as average § s.e.m. of per cent input with subtraction of control IgG. (C) HEK 293T cells were co-transfected with
increasing concentrations of Smad3 (0.025 – 0.5 mg/ml) in the presence or absence of STAT3 (0.5 mg/ml), and with a constant amount
of Tiam1-pGL3/Renilla reporter constructs. Cells were lyzed 48 hours later and luminescence was measured. RLU, relative luciferase
units. Luciferase activities were calculated as fold change relative to empty vector. Data represent mean § SEM of a representative
experiment (n D 3) each performed in triplicate. �P < 0.05; ��P < 0.01 by Student t test. (D) HEK 293T cells were co-transfected with
increasing concentrations of Smad3 (0.05 – 0.5 mg/ml) in the presence or absence of STAT3 (0.5 mg/ml). Protein lysates were prepared
48 hours later and Tiam1 expression was measured by Western blot. b-actin level is shown as loading control.
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interaction between these 2 pathways where Smad3 and
its highly homologous family member Smad2 play oppo-
site roles by acting as a co-repressor and co-activator of
STAT3, respectively, in Th17 cells.12 The findings in our
present study are consistent with the oncogenic proper-
ties of STAT3 and growth suppressor role of the TGF-b
signaling, where STAT3 induces the expression of Tiam1
while TGF-b1 suppresses it.

In conclusion, our study provides additional evidence
of the opposing roles of STAT3 and Smad3 in the regula-
tion of T cell function that implicates Tiam1/Rac1 path-
way regulation in Th17 cells.

Materials and methods

Mouse T cell differentiation

Na€ıve CD4CCD62LC T cells were purified from na€ıve
C57BL/6 wild-type (WT) or STAT3 CD4-Cre-lox
conditional knockout mice11 using magnetic-activated
cell sorting (MACS) (Miltenyi). Cells (250 – 500 £
103) were stimulated using plate-bound anti-CD3
(4 mg/mL) as well as soluble anti-CD28 (2 mg/mL) in
48-well plates for 4 d in a serum-free medium (X-
VIVO-20; Lonza) supplemented with 50 mM 2-mer-
captoethanol, 1 mM sodium pyruvate, L-glutamine,
nonessential amino acids, and 100 U/mL of penicillin
and streptomycin in the presence of recombinant
cytokines. Na€ıve CD4C T cells were polarized in the
presence of recombinant mouse IL-6 (30 ng/mL) and
recombinant human TGF-b1 (3 ng/mL) plus anti-
IFNg (10 mg/mL) for Th17. For Smad3 inhibition,
cells were pre-treated with Smad3 specific inhibitor
SIS3 (10 mM) and treatment was kept for the dura-
tion of the assay. All recombinant proteins were pur-
chased from R&D Systems. Neutralizing antibodies
were purchased from BD Biosciences.

Expression analysis by real-time quantitative PCR

RNA from 50–100 £ 103 T cells was purified using Stra-
tagene RNA kit and directly transferred into the RT
reagent using the Applied Biosystems Taqman reverse
transcriptase reagents. Samples were then subjected to
real-time quantitative PCR (qPCR) analysis on the
Applied Biosystems PRISM 7000 Sequencer Detection
System (Applied Biosystems, Foster City, CA) using
standard conditions. Genes analyzed were detected with
commercially available assays (Applied Biosystems). The
relative mRNA abundance was normalized against
GAPDH.

Western blot

Cells were lysed in RIPA buffer (Thermo Scientific) with
a protease inhibitor mixture (Roche Diagnostics); 20 mg
total protein was loaded into each well of a SDS-PAGE
gel for separation by electrophoresis and then transferred
on nitrocellulose membrane. The resulting blots were
blocked for 1 h with TBS-Tween 20 containing 5% pow-
der skim milk and then probed for 3 hrs at room temper-
ature with primary antibodies directed against: Tiam1
and Rac1 (Santa Cruz Biotechnology). b-actin mouse
mAb was used as the loading control. Anti-mouse and
anti-rabbit IRDye� secondary antibodies were purchased
from LI-COR.

ChIP-qPCR

Na€ıve CD4C CD44lowCD62Lhi T cells were sorted by
flow cell sorter and were polarized to Th17 phenotype
for 48 hours. ChIP was performed according to the pro-
tocol previously described.28 Cell lysates were used for
immunoprecipitation with anti-STAT3 and anti-Smad3
(Santa Cruz Biotechnology) and were compared with
control IgG. The following primers were used for the
detection of STAT3 and Smad3 binding: Fwd: CATCA-
GAAGCACAATCCAAAA, Rev: TCCCTGTCCTTGCT
GTTTCT (C1 to -111 bp); Fwd: CACTGATGGAAGG-
CACAGAA, Rev: ATCTGGGCAAATAGCAAACG
(-450 to -605 bp); Fwd: ATGGACTGAGGGCTGGA-
GAG, Rev: TACAGGTTGCTAGCCCTTGG (-560 to
-708 bp); and Fwd: CAAAACACTTGCGGTACTTGC,
Rev: GAGTGTCCAAAGGGGACAGA (-770 to -930
bp). ChIP-qPCR was performed according to our previ-
ous report.29

Dual luciferase reporter assay

PGL3 luciferase reporter plasmids encoding the Tiam1
promoter were generated by our group. Briefly, 2kb
Tiam1 upstream fragment of transcription start site was
cloned from BAC then inserted into pGL3 Basic Vector’s
multi-cloning site. The following primers were used:
PGL3-Tiam1UF-F1: GATCCTAGGGCCGCTGCGGCC
TCCAGGACA GCCAGGGCTA CAC; PGL3-Tiam1UF-
R1: GATCCTAGGGCCTGTTTGGCC TAGGAAG-
GATTCCCGGCATGAATC. Final vector was confirmed
by BamHI and Bgl2. BglII Fragment sizes 1037, 112,
5707. BamHI Fragment sizes 3363, 3493. For the lucifer-
ase reporter assay, Human Embryonic Kidney 293T cells
were seeded in culture plates the day before transfection
according the manufacturer’s instructions. The cells con-
fluency at the day of the transfection was 40–80%. 293T
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cells were transfected with pGL3 and the Renilla pRL-TK
luciferase reporter constructs (0.5 mg/ml) together with
the indicated plasmids using Effectene Transfection
Reagent kit (Qiagen). Cells were cultured overnight then
treated with Luciferase Assay System kit reagents (Prom-
ega) and results were acquired on Wallac 1420 Viktor2
plate reader (Perkin-Elmer).

Statistical analysis

Statistical evaluations of gene expression, DNA binding
and luciferase activity were performed using the
unpaired Student’s t test. Values of P< 0.05 were consid-
ered to be statistically significant.
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