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Twist Is Transcriptionally Induced by Activation of STAT3 and
Mediates STAT3 Oncogenic Function™
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To explore the basis of metastasis, we compared the human
breast cancer lines MCF-7 and MDA-MB453, which have low
invasive ability, with their sublines MCF7-14 and MDA-
MB453-14 with high invasive ability for gene expression and sig-
naling pathways. We previously showed that the I4 lines had
dramatically elevated levels of Twist compared with their paren-
tal lines. In this study, we observed significantly increased
STATS3 Tyr’°® phosphorylation, but not the STAT3 protein lev-
els, in the 14 lines. Activation of STAT3 by interleukin-6 or
expression of activated Src induced Twist expression at protein
and mRNA levels. Inhibiting STAT3 by a small molecule inhib-
itor, JSI-124, STAT3 small hairpin RNAs, or dominant negative
STAT3 resulted in significant reduction of Twist protein and
mRNA expression. STAT3 directly bound to the second proxi-
mal STAT3-binding site on the human Twist promoter and acti-
vated its transcriptional activity. Inhibition of STAT3 reduced
migration, invasion, and colony formation of the I4 cells.
Ectopic expression of Twist significantly rescued those pheno-
types. Ten normal and 46 tumor specimens of breast tissues
were examined for activation of STAT3 and expression of Twist.
There was a strong correlation between Tyr’®® p-STAT3 and
Twist level in the late stage tumor tissues. Our results indicate
that activated STAT3 transcriptionally induces Twist, which
plays an important role in promoting migration, invasion, and
anchorage-independent growth. Together with our previous
observation that Twist transcriptionally induces AKT2 to medi-
ate Twist-promoted oncogenic functions, we conclude that
STAT3, Twist, and AKT2 form a functional signaling axis to
regulate pivotal oncogenic properties of cancer cells.

Twist, a highly conserved basic helix-loop-helix transcrip-
tional factor, was previously shown to play a pivotal role in
mesodermal, myoblast, and osteoblast differentiation (1-3).
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Mutational inactivation of the Twist gene resulted in Saethre-
Chotzen syndrome, an autosomal dominant disorder charac-
terized by premature fusion of the cranial sutures, skull defor-
mations, limb abnormalities, and facial dysmorphisims (4).
Recent studies have demonstrated that Twist also played a key
role in the development and progression of human cancer (5).

Twist is frequently overexpressed in human rhabdomyosar-
coma, gastric carcinoma, melanoma, breast cancer, prostate
cancer, liver carcinoma, and glioma (5). The elevated Twist
protein levels are associated with advanced tumor stage and
poor prognosis in several types of cancer (6-8). Further,
increased Twist in cancer cells has been shown to promote
metastatic ability in vivo and induce epithelial to mesenchymal
transition, cell survival, angiogenesis, and chemoresistance in
vitro (9 -14). In addition, ectopic expression of Twist in mouse
embryonic fibroblasts promotes soft agar colony formation,
indicating its role in malignant transformation (10). A number
of downstream target genes of Twist have been identified and
shown to mediate its function (10). Previous studies have dem-
onstrated that epithelial to mesenchymal transition-associated
molecules, such as E-cadherin and N-cadherin, are tightly reg-
ulated by Twist (9, 15). We have recently shown that AKT sig-
naling is promoted by Twist through transcriptional up-regu-
lation of AKT2 (16). However, the molecular mechanism for
the up-regulation of Twist in cancer cells is less clear.

Signal transducer and activator of transcription 3 (STAT3)*
protein is a member of a family of latent cytoplasmic transcrip-
tional factors that convey signals from the cell surface to the
nucleus upon activation by cytokines and growth factors (17).
Engagement of cell surface receptors by polypeptide ligands
induces tyrosine phosphorylation of STAT3 protein by Janus
kinases, growth factor receptor tyrosine kinases, and, in some
cases, Src family tyrosine kinases. The phospho-STAT3 protein
dimerizes and translocates to nucleus to regulate expression of
the genes harboring STAT3-binding sites in their promoters
(18). STAT3 has been shown to regulate genes that control
fundamental biological processes including cell proliferation,
survival, and development (18). Activated STAT3 was able to
transform cells in vitro (19) and is required for cell transforma-
tion of a number of oncogenes (12, 19, 20). Numerous studies

*The abbreviations used are: STAT, signal transducers and activators of tran-
scription; IL, interleukin; shRNA, small hairpin RNA; DMEM, Dulbecco’s
modified Eagle’s medium; FCS, fetal calf serum; RT, reverse transcription;
ChlIP, chromatin immunoprecipitation; EMSA, electrophoretic mobility
shift assay; GFP, green fluorescent protein; ERK, extracellular signal-regu-
lated kinase; MMP, matrix metalloproteinase.
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have detected constitutively active STAT3 in diverse human
tumor specimens (21-24). Activated STAT3 in tumor cells par-
ticipates in regulating expression of genes involved in control-
ling cell cycle progression, apoptosis, and angiogenesis (25).

We previously established a model system using Boyden
chamber invasion assay to select highly invasive cells from a
population of low invasive breast cancer lines and showed an
increased level of Twist in the selected highly invasive cells (17).
We further demonstrated that Twist transcriptionally induced
AKT?2 to mediate migration, invasion, and drug resistance (16).
In the present study, we detected an elevated level of activated
STATS3 in the highly invasive cells and demonstrated its role in
transcriptional regulation of Twist. We showed that STAT3
bound to the Twist promoter and activated its transcriptional
activity. Twist was able to rescue the oncogenic phenotypes
resulting from inhibition of STAT3. Further, elevated p-STAT3
and Twist are highly correlated in breast cancer. Our finding
demonstrates for the first time that Twist is a transcriptional
target of STAT3. Together with our previous report (16), we
conclude that STAT3, Twist, and AKT?2 are functionally linked
in a signaling pathway to regulate oncogenic properties of
breast cancer cells.

EXPERIMENTAL PROCEDURES

Cell Lines, Transfection, and Tumor Specimens—The breast
cancer cell lines MCF-7 and MDA-MB-453 and their derived
highly invasive cell lines MCF-7-14 and MDA-MB-453-14 have
been obtained as previously described (16). The cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal calf serum (FCS) and antibiotics. The cultures were
maintained in a humidified incubator at 37 °C in the presence of
5% CO.,. The transfections were done with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.
Anonymous primary human breast cancer specimens were
procured in the H. Lee Moffitt Cancer Center under the insti-
tutional review board approved protocol. The tissues were snap
frozen and stored at —70 °C.

Antibodies and Reagents—Antibodies against Tyr(P
STAT3 and STAT3 were purchased from Cell Signaling.
Mono- and polyclonal anti-Twist antibodies were obtained
from Abcam and homemade, respectively (17). Anti-tubulin
antibody and growth factor reduced Matrigel were from Sigma
and BD Biosciences, respectively. STAT3 inhibitor Cucurbita-
cin/JSI-124 was purchased from Calbiochem.

Cloning and Construction of the Human Twist Promoter—
Full-length human Twist promoter was generated by nested PCR
using genomic DNA isolated from the human melanoma cell line
FEMX. The first PCR primers used for the Twist promoter were
5'-GCGTATCCAAGCATTTGGAATTGGGG-3" (forward)
and 5'-CTCTCGAGCGGCGACGCGTGGCCTC-3’ (reverse).
Full-length Twist promoter and its subsequent truncation
mutants were created by a second round of PCR using prim-
ers: Full forward, 5'-CCGGGTACCCTTTCAAGGTCACA-
ATGCGGAGCC-3'; Truncation 1 (—745) forward, 5'-CCG-
GGTACCAGCGTCAGACTGGGTCGTTGTAGAGG-3';
Truncation 2 (—451) forward, 5'-CCGGGTACCGAGATG-
AGACATCACCCACTGTGTAG-3’; Truncation 3 (—186)
forward, 5'-CCGGGTACCTTTGGGAGGACGAATTGTT-
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AGACC-3’; Truncation 4 (—105) forward, 5'-CCGGGTACC-
ACTTCGAAAAGTCCCTCCTCCTC-3'; and Common
reverse, 5'-ATACTCGAGTGGGCGAGAGCTGCAGACT-
TGG-3'. The PCR products were digested with Kpnl/XhoI and
subcloned into pGL3-Luciferase vector. The final constructs
were confirmed by DNA sequencing. Myc-tagged Twist plas-
mid was previously described (16).

Western Blot—Western blot analysis was performed as
described previously (12). Briefly, the cells were lysed with
radioimmune precipitation assay buffer (50 mm Tris-HCI, pH
7.4, 150 mm NaCl, 1% Triton X-100, 1% sodium deoxycholate,
0.1% SDS, 1 mm EDTA, 1 mm phenylmethylsulfonyl fluoride, 5
png/ml aprotinin, 5 ug/ml leupeptin, and 1 mm phenylarsine
oxide), and the total lysate was separated by SDS-PAGE and
immunoblotted with appropriate antibodies as indicated in the
figure legends.

RNA Isolation and Reverse Transcription (RT)-PCR Analysis—
Total RNA was extracted using TRIzol (Invitrogen) and was
further purified with RNeasy purification kit (Qiagen). The first
strand cDNA synthesis was carried out with SuperScript II
reverse transcriptase (Invitrogen) using 2 ug of total RNA and
poly(dT) primer. PCR was performed with gene specific prim-
ers for glyceraldehyde-3-phosphate dehydrogenase (forward,
5'-GACCCCTTCATTGACCTCAAC-3'; reverse, 5'-CTTCT-
CCATGGTGGTGAAGAC-3') as an internal control and
Twist (forward, 5'-GGAGTCCGCAGTCTTACGAG-3';
reverse, 5'-TCTGGAGGACCTGGTAGAGG-3').

Cell Migration and Invasion Assay—Invasion assays were
performed in a Boyden chamber with polyethylene terephtha-
late filter inserts for 24-well plates containing 0.8-um pores
(Falcon 3097 and 3504) as described before (17). The filters
were coated on ice with 100 ul of growth factor reduced Matri-
gel at 0.5— 0.8 mg/ml protein. 1 X 10 cells were plated in 300 ul
0f 0.1% bovine serum albumin-DMEM into the upper chamber.
The lower chamber was filled with 500 ul of 10% FCS-DMEM.
After culturing for 612 h, noninvaded cells in the inserts were
removed with cotton swabs. The invaded cells on the underside
were treated with a fixative/staining solution (0.1% crystal vio-
let, 1% formalin, 20% ethanol) for visualization. The invaded
cells at underside of the membrane were photographed. Migra-
tion assay was performed using Boyden chamber similarly except
without coating of Matrigel and 6 — 8 h of migration time allowed.
Migrated/invaded cells were stained, photographed digitally, and
quantified using Image] software. Statistical analysis was per-
formed using a two-sample ¢ test assuming equal variance, and p
values were calculated based on a two-tailed test.

Soft Agar Colony Formation Assay—The assay was as
described before (12, 17). 1 X 10 cells were suspended in 10%
FCS-DMEM containing 0.4% agar. The cells were then placed
into a dish containing a hard agar base composed of 10% FCS-
DMEM and 0.75% agar. The cultures were returned to the incu-
bator and fed every 2 days with 500 ul of normal growth
medium. Photomicrographs of colonies were taken 2—3 weeks
later and quantified by Image] software.

Luciferase Reporter Assay—The cells were seeded in a
24-well plate and transfected with Twist-Luc reporter plas-
mid, pRenilla-luciferase plasmid, and additional plasmids as
described in the figure legend. The amount of DNA in each
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transfection was kept constant by the addition of empty vector,
pCMV-Tag3B. Thirty-six hours post transfection, the cell
lysates were prepared, and firefly luciferase and Renilla lucifer-
ase were assayed according to the manufacturer’s protocol
(Promega). The same amount of cell extract was used for the
assay, and the firefly luciferase activity was normalized to that of
Renilla luciferase. Luciferase activity was expressed as relative
light units or fold change. Each experiment was repeated three
times in triplicate.

Chromatin Immunoprecipitation (ChIP) Assay—ChIP assay
was performed essentially as previously described with modifi-
cations (26). Briefly, soluble chromatin was prepared from a
total of 2 X 107 asynchronously growing MDA-MB-45314 cells
that were transfected with STAT3 and v-Src. The chromatin
solution was diluted 10-fold with ChIP dilution buffer (1.1%
Triton X-100, 1.2 mMm EDTA, 167 mMm NaCl, 16.7 mm Tris-HCI,
pH 8.1, 0.01% SDS, plus protease and phosphatase inhibitors),
and precleared with protein A beads blocked with 2 ug of
sheared salmon sperm DNA and preimmune serum. The pre-
cleared chromatin solution was divided and utilized in immu-
noprecipitation assays with either an anti-STAT3 antibody or
an anti-GFP antibody. Following multiple washes, the anti-
body-protein-DNA complex was eluted from the beads by
resuspending the pellets in 1% SDS, 0.1 m NaHCO, at room
temperature for 20 min. After reversal cross-link incubation at
67 °C, protein and RNA were removed by incubation with 10 ug
of proteinase K and 10 ug of RNase A at 42 °C for 3 h. Purified
DNA was subjected to PCR with primers specific for the
STAT3-binding sites upstream of the transcriptional start site.
The sequences of the PCR primers used are: proximal forward,
5'-GCCAGGTCGTTTTTGAATGG-3', and reverse, 5'-CGT-
GCAGGCGGAAAGTTTGG-3'; distal forward, 5'-TGCCTT-
TCCCATGGACTGGG-3', and reverse, 5'-GAGTTCCAAA-
GGCCAAACCG-3'. The proximal and distal PCR products
contain the three proximal and two distal STAT3-binding sites,
respectively.

Electrophoretic Mobility Shift Assay (EMSA)—MCF7-14 cells
were transfected with FLAG-tagged STAT3. Following 48 h of
incubation, nuclear extract was prepared as previously
described (21). Normalized extracts containing ~5 ug of pro-
tein were incubated with **P-radiolabeled double-stranded oli-
gonucleotide probe. The oligonucleotides containing the puta-
tive STAT3-binding sites in the Twist promoter and their
derivatives are as follows: (—107, e.g. the second STAT3-bind-
ing site) wild type, 5'-GCGGAAACTTTCCTATAAAACTTCG-
3’; mutant, 5'-GCGGAAACTggCCTATAAAACTTCG-3’
(—96, e.g. the first STAT3 binding) wild type, 5'-CTATAAAA-
CTTCGAAAAGTCCCTCC-3'. Protein-DNA complexes were
resolved by nondenaturing polyacrylamide gel electrophoresis
and visualized by autoradiography.

Short Hairpin RNA Construction—The shRNA duplexes
were constructed based on the sequences obtained from the
Sigma MISSION shRNA Library of the RNAi Consortium.
RNA targeting regions with a hairpin sequence (TTCAA-
GAGA) was cloned into pSIREN-RetroQ-linker at BamHI and
EcoRI sites (a generous gift from Dr. Domenico Tortorella,
Mount Sinai School of Medicine). Sequences are as shown:
shSTAT3-1, 5'-gatccGCGGATCATAAGGTCAGGAGATT-
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TCAAGAGAATCTCCTGACCTTATGATCCGTTTTTTg-
3’; shSTAT3-2, (5'-gatccGCTGACCAACAATCCCAAGA-
ATTCAAGAGATTCTTGGGATTGTTGGTCAGCTTTT-
TTg-3'); shSTAT3-3, 5'-gatccGCTGAAATCATCATGGGC-
TATTTCAAGAGAATAGCCCATGATGATTTCAGCTTT-
TTTg-3"; shSTAT3-4, 5'-gatccGCACAATCTACGAAGAAT-
CAATTCAAGAGATTGATTCTTCGTAGATTGTGCTTT-
TTTg-3'; and shSTAT3-5, 5'-gatccGCAAAGAATCACATG-
CCACTTTTCAAGAGAAAGTGGCATGTGATTCTTTGC-
TTTTTTg-3". A pool of these pSIREN-RetroQ-shSTATs and a
control pSIREN-RetroQ-shRNA that specifically targets GFP
protein were used to transfect MCF-7-14 and MDA-MB-453-14
cells. Stable STAT3 knockdown pool cells were obtained by
puromycin selection.

Western Analysis of Normal and Tumor Tissues—For total
protein lysate preparation, an appropriate piece of the tissues
was cut and minced, an aliquot of radioimmune precipitation
assay buffer was added, and the tissues suspension was sub-
jected to tissue homogenization. The clear lysates were recov-
ered after centrifugation. An equivalent amount of protein
from each sample was analyzed by Western blotting.

Immunohistochemistry—Immunohistochemistry was per-
formed as previously described (17), anti-Twist (Santa Cruz),
and anti-phospho-STAT3-Tyr’?® antibodies described above
were used for the staining. Briefly, following paraffin section
rehydration, the samples were treated with solution containing
0.3% hydrogen peroxide for 30 min to block endogenous per-
oxidase activity. After antigen retrieval in citrate buffer, the
sections were incubated with the primary antibody (1:100 in
phosphate-buffered saline, 1% bovine serum albumin overnight
at 4 °C) and then with biotinylated secondary antibody (Vector
Laboratories, Burlingame, CA). The signal was amplified by avi-
din-biotin complex formation and developed with diamino-
benzidine followed by counterstaining with hematoxylin, dehy-
drated in alcohol and xylene, and mounted.

RESULTS

STAT3 Is Activated in the Selected Invasive 14 Cells, and
Blocking STAT3 Activation Reduces Twist Expression at Protein
and mRNA Levels—To better understand the molecular mech-
anism of breast cancer metastasis, we previously established
highly invasive lines MCF-7-14 and MDA-MB-453-14 by four-
round selection of MCF-7 and MDA-MB-453 using Boyden
chamber invasion assay and showed that AKT2 and Twist were
elevated in the selected invasive cells compared with the paren-
tal cells. Further, we demonstrated that Twist bound to the
AKT2 promoter and induced AKT2 expression (16). However,
the basis for up-regulation of Twist in I4 cells is unknown. Fre-
quent activation of STATS3 in late stage and high grade breast
cancer prompted us to examine whether STATS3 is activated in
the 14 cells. Immunoblotting analysis revealed that the levels of
Tyr(P)7°° STATS, a residue reflecting activation upon its phos-
phorylation, were increased in both MCF-7-14 and MDA-MB-
453-14 cells, whereas the total levels of STAT3 did not change as
compared with their parental cells (Fig. 1A). Because both
STAT3 and Twist contributed to tumor progression, we con-
sidered the possibility that STAT3 and Twist could be function-
ally linked. To test this possibility, MCF-7-14 and MDA-MB-
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FIGURE 1. Phospho-STAT3 and Twist levels are elevated in 14 cells.
A, Western blot analysis. Parental (P) and 14 of MCF-7 and MDA-MB-453 cells
were grown at 90% confluence, lysed, and immunoblotted with phospho-
STAT3-Tyr’% (top panel), STAT3 (second panel), Twist (third panel), or tubulin
(bottom panel) antibodies. B, MCF-7-14 and MDA-MB-453-14 cells were treated
with 0.5 um JSI-124 for 24 h and then lysed, and the total lysates were sepa-
rated by SDS-PAGE and immunoblotted with the indicated antibodies. C, the
14 cells were treated with a pool of five pSIREN-RetroQ/shRNAs targeting the
human STAT3 sequence or the control shRNA (GFP). After 72 h of incubation,
protein and total RNA were isolated from the cells. Equal amounts of protein
lysates were separated on SDS-PAGE and blotted with the indicated antibod-
ies (top three panels). RNA was subjected to semi-quantitative RT-PCR analysis
for the expression of Twist. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as a loading control (bottom panel).

453-14 cells were treated with the small molecule inhibitor of
STATS3,]JSI-124 (27). Following treatment with JSI-124 for 24 h,
we observed markedly reduced phospho-STAT3 levels and cor-
respondingly decreased Twist protein expression (Fig. 1B), sug-
gesting that Twist protein level is affected by the status of
STAT3 activation. To further demonstrate the regulation of
Twist by STAT3, we performed shRNA-mediated knockdown
of STAT3 in the 14 cells. MCF-7-14 and MDA-MB453-14 cells
were treated with either a control pSIREN-RetroQ-shRNA or a
pool of pSIREN-RetroQ-shRNAs targeting five different
regions of STAT3. As shown in Fig. 1C, the level of Twist pro-
tein decreased concurrently with STAT3 knockdown. The
STAT3-knocked down I4 cells showed a dramatic reduction of
Twist mRNA as measured by semi-quantitative RT-PCR.
Those data led us to hypothesize that Twist is a downstream
target gene of STATS3.

Activation of STAT3 Increases Twist Expression—To test our
hypothesis, we ectopically expressed STAT3 and/or v-Src,
which is known to phosphorylate and activate STAT3 (20, 28),
in MDA-MB-453 cells and monitored for Twist expression.
Overexpression of wild type STAT3 alone did not yield an
increase in Twist protein levels; however, expression of Src
alone or co-expression of v-Src and STAT3 led to a significant
increase in phospho-STAT3 and Twist levels, with the latter
having a slightly higher level (Fig. 24). The mRNA level of Twist
was examined by semi-quantitative RT-PCR. Ectopic expres-
sion of v-Src alone increased Twist mRNA, and a further
increase was detected when additional STAT3 was provided.
The effect of v-Src on Twist levels could be reversed by the
expression of a dominant negative STAT3 mutant unable to
bind DNA (29) (Fig. 2B), suggesting that this was a STAT3-de-
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FIGURE 2. Activation of STAT3 induces Twist expression. A, Western blot
analysis. MDA-MB-453 cells were transiently transfected with v-Src or/and
STAT3. Following 48 h of incubation, the cell lysates were prepared and ana-
lyzed by Western blot with the indicated antibodies. B, semi-quantitative RT-
PCR. MDA-MB-453 cells were transiently transfected with the indicated plas-
mids. Total RNA was isolated after 48 h of transfection, and RT-PCR was
performed as described under “Experimental Procedures.” C, v-Src stably
transformed NIH3T3 and pcDNA3-transfected NIH3T3 cells were grown to
90% confluence. Whole cell extracts were isolated and immunoblotted with
indicated antibodies. D, FEMX and WM397 melanoma cells were treated with
IL-6 (20 ng/ml) with or without 0.5 um STAT3 inhibitor JSI-124 for 24 h. Whole
cell lysates and total RNA were isolated. Western blot analysis was performed
with the indicated antibodies. Semi-quantitative RT-PCR was carried out for
the expression of Twist and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). E, HEK293 cells were treated with IL-6 for 24 h, and the cell lysates
were immunoblotted with the indicated antibodies.

pendent phenomenon. We next asked whether this relation-
ship could be observed under persistent activation of STATS3.
To address this, we examined Twist protein levels in v-Src sta-
bly transformed NIH3T3 line and its normal counterpart,
pcDNA3-NIH3T3. As shown in Fig. 2C, NIH3T3-Src cells had
elevated phopho-STAT3 and Twist levels as compared with
those of the pcDNA3-NIH3TS3 cells. ERK phosphorylation was
used as an independent assessment of v-Src activity, and as
expected, a significantly higher level of p-ERK was detected in
NIH3T3-Src cells.

Besides the nonreceptor Src family protein tyrosine kinase,
STATS3 can also be activated by cytokine signaling. IL-6 has
been shown to be a potent STAT3 activation signal (30). To
further demonstrate the regulation of Twist by STAT3 signal-
ing, we treated two melanoma cell lines, FEMX and WM397,
and HEK293 cells with IL-6 alone or with IL-6 plus STAT3
inhibitor JSI-124. IL-6 treatment resulted in increased
p-STAT3 as well as Twist at protein and mRNA levels, and the
induction was inhibited in the presence of JSI-124 (Fig. 2, D and
E). Together, our results indicate that Twist expression is reg-
ulated by STAT3, suggesting that up-regulation of Twist in the
14 cells and certain tumor cells could be due to the activation of
STATS3.

STATS3 Directly Binds to and Regulates the Twist Promoter—
By examining and comparing the sequences of human and
mouse Twist genomic structure, we identified the putative
human Twist promoter and found five putative sites conform-
ing to the consensus STAT3-binding sequences TT(N, _4)AA
(Fig. 3) (17). Subsequently, we cloned the human Twist pro-
moter into the pGL3-Luciferase vector. A dual luciferase
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Human Twist Promoter
ggaattggggctcacgaagcctaattgtecactggatgecetagatagtgggggetggggeggggggggtetecagagegg -1026
gcagcccctatgtetaggegetatcaaatteeccacttecactetettacaagetggectttcaaggtecacaatgeggagee -946

taatttgggggtggggatgaaatggccacagggteteteccttgggttggeattgecagetgttagggeecgecagecaaagg -866

cgctgegetgecececectetggetetgetgecttteccatggactgggtite ag tgaacttctgectet =786
STAT3
ttegagcaccttecgaggegtagtectttggatgttggggagegtecagactgggtegttgtagaggggaaaggagggece =706

agaagggcgagagagcaggccgggacgcaaatcctecagecccegeggegeggecacg tgcccaggacc te -626
cgggctgggeegecgeggtttggectttggaacteccaaggggttegte tacctgaccattgsg; Egggc tecegeggttgac -546
acttttettggecatgccecececccacccegegecacaccaccecccccagecccagcaatcccaaatecggeccccacggaccta -466
gagggctcttgggcgagatgagacatcacccactgtgtagaagetgttgecattgetgetgtcacagecactecggatgg -386
ggctgccaccgeggccaggacagtetectecgacegettectgggetgegetagggttegggggegetgecegeacgete —-306
cggeggggaaggaaategeccegegecegecggaggaaggegacggggagggaagggggagggeggetaggaggegggtg  —226

gaggggceggecgecegggecaggtedtttttaaaltagtttgggaggacgaattgttagaccccgaggaagggaggtagg  -146
ST.

AT3
acgggggagggggactggaaagcgga aactlttcctataali aclttcgaaaabtccctcc tectcacgtcaggccaatgaca -66
STAT3 STAT3
ctgctgcccccaaactttccgcctgcacggagagcctccaagtctgcagctctcgcccAACTCCCAGACACCT +15
TATA
CGCGGGCTCTGCAGCACCGGCACCGTTTCCAGGAGGCCTGGCGGGGTGTGCGTCCAGCCGTTGGGCGCTTTCTTTTTGGA +95
CCTCGGGGCCATCCACACCGTCCCCTCCCCCTCCCGCCTCCCTCCCCGCCTCCCCCGCGCGCCCTCCCCGCGGAGGTCCC +175
TCCCGTCCGTCCTCCTGCTCTCTCCTCCGCGGGCCGCATCGCCCGGGCCGG +226

Mouse Twist Promoter
aacaaaacaaaaaaaaaaaaacaaaaaaaaccgcaacatggctgagtgcatttgaggcaccgggagca -1026
STAT
taactactcacaagatctectaggaagacgagaatattgatccececcacettaaatgtatggactaceccaaggttageatg -946

cagggcttaatttggagttageggacatgaaatgttcectecaaggttetectecacetagggetggecagegtggagecacecaa -866

qg’ctgctctatctttccctagctttgctccaaggct Httctctgtaapagaatgaactecagectagg -786

STAT3 STAT3
tccagecacctttggaagecacagtectetgagagecagggaaactttagattgggtecacegtagecaggaaaggagagececag -706

acgtttctccgggaggggtgacacggcaggccagggegcagatccatagegeccacgatgtggecacgtettgagaaceg -626
ccctcgaccacagggccaggcagccgeggggaatcccttgggactagaggtttecgactagaggtttectctacctgace  -546

gttagatggactc gc ttttecttgectegecagecegggecccgageccacccccaaagggecccggagaactece -466
STAT3
gagggatcccaggcgggatgggacatcacccagagecgtcgaageccgettgecactactgetgtcacageccacttggggag -386

ggggagactgcaacagcgacccagacagtcccctgtttgeggtgetgtgetegggtgegggggegetgggegegetetgg  -306
cgcggaaggaaatecgececegegtecteccecgaageggagggggagagetgggggggggagagggaggggagaggegggeg -226

caggggctggeccgectegggecaggteggttttgaatggttegecaggacgaattgttagacecccgagecaaggggggagggg -1l46

gcgagggaggggggctggaaa gaggaaac'llttccta tadaadttcgaaaalg tccctectecccacgtecaggecaatgaca -66

STAT3 STAT3
ccgctgcccccaaactttccgcccgcacgqagagccgccaagtccacagcccgcgccmCTCTCAGACACCT +15
TATA

CGCGGGCTCGCCAGCACCGGCACCGGCTGCGCCAGGCCGGAACGGGGCGCGCTTGCGGCCGTCGGGCGCCTTCTTTTTGG  +95

ACCTCGGGGCCCTCCACACCGTCCCCTCCCCCGCCCGCCTCCCTCCCCGCCTCCAGCGCCCTCCCCGCGGAGGTCCCCCC +175

ACCCCCATCCCGCCTCCCTGCGTCCTCCGGGCCGCACCGCCCGGGCCGG +224
FIGURE 3. Human and mouse Twist promoter. Human and mouse Twist promoter sequences were obtained from NCBI MapViewer. Putative STAT3-binding
sites are shown. The TATA box is denoted according to Wang et al. (31). The capital letters denote the 5’ region of Twist encoding the mRNA transcript.
reporter assay was performed to determine whether activated to a dosage-dependent induction of Twist promoter activity,
STAT3 was able to transactivate the human Twist promoter. ~whereas v-Src alone only slightly enhanced the Twist promoter
Co-expression of v-Src and increasing amounts of STAT3 led activity. Moreover, the addition of IL-6 induced the promoter
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FIGURE 4. STAT3 binds to and transactivates human Twist promoter. A and B, luciferase reporter assay.
HEK293 cells were transfected with pGL3-Twist-Luc (firefly) and Renilla luciferase as well as the indicated
plasmids or stimulated with IL-6. Following 36 h of culture and treatment with or without IL-6, luciferase activity
was measured and normalized to Renilla luciferase activity. The relative luciferase activity was expressed in
arbitrary units in a scale of 1 to 10. The results are the means = S.E. of three independent experiments per-
formed in triplicate. C, a series of deletion mutants of the Twist promoter (left) were introduced into HEK293
cells together with (gray bars) or without (white and black bars) v-Src and STAT3. After 36 h of incubation in a
medium with (black bars) or without (white and gray bars) IL-6, the cells were subjected to luciferase reporter
assay as described above. D, EMSA. Equal amounts of 3?P-labeled oligonucleotides were incubated with
nuclear extract prepared from FLAG-STAT3-transfected MCF7-14 cells. Supershift was examined by incubation
of the reactions with anti-FLAG antibody. E and F, ChIP assay. MDA-MB-453 cells were transfected with STAT3
and v-Src (E), and MCF7 and MCF7-14 cells were treated with or without IL-6 as indicated (F). Twenty-four hours
post-transfection or treatment, chromatin immunoprecipitation assay was carried out using anti-STAT3 anti-
body or irrelevant anti-GFP antibody as a negative control. The protein-chromatin immunoprecipitates were
subjected to PCR analysis as described under “Experimental Procedures.” Input lane, total genomic DNA used
as control for the PCRreaction. Lane 4 of Eis a PCR control, and the reaction does not contain DNA. wt, wild type.

promoter were created based on
the location of the STAT3-binding
sites. Luciferase assay showed that
the second STAT3-binding motif
on the Twist promoter proximal to
the transcriptional starting site is
responsible for the full STAT3-me-
diated activation of the promoter
(Fig. 4C). In addition, it appeared to
have a minor repressive element
between —745 and —451 bp of the
promoter (Figs. 3 and 4). To deter-
mine whether STAT3 could bind
the Twist promoter in vitro and in
intact cells, we performed EMSA
and ChIP assays. EMSA experi-
ments showed that the second but
not the first STAT3-binding site
directly bound to STATS3 (Fig. 4D).
A ChIP assay was carried out using
two sets of primers that covered the
five candidate STAT3-binding sites.
The first set of primers covered the
proximal three STAT3-binding
sites, whereas the second set of
primers covered the distal two
STAT3-binding sites. As shown in
Fig. 4E, the proximal primers
yielded Twist promoter DNA in the
chromatin  immunoprecipitated
with an anti-STAT3 antibody. By
contrast, primers corresponding to
5’ region containing the two distal
STATS3 sites of the Twist promoter
did not detect promoter DNA in the
anti-STAT3 immunoprecipitates
(Fig. 4E). This result was further
confirmed in MCF7 cells that were
treated with or without IL-6 (Fig. 4F
and data not shown). Because the
second proximal STAT3 site medi-
ated the maximal Twist promoter
activity, whereas the first and third
sites did not facilitate the promoter
activity (Fig. 4C), our data suggest
that the second proximal site is the
major STATS3 recognition site. This
site is 75 bases upstream of the

activity, which was further enhanced by STAT3 (Fig. 44). As
expected from v-Src-mediated activation of STAT3, co-expres-
sion of v-Src and STAT3 led to a 6-fold increase of Twist pro-
moter activity, which was inhibited to the basal level upon
introduction of dominant negative STAT3 (Fig. 4B). These
results raised the possibility that activated STAT3 may regulate
Twist promoter via those recognition sites.

Because the Twist promoter contains five putative STAT3-
binding sites, we next defined which binding site(s) was/were
responsive to STAT3. Serial truncations of the human Twist
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TATA box previously mapped by Wang et al. (31). Taken
together, our data provide evidence that STAT3 directly
binds the Twist promoter and activates its transcription.
Twist Rescues STAT3-mediated Colony Formation, Migra-
tion, and Invasion upon Knockdown of STAT3—Having
explored the transcriptional regulatory mechanism of STAT3-
mediated Twist expression, we proceeded to address the bio-
logical significance of the STAT3-Twist connection in the reg-
ulation of anchorage-independent growth, migration, and
invasion. The stable knockdown of STAT3 in MDA-MB-453-14
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FIGURE 5. Twist mediates the effects of STAT3 on colony formation, migration, and invasion. A, colony
assays were performed using 1 X 10° cells/6-cm dish. Stable STAT3 knockdown MDA-MB-453-14 cells were fed
with 500 ul of 10% FCS-DMEM every 2 days. Photomicrographs were taken after 14 days. The colonies were
quantified by ImageJ software (National Institutes of Health) from digitized images from three independent
experiments. The average number of colonies with respective S.E. were calculated and presented. The left
panels show the expression of knockdown of STAT3 and transfected Twist. B, migration and invasion assay.
MDA-MB453-14 cells were transfected with pCMV vector or pCMV-Twist and treated with 0.5 um JSI-124 as
indicated. Twenty-four hours post-treatment, 1 X 10° cells each were seeded onto the migration/invasion
chamber for the respective assays as described under “Experimental Procedures.” After 6 h, the migrated/
invaded cells were quantified. The experiments were repeated three times in triplicate. The p values for com-
parisons are indicated. The immunoblots show the inhibition of p-STAT3 and the expression of transfected
Twist (left panels).
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FIGURE 6. Overexpression of Twist correlates with activated STAT3 in late stage breast cancer. A, Western
blot analysis. Representative tumor and normal breast tissue lysates were analyzed by Western blot with the
indicated antibodies. Intensity of Twist, phospho-STAT3-Tyr’®®, and actin were quantified via ImageJ software
(National Institutes of Health) and normalized to actin. The overexpression of Twist and activated STAT3 in
tumor samples was scored based on the average values of the normal tissues from three independent exper-
iments. B, representative photomicrographs of sections of breast tumor tissue from the same patient stained
with anti-phospho-STAT3-Tyr’® and -Twist antibodies. C, summary of the immunoblotting and immunohis-
tochemistry staining results. D, association between expression of Twist and/or p-STAT3 with breast cancer
stages.
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cells, selected with puromycin, led
to a dramatic decrease in colony for-
mation ability, which was partially
rescued by the co-expression of
cytomegalovirus promoter-driven
Twist (Fig. 54). This supports the
notion that Twist is downstream of
STAT3 and could mediate STAT3
oncogenic function. In addition, we
assessed the effect of STAT3-Twist
axis on cell migration and invasion.
MDA-MB-453-14 cells were treated
with the STAT3 inhibitor JSI-124 or
vehicle Me,SO control and then
examined for migration and inva-
sion. Inhibition of STAT3 activation
significantly attenuated both migra-
tion and invasion abilities of the 14
cells, which again were partially but
significantly rescued by Twist (Fig.
5B). Although inhibition of STAT3
also deceased cell survival and pro-
liferation moderately (supplemental
Fig. S1), this should not have signif-
icant impact on our cell migration
and invasion experiments, because
the same number of treated and
untreated cells was used right before
the Boyden chamber assays. These
data suggest that the STAT3-Twist
axis is an important pathway in reg-
ulating invasion and anchorage-in-
dependent growth and that STAT3
exerts its function, at least in part,
through Twist.

Overexpression of Twist Corre-
lates with STAT3 Activation in Late
Stage of Breast Cancer—Having
observed that STAT3 mediated
Twist expression in established can-
cer lines, we asked whether this con-
nection occurs in tumors. We
examined 46 primary breast carci-
nomas and 10 normal control spec-
imens for phospho-STAT3 and
Twist expression by Western blot
and immunohistochemistry (Fig. 6,
A and B). Of the 46 breast tumors,
19 had elevated phospho-STAT3
levels, and 29 showed overexpres-
sion of Twist. Of the tumors with
elevated phospho-STAT3, 16 (84%)
also had elevated Twist levels,
whereas 3 (16%) had low Twist lev-
els (Fig. 6A). Overexpression of
phospho-STAT3 and Twist are
located specifically to the nucleus of
the cancer cells and not to that of
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the surrounding stromal cells (Fig. 6B). By contrast, four “nor-
mal” samples, which have benign fibrocystic changes, had ele-
vated phospho-STAT3 levels, and only one had moderate level
of Twist expression (Fig. 6C). Notably, whereas elevated levels
of Twist were not significantly different between the tumor
grades, increased Twist expression was closely associated with
late stage of breast tumors (Fig. 6D). Further, co-overexpres-
sion of Twist and p-STAT3 was predominantly detected in late
stage tumors (14 out of 22 cases) (Fig. 6D). These data further
support the findings of biochemical and functional links
between STAT3 and Twist.

DISCUSSION

Using our selected invasive breast cancer line model (16), we
demonstrated a direct link between activated STAT3 and
Twist, two key transcriptional factors that are associated with
breast cancer progression. The correlation of STAT3 and Twist
levels has been observed before; however, the specific mecha-
nisms of how Twist level was regulated by STAT3 were not
clear (32). Our study indicates that constitutively active STAT3
is a causal factor for up-regulation of Twist at the transcrip-
tional level. Our data demonstrate that Twist is a target gene of
STATS3, and STAT3-Twist signaling plays an important role in
regulating migration/invasion and anchorage independent
growth of breast cancer cells. Our data (supplemental Fig. S1)
showed that transfection with STAT3-shRNA resulted in about
20% inhibition of growth at 48 h; thus both inhibition of
STAT3-promoted proliferation and anchorage-independent
survival may contribute to the observed 90% inhibition of col-
ony formation upon treatment with STAT3-shRNA (Fig. 5).
Our study provided the evidence showing that Twist is tran-
scriptionally regulated by STAT3 and mediates STAT3 func-
tion. Identification of Twist as a transcriptional target and
mapping of the STAT3-binding site on Twist promoter is in
agreement with that observed by Lo et al. (33). Together with
our previous report that Twist transcriptionally activates
AKT2, STAT3/Twist/AKT2 forms a signaling axis involved
in breast cancer progression and metastasis. This also at least
in part explains the frequent co-expression of these mole-
cules in cancer cells.

A number of reports have demonstrated that Twist is fre-
quently overexpressed in a variety of types of human malig-
nancy and whose alteration is associated with late stage and
high grade tumors. However, no evidence shows alterations of
Twist at the DNA level during the tumor progression. In the
present study, we showed frequent co-existence of activated
STATS3 and overexpression of Twist in human primary breast
carcinoma. Strong association of phospho-STAT3 and elevated
Twist expression in breast tumors underscored the clinical sig-
nificance of the STAT3-Twist signaling axis. It is very likely that
activated STATS3 is one of the major transcriptional factors that
contribute to up-regulation of Twist in other human primary
tumors. Another known transcriptional regulator of Twist is
NF-«B (14); however, its role in Twist induction in cancer is
unclear.

The importance of STAT3 in oncogenesis has been well
established by its constitutive phosphorylation in the majority
of human neoplasms and its capacity to induce cell transforma-
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tion (19, 34). STAT3 and its downstream targets are implicated
in all processes of tumorigenesis from initiation to progression
to invasion (9, 17, 35). The last step, invasion, is of vital impor-
tance because the greatest challenge in cancer therapy lies in
the prevention of the spread of cancer cells. Increasing evidence
suggests that STAT3 is intimately involved in regulating cell
motility, migration, and invasiveness in both physiological and
pathological situations. For example, during normal zebrafish
gastrulation STAT3 controls cell migration via up-regulation of
the LIV-1 gene (36, 37), a zinc transporter required for Snail
nuclear localization (38). In terms of cell migration, STAT3-
deficient murine keratinocytes displayed deficiency in cell
migration as assessed via wound assay, in part because of abnor-
mal p130“** phosphorylation (39). Finally, in different carcino-
mas, activated STAT3 is able to potentiate the metastatic
spread. For example, in melanoma-derived cell lines, activated
STAT3 transactivated matrix metalloproteinase 2 gene
(MMP-2) (40). In bladder cancer cells, STAT3 activation
induced genes encoding MMP-1 and MMP-10, leading to
increased migration and invasion in vivo (41). STAT3 also
mediated interleukin-6 (IL-6)-mediated T cell migration (42).
In MCEF-7 breast cancer cells, oncostatin M-mediated STAT3
activation resulted in morphological alterations and increased
migration (43). In addition to p130““% and MMP proteins, we
showed in the present study that Twist is a downstream tran-
scriptional target of STAT3 and mediates its action in cell
migration and invasion.

Previously, we have shown that Twist transcriptionally reg-
ulated AKT2 and that AKT2 mediated Twist function in cancer
cell migration, invasion, and survival (16). Based on our current
observations, we believe that STAT3 may regulate AKT2
expression through Twist. Additionally, a previous report has
demonstrated that STAT3 transcriptionally modulated AKT1
expression (44). These observations suggest that STAT3 may
promote cell survival via AKT1 and enhance tumor invasion via
Twist and AKT2. Pharmacological agents that inhibit STAT3
or its downstream mediators Twist and AKT2 may lead to inhi-
bition of both tumor progression and invasion underscoring
the significance of the STAT3-Twist-AKT?2 axis as an attractive
target for cancer therapy.
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