














EGFR with STAT3 Induces EMT in Cancer Cells
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Identification of STAT3-targeted region within the human
TWIST promoter. We found, thus far, that STAT3 is involved in
EGFR-induced TWIST gene activation and that a 120-promoter
region may be important in this involvement (Fig. 4). Next, we
asked whether the TWIST gene promoter contains STAT3-binding
sites. As illustrated in Fig. 54, the proximal region (—120 bp) of the
human TWIST promoter contains two putative STAT3-binding
sites. A TATAA box is located at —32 to —28 bp, relative to the
transcription start site. To analyze the functionality of the putative
STAT3-binding sites A (—116 to —107) and B (—103 to —96), we did
site-directed mutagenesis to generate the phTWIST-120/MA
mutant with nucleotide substitutions (underlined) at —116 to
—104 bp region and the phTWIST-120/MB mutant with nucleotide
changes (underlined) at nt —99 to —96. Additionally, the pTWIST-
94 was generated to remove the putative STAT3-binding sites and

thus only contains the minimal promoter up to —94 bp. Using
these reporters, we found that mutation at either putative STAT3-
binding site, A or B, reduced but did not abolish the ability of
the human TWIST promoter to respond to EGFR ligands in MDA-
MB-468 cells (Fig. 5B, left). Deletion of the STAT3-binding sites
reduced its basal level of promoter activity and rendered EGF-
irresponsiveness of the TWIST promoter, as indicated by the failure
of the phTWIST-94 construct to respond to EGF/TGF-a (Fig. 5B,
right).

We further examined the ability of p-STAT3 to bind to the
putative STAT3-binding site within the human TWIST promoter
using the biotinylated oligonucletide precipitation/oligo pull-down
assay. As indicated in Fig. 5C, EGF activated the binding of
p-STAT3 to the consensus STAT3-binding site (STAT3-BS/APRE;
refs. 30, 31), the putative STAT3-binding site in the TWIST promoter,
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the TWIST-120/MA and TWIST-120/MB oligonucleotides. Consis-
tent with low EGF responsiveness of the TWIST-120/MB promoter
(Fig. 5B, left), the TWIST-120/MB fragment was found to contain
lowest binding affinity to p-STAT3 (Fig. 5C). We did not detect
binding of nuclear EGFR to any biotinylated oligonucleotides that
we tested. Furthermore, we examined whether nuclear STAT3
binds to the TWIST gene promoter using the in vivo protein-DNA

binding chromatin immunoprecipitation (ChIP) assay, and the
results are shown in Fig. 5D. Upon EGF stimulation, nuclear STAT3
binds to the human TWIST gene promoter. In contrast, nuclear
EGFR did not associate with the TWIST promoter at a detectable
level, consistent with the lack of EGFR binding observed in Fig. 5C.
As expected, both nuclear EGFR and STAT3 bind to the c-fos
promoter in an EGF-dependent fashion, as we previously reported
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Figure 4. EGFR and STAT3 activate the human TWIST gene promoter. The human TWIST promoter—driven luciferase constructs were engineered to contain 824,
604, and 120 bp of the promoter and designated as phTWIST-824, phTWIST-604, and phTWIST-120, respectively. All transfection and determination of luciferase
activity were carried out as previously described (24). Relative luciferase activity was derived from firefly luciferase activity after normalization against the activity of the
transfection efficiency control, Recilla luciferase. All data represent the mean and SD from at least three independent experiments. A, EGFR activation by various
ligands induces the TWIST gene promoter. MDA-MB-468 cells in six-well culture plates were transfected with phTWIST-824, phTWIST-604, and phTWIST-120. Recilla
luciferase construct was cotransfected as transfection controls. After 24 h, transfected cells were serum-starved for 20 h and stimulated with 100 ng/mL EGF, TGF-q,
and HB-EGF for 4 h. Harvested cells were lysed and subjected to luciferase assay. B, expression of EGFR and constitutive STAT3 (STAT3CA) activate the TWIST
promoter. EGFR-null CHO-NEO cells (left) were cotransfected with phTWIST-120 and expression plasmids, pEGFR, pSTAT3CA, or combination. EGFR-negative
NR-6 cells (middle), rat fibroblasts, were cotransfected with pEGFR and pSTAT3CA. After 48 h, transfected cells were lysed and luciferase activities determined.
Right, CHO-EGFR cells were cotransfected with phTWIST-120 and indicated plasmids (pSTAT3CA and pSTAT3-DN). At 48 h, serum-starved cells were stimulated with
EGF (100 ng/mL) for 4 h. Additionally, aliquots of CHO-EGFR cells were transfected with phTWIST-120, serum-starved, and pretreated with EGFR inhibitors (Iressa, 5
umol/L; PD158780/PD, 10 pmol/L) and Jak/STAT3 inhibitor (AG490, 10 umol/L) before 4 h of EGF stimulation. Control phTWIST-120 transfected cells were treated with
EGF (Mock) for 4 h before analysis for luciferase activity. C, forced expression of dominant-negative STAT3 (STAT3-DN) and STAT3 small interfering

RNA reduced TWIST expression. Left, MDA-MB-468 cells were transfected with control and STAT3-DN vectors and, 48 h later, harvested and subjected to Western blot
analysis for TWIST and a-tubulin expression. Right, Forced expression of STAT3 small interfering RNA reduced TWIST expression. MDA-MB-468 cells were transfected
with control small interfering RNA [nonspecific (N.S.), small interfering RNA, and STAT3 small interfering RNA]. After 48 h, transfected cells were harvested and
subjected to Western blot analysis for STAT3, TWIST, and p-actin expression. D, involvement of nuclear EGFR in EGF-responsiveness of the human TWIST

gene promoter. CHO-NEO, CHO-EGFR, CHO-EGFR-NLS cells were transfected with phTWIST-120, serum-starved at 24 h posttransfection, and treated with

100 ng/mL EGF and TGF-a for 4 h. Harvested cells were lysed and subjected to luciferase assay.
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Figure 5. Identification of STAT3-targeted region within the human TWIST promoter. A, schematic illustration of the proximal region of the human TWIST promoter.
The human TWIST proximal promoter contains two putative STAT3-binding elements. A TATAA box is located at nt —32 to —28, relative to the transcription start
site. Site-directed mutagenesis was done to generate the phTWIST-120/MA mutant that contains multiple nucleotide substitutions (underlined) at nt —116 to —107
region and the phTWIST-120/MB mutant with nucleotide changes (underlined) at nt —99 to —96. The pTWIST-94 was additionally generated to remove the putative
STAT3-binding sites and thus contains the minimal promoter up to —94 bp. B, mutation at the putative STAT3-binding site Il significantly reduced the ability of the human
TWIST promoter to respond to EGFR ligands. MDA-MB-468 cells were transfected with phTWIST-120, phTWIST-94, phTWIST-120/MA, and phTWIST-120/MB as
previously described. After 48 h, serum-starved transfected cells were stimulated with EGF (100 ng/mL) for 4 h before determination of luciferase activities. All

date represent the mean and SD from three independent experiments. C, biotinylated oligonucleotides precipitation assay. These studies were done to determine
the degree of the binding of STAT3 to the TWIST promoter fragments. MDA-MB-468 cells untreated and treated with EGF (100 ng/mL) for 1 h were harvested,

and nuclear lysates were extracted. Nuclear extracts were then subject to binding affinity evaluation to a number of biotinylated oligonucleotides, namely, STAT3-BS/
APRE (30, 31), TWIST-120/TWIST, TWIST-120/MA, and TWIST-120/MB. Biotinylated oligos were then precipitated by avidin beads, washed and subjected to Western
blot analysis for p-STAT3 and EGFR. D, nuclear STAT3, but not nuclear EGFR, binds to the human TWIST gene promoter. A431 cells were serum-starved and
stimulated without and with EGF (100 ng/mL) for 30 min and subjected to the in vivo binding assay ChlIP, as we previously described. Briefly, EGFR monoclonal antibody
(Neomarkers, Ab13) and STAT3 polyclonal antibody (Santa Cruz, C-20) were used in immunoprecipitation. IgG was used as negative control for immunoprecipitation,
whereas input chromatins were used as positive controls for PCR and for equal loading. The c-fos promoter was also amplified as a positive control for both EGFR and

STAT3 binding.

(24). The IgG was used in immunoprecipitation as negative
controls and did not yield any band signals, indicating the assay
specificity. Input chromatins were also used in these assays to
indicate that equal amounts of cell lysates were used from the
—EGF and +EGF treatment groups. In summary, we identified and
functionally characterized the STAT3-targeted region within the
human TWIST promoter.

Positive correlations between EGFR/p-STAT3 and TWIST in
a cohort of primary breast carcinomas. We revealed using
cultured cells that EGFR activates the human TWIST gene
expression via activation of STAT3. Next, we aimed to examine
whether such regulation also exists in the primary tumor speci-
mens from cancer patients. To this end, we analyzed TWIST
expression via immunochemical staining analysis in a cohort of
primary breast carcinomas that have been previously immu-
nostained for EGFR and p-STAT3 (24, 26). Two pathologists

independently viewed and scored all slides. All statistical analyses
were done using Statistica 6.0 software. Regression analysis
indicated a positive correlation between non-nuclear EGFR and
TWIST (P = 0.01). Levels of nuclear EGFR do not significantly
correlate with those of TWIST (P = 0.6), which is in agreement with
the findings in Fig. 5C and D. To further investigate whether
p-STAT3 correlates with TWIST expression, we immunostained the
same cohort of tumors for p-STAT3 and analyzed the correlation
between p-STAT3 and TWIST. We found that levels of TWIST
correlates significantly with those of p-STAT3 (R = 0.28, P = 0.0013;
Fig. 6C, left). In agreement with the role of EGFR as an upstream
activator of STAT3, we found a significant, positive correlation
between non-nuclear EGFR and p-STAT3 (R = 0.35, P = 0.00003;
Fig. 6C, right). Furthermore, Fig. 6D shows two representative
tumors in which the upper case contains high EGFR/p-STAT3/
TWIST and the lower tumor contains low EGFR/p-STAT3/TWIST.
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Together, we reported here that levels of EGFR and p-STAT3
correlate positively with those of the TWIST gene in breast
carcinomas.

Discussion

Metastasis is a major obstacle for cancer therapy and is a
primary cause of mortality in many cancers, including that of the
breast. Understanding the biology of cancer cells with high
metastatic potential is, therefore, important in identifying tumors
that are likely to undergo metastasis and in improving current
anticancer therapy. It has been shown that cancers with the
deregulated EGFR pathway possess a high likelihood for local
invasion and subsequent metastasis. The specific involvement of
EGFR in EMT, an event that takes place during the early stage of
tumor invasion, intravasation, and subsequent metastasis to the
distant organ sites, remains elusive. The current study was thus

undertaken to examine the role of aberrant EGFR pathway in EMT.
Here, we report that cancer cells with high EGFR expression/
activity undergo EGF/TGF-a-induced EMT, and this phenotypic
transition involves EGFR-mediated activation of STAT3 and
subsequent STAT3-activated TWIST gene expression.

TWIST is a bHLH transcription factor that has been known as an
essential player for proper gastrulation mesoderm formation and
neural crest migration (15). More recently, TWIST has been found
to express at high levels in a number of human tumors, including
those of the breast, prostate, esophagus, lung, uterus, skin, liver,
and brain (16-19, 44-46). Importantly, increased TWIST expression
is associated with breast cancer metastasis to the lung and
increased EMT and intravasation (11). Correlative studies further
indicate an association of high TWIST expression with invasion
and therapeutic response in other cancer types (17-19, 44, 47-49).
Despite frequent reports of TWIST overexpression in human
cancers, transcriptional regulation of the human TWIST genes is

Figure 6. Positive correlations between
non-nuclear EGFR/p-STAT3 and TWIST in
a cohort of primary breast carcinomas.

The cohort of primary breast carcinoma
specimens, previously stained for
EGFR (26), was analyzed for p-STAT3
(Y705) and TWIST expression via
immunochemical staining analysis. All
slides were independently viewed and

100%

scored by two pathologists. When the
scoring discrepancy is >10%, slides

were reevaluated and reconciled by two
pathologists on a two-headed microscope.
All statistical analyses were done using
Statistica 6.0 software. A, positive
correlation between non-nuclear EGFR
and TWIST. Levels of TWIST were
correlated with those of non-nuclear EGFR
(P = 0.01). Regression analysis was done
in these analyses. B, lack of correlation
between levels of nuclear EGFR and

TWIST (P = 0.6). Regression analysis was
similarly done as in A. C, expression of
p-STAT3 correlates with those of TWIST
and non-nuclear EGFR. Regression
analysis was done to determine R and
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largely unknown. Moreover, regulation of the mouse Twist genes
have been investigated to involve tumor necrosis factor-o/nuclear
factor kB (NF-&B; ref. 50) and Wnt1/TCF/p-catenin pathways (51).
However, the NF-xB and TCF/p-catenin response elements found
in the mouse Twist gene promoters are not present in that of
the human TWIST gene. A recent study reported that STAT3
knockdown of mouse 4T1 mammary tumor cells led to altered
expression of several genes, including Twist (20). Twist has yet been
shown to be a direct transcriptional target of STAT3. We did an
extensive search, using TF Search and TESS transcription factor
search sites, for the STAT-binding sites within the mouse twist gene
promoter and did not find a putative site, suggesting its expression
reduction by STAT3 small interfering RNA was likely due to
indirect effects. The current study showed that EGF activated
STAT3 sites in the human TWIST promoter and regulates its
transcription. Because mouse T'WIST promoter does not contain
STAT consensus site, this raises an interesting question that the
two species may use STAT to regulate TWIST expression through
different molecular mechanisms.

The current report strongly supports the notion that EGFR and
STAT3 oncoproteins interplay and regulate expression of a series of
genes that are involved in aggressive cancer biology. Such
regulation, however, seems to be highly complex and not yet fully
understood. In the case of TWIST, this study indicates that STAT3
plays a direct transcriptional role by binding to the TWIST
promoter and that EGFR seems to be an upstream regulator that
phosphorylates and activates STAT3. Although the responsiveness
of EGF of EGFR-NLS/CHO seems to favor that nuclear localization
of EGFR might be involved in the STAT3-mediated TWIST up-
regulation. This notion is not supported by the fact that EGFR-NLS
can constitutively activate the TWIST promoter. Furthermore,
nuclear EGFR does not seem to interact directly with the TWIST
promoter, as indicated by the ChIP and oligo pull-down assays. IHC
studies showed no significant correlation between nuclear EGFR
and TWIST. Together, these evidences suggest that a role of direct
nuclear EGFR in the TWIST up-regulation is unlikely. For iNOS,
nuclear EGFR and STAT3 behave as transcriptional coregulators as
the EGFR/STAT3 complex associated with the iNOS promoter (24).
In the case of cyclin D1, nuclear EGFR seems to bind to the
promoter independent of STAT3 (24). On the other hand, STAT3

can be activated by other upstream regulators, independent of
EGF/EGFR, and regulates expression of Myc (52) and p21WAF1/
CIP1 (53). Further investigations are indeed needed to further our
understanding of EGFR-mediated and STAT-mediated gene
regulation and its effect in the biology of cancer cells.

We report here that the human TWIST gene is directly up-
regulated by the oncoprotein STAT3 in cancer cells with high levels
of EGFR. This correlation was also found in primary breast
carcinomas. Given TWIST’s function in promoting EMT, EGFR
cooperates with STAT3 to induce TWIST expression leading to EMT.
In this context, we observed that chronic EGF/TGF-a exposure
promotes EMT in breast and pancreatic cancer cells with high EGFR
levels. This finding is supported by the observation that prolonged
EGF stimulation leads to loss of E-cadherin and increased invasion
in A431 human epidermoid carcinoma cells (10). Consistent with
our findings, tumors with high EGFR and constitutively activated
STAT3 contain high potentials to undergo metastasis (1-5). Stat3
controls cell movement in Zebrafish gastrulation via increasing Zinc
transporter LIV1 expression (54, 55). In line with our observations,
STAT3 knockdown in mouse breast cancer cell line leads to reduced
expression of Twist (20). Together, our results and those from other
studies highlight an important role of EGFR and STAT3 in
promoting cancer EMT via TWIST. Our findings provide important
insights into the understanding of the malignant biology of tumors
with deregulated EGFR and STAT3 pathways and establish new
rationales for using anti-EGFR and anti-STAT3 strategies to target
aggressive invasive tumors.
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