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The transcription factor signal transducer and activator of transcrip-
tion 3 (Stat3) is constitutively activated in a variety of cancers includ-
ing squamous cell carcinoma of the head and neck (SCCHN). Previous
investigations have demonstrated that activated Stat3 contributes to
a loss of growth control and transformation. To investigate the
therapeutic potential of blocking Stat3 in cancer cells, we developed
a transcription factor decoy to selectively abrogate activated Stat3.
The Stat3 decoy was composed of a 15-mer double-stranded oligo-
nucleotide, which corresponded closely to the Stat3 response element
within the c-fos promoter. The Stat3 decoy bound specifically to
activated Stat3 and blocked binding of Stat3 to a radiolabeled Stat3
binding element. By contrast, a mutated version of the decoy that
differed by only a single base pair did not bind the activated Stat3
protein. Treatment of head and neck cancer cells with the Stat3 decoy
inhibited proliferation and Stat3-mediated gene expression, but did
not decrease the proliferation of normal oral keratinocytes. Thus,
disruption of activated Stat3 by using a transcription factor decoy
approach may serve as a novel therapeutic strategy for cancers
characterized by constitutive Stat3 activation.

STAT proteins perform the dual function of signal transduction
and activation of transcription. STATs have been implicated in

signaling by numerous cytokines, polypeptide growth factors, and
oncoproteins. After activation, STAT proteins dimerize and trans-
locate to the nucleus, where they bind to DNA-response elements
and regulate gene expression (1). STAT proteins were initially
described in the context of regulating physiologic cell signaling,
contributing to such diverse processes as differentiation, prolifer-
ation, and apoptosis (2). An increasing number of studies have
implicated STAT activation, particularly Stat3, in transformation
and tumor progression (2).

Cumulative evidence supports a central role for aberrant
STAT signaling in oncogenesis. Constitutive activation of Stat3
has been detected in many cancers, including, multiple myeloma,
leukemias, lymphomas, mycoses fungoides, and brain, prostate,
breast, lung, and head and neck cancers (3–7). Cells stably
transformed by the v-Src oncoprotein have been found to harbor
activated Stat3, thus linking Stat3 activation to Src-mediated
oncogenesis (8). To directly address the role of Stat3 as an
oncogene, a constitutively active mutant of Stat3 was generated
and shown to induce transformation of fibroblasts and tumor
formation in nude mice (9). Further investigation demonstrated
that Stat3-transformed fibroblasts were resistant to apoptotic
stimuli, indicating that cancers characterized by Stat3 activation
may be less susceptible to chemotherapy and�or irradiation (10).
The association of Stat3 activation with transformation and
tumor progression suggests that Stat3 may be an attractive
molecular target for cancer therapy.

Several strategies have been used to block the action of STAT
proteins, including antisense methods, ectopic expression of
dominant-negative mutants (11–13), inhibition of upstream ki-
nases (14–16), and phosphotyrosyl peptides (17). An alternative
approach to target the action of transcription factors, including

STAT proteins, involves the use of double-stranded ‘‘decoy’’
oligonucleotides. The double-stranded DNA decoy closely cor-
responds to the response element within the promoter region of
a responsive gene. By achieving a sufficient concentration of
decoy in the target cells, the authentic interaction between a
transcription factor and its endogenous response element in
genomic DNA is impaired, with subsequent modulation of gene
expression (18). This approach has been used successfully to
target Stat6 activation resulting in preferential restriction of
IL-4-driven T helper 2 cell activity (19).

The present study was undertaken to evaluate the ability of a
double-stranded decoy oligonucleotide based on the Stat3 binding
sequence, hSIE, to target activated Stat3 in a relevant tumor model
(20). We previously demonstrated constitutive Stat3 activation
downstream of an epidermal growth factor receptor (EGFR)
autocrine growth pathway in squamous cell carcinoma of the head
and neck (SCCHN) in vitro and in vivo (5, 21). Further investigation
suggested that constitutive Stat3 activation contributed to tumor
growth independent of the EGFR autocrine axis in SCCHN and
may therefore serve as a therapeutic target (22). Based on these
earlier results, we hypothesized that a Stat3 decoy would inhibit the
binding of phosphorylated Stat3 dimers to the promoter region of
Stat3 target genes, thereby inhibiting Stat3-mediated gene regula-
tion (see Fig. 8, which is published as supporting information on the
PNAS web site, www.pnas.org). We use cell lines established from
patients with SCCHN to show that a Stat3 decoy selectively binds
to activated Stat3 and blocks Stat3-mediated gene transcription in
these cancer cells. Treatment with the Stat3 decoy formulation also
inhibits the proliferation of SCCHN cells. By contrast, Stat3 decoy
treatment of normal oral cells has no effect on cell growth. These
results suggest a novel method for selectively blocking activated
Stat3 in tumor cells that are characterized by constitutive activation
of this oncogenic transcription factor.

Methods
Cells. The SCCHN cell lines 1483 (23), UM-22b (24), and PCI-37a
(25) were grown in DMEM (Cellgro, Washington, DC) with 15%
FBS (GIBCO�BRL, Grand Island, NY), plus 100 units�ml peni-
cillin and 100 units�ml streptomycin (GIBCO�BRL). Normal oral
cells were grown as primary cultures derived from uvulopalatopha-
ryngoplasty specimens as described (26).

Stat3 Decoy and Mutant Control Decoys. Sense and antisense strands
of Stat3 decoy and mutant control decoy oligonucleotides were
designed and obtained from MWG Biotech (High Point, NC). The
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Stat3 decoy sequence was 5�-CATTTCCCGTAAATC-3�, 3�GTA-
AAGGGCATTTAC-5� and the mutant control decoy sequence
was 5�-CATTTCCTTAAATC-3�, 3�-GTAAAGGGAATT-
TAG-5� (for the rest of the mutant decoy sequences, see Table 1,
which is published as supporting information on the PNAS web
site). Sense and antisense strands were dissolved in Tris�EDTA (pH
8.0) at a concentration of 900-1,200 �M. Each sense–antisense pair
was annealed by heating to 90°C and decreasing the temperature by
5°C increments every 15 min. After 3 h the reaction mixture was
held at a base temperature of 4°C.

Activation, Expression, Incorporation, and Reporter Assays. All assays
were performed by using standard methods (see Detailed Methods,
which is published as supporting information on the PNAS web site,
for details).

Results
Design of a Control Decoy Oligonucleotide. Earlier studies with
transcription factor decoys have typically used a scrambled version
of the decoy sequence as a control (27–32). We sought to design a
control decoy with the greatest possible homology to the Stat3
decoy, but with no Stat3-specific DNA binding activity. Previous
analysis of the c-fos promoter evaluated random mutations and
reported their relative ability to induce SIF-binding activity (33).
We systematically synthesized several possible permutation of these
mutants and tested their ability to bind activated Stat3 by electro-
phoretic mobility-shift assay (EMSA) analysis (Fig. 1A).

The double or triple nucleotide mutants synthesized demon-
strated variable degrees of binding to activated Stat3. Analysis of
the single nucleotide mutants revealed that several mutants ap-
peared to have little or no binding to activated Stat3. A single
nucleotide mutant with no observable binding to activated Stat3
(Mutant 3) was further evaluated by supershift EMSA analysis
using lysates from two representative SCCHN cell lines (Fig. 1B).
In the supershift experiments, the bound proteins were incubated
with Stat3-specific antisera to confirm that Stat3 was contained in
the gel shift complex. The supershift EMSAs confirmed that a
single-nucleotide mutant of the Stat3 decoy sequence (mutant
control decoy) had negligible or no binding to activated Stat3
(Fig. 1B).

Incubation of SCCHN Cells with Stat3 Decoy Blocks Binding of Radio-
labeled Stat3. We hypothesized that treatment of cells with the Stat3
decoy would interfere with the binding of Stat3 to Stat3-specific
DNA response elements. To test this hypothesis, a representative
SCCHN cell line (1483) was treated with either Stat3 decoy or the
mutant control decoy, and the cells were harvested at several time
points and evaluated by EMSA. Protein lysates (20 �g) from the
decoy-treated cells were subjected to supershift EMSA analysis
with radiolabeled hSIE (Fig. 2). At all time points examined, the
Stat3 decoy-treated cells demonstrated a marked decrease in
formation of the hSIE-protein complex in the gel shift assay relative
to mutant control decoy-treated cells, indicating that the Stat3
decoy interferes with activated Stat3. Although we cannot rule out
the possibility that the Stat3 decoy present in the cell extracts was

Fig. 1. Binding of Stat3 decoy and mutant control decoys to activated Stat3. (A)
Nuclear extracts (20 �g) were prepared from two representative SCCHN cell lines
(1483 and UM-22b). EMSA was performed with radiolabeled hSIE Stat3 decoy
duplex oligonucleotide and each of four single-nucleotide mutants of hSIE (see
Table 1). (B) Supershift EMSA was performed with radiolabeled hSIE Stat3 decoy
and mutant control decoy duplex oligonucleotide by using extracts from a
representative SCCHN cell line (1483). Extracts were preincubated with rabbit
antibody (C-20) or no antibody as indicated. Cold compete EMSA was performed
withradiolabeledhSIEStat3decoybyusingextracts fromarepresentativeSCCHN
cell line (1483). A 400-fold excess of unlabeled hSIE Stat3 decoy was incubated
with the radiolabeled hSIE Stat3 decoy as indicated.

Fig. 2. Effect on cellular Stat3 protein after treatment with Stat3 decoy.
Protein extracts were prepared from a representative SCCHN cell line (1483)
after treatment with Stat3 decoy (25 �M) or mutant control decoy (25 �M).
Cells were harvested on days 1, 3, and 5. Protein lysates (20 �g) were then
subjected to EMSA analysis with radiolabeled hSIE with or without preincu-
bation with Stat3 antibody.
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acting to ‘‘cold-compete’’ in the EMSA assay, subsequent experi-
ments (see Fig. 7 below) demonstrated decreased Stat3 target gene
expression following decoy treatment of whole cells, indicating that
the decoy is functioning in vivo.

Changes in Stat3 activation levels can result from several mech-
anisms including alterations in steady state Stat3 protein levels or
modulation of phosphorylated Stat3 protein. Stat3 decoy-induced
abrogation of Stat3 activity was not associated with decreased
steady-state expression levels of Stat3 protein or tyrosine phos-
phorylated Stat3 (see Fig. 9, which is published as supporting
information on the PNAS web site). In addition to Stat3, Stat5 has
been shown be constitutively activated in a variety of cancers
including SCCHN (4, 34–37). To determine the specificity of the
Stat3 decoy, Stat5 activation levels were examined in SCCHN cells
treated with Stat3 decoy or mutant control decoy. In contrast to the
effects on constitutive Stat3 activation, constitutive Stat5 activation
was not abrogated by treatment of SCCHN cells with the Stat3
decoy. Similarly, Stat4 activation was not modulated by treatment
with the Stat3 decoy (see Fig. 9).

Incorporation of Stat3 Decoy into Cells. To determine the efficiency
of Stat3 decoy incorporation into SCCHN cells, increasing con-

centrations of Cy3-labeled Stat3 decoy were added to SCCHN cells
followed by flow cytometry. As shown in Fig. 3A, SCCHN cells
incorporated the Stat3 decoy in a dose-dependent manner. Similar
results were obtained on analysis of the mutant control decoy
demonstrating that alteration of a single base pair of the Stat3 decoy
sequence did not alter the incorporation kinetics of the oligonu-
cleotide (data not shown). To verify that primary cultures estab-
lished from normal oropharyngeal mucosa could serve as an
appropriate comparison group for the decoy studies, the flow
cytometry analysis was repeated after addition of labeled Stat3
decoy to these normal cells. As shown in Fig. 3B, the primary
normal mucosal cells demonstrated nearly identical decoy uptake
levels compared with the SCCHN cell lines. To further define the
subcellular localization of the decoy formulations, optical imaging
of decoy labeled with a fluorescent dye was performed in a
representative SCCHN cell line (1483). By 6 h after incubation with
the Stat3 decoy, the labeled decoy was detected in the nucleus, as
well as in the cytosol of the SCCHN cells. Similar subcellular
localization was observed with the mutant control decoy (data not
shown). Confocal microscopy demonstrated similar intracellular
localizalization of the labeled Stat3 decoy in both SCCHN and
normal control cells (Fig. 3).

Fig. 3. Incorporation of Stat3 decoy into SCCHN and normal cells. (A) A representative SCCHN cell line (1483) was incubated with Cy3-labeled Stat3 decoy followed
by flow cytometry. The cells were treated with Cy3-labeled Stat3 decoy for 2 h at 37°C, trypsinized, and washed extensively to eliminate surface-bound, noninternalized
Cy3 signal. (B) Nearly identical uptake of the Stat3 decoy was observed in the normal mucosal epithelial cells. (C) Confocal microscopy demonstrating internalization
of the Stat3 decoy in both SCCHN (Left) (1483) cells and normal mucosal epithelial (Right). Internalized Stat3 decoy (red) and nuclei (green) are overlaid with the
corresponding differential interface contrast image.
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Stat3 Decoy Inhibits SCCHN Cell Proliferation. To determine the
effects of the Stat3 decoy on SCCHN cell growth, cells were
incubated with the Stat3 decoy, or the mutant control decoy,
followed by cell count experiments (Fig. 4). Treatment with the
Stat3 decoy (25 �M) resulted in potent growth inhibition of
SCCHN cells in vitro. MTT assay also demonstrated up to 80%
cytotoxicity resulting from Stat3 decoy treatment (data not shown).
By contrast, the proliferation of SCCHN cells treated with the
mutant control decoy was equivalent to no treatment (Fig. 4A). To

determine whether the growth inhibitory effects of the Stat3 decoy
were dose-dependent, SCCHN cells were incubated with a range of
Stat3 decoy doses (0.0125–25 �M) and cell viability was determined
at several time points. As shown in Fig. 4 B and C, the antiprolif-
erative consequences of the Stat3 decoy were dose-dependent with
maximum inhibition achieved with 25 �M Stat3 decoy. Other
strategies have been shown to abrogate Stat3 including inhibition of
upstream kinases or antisense oligonucleotides (11). To compare
the relative potency of these Stat3 targeting strategies with the
decoy, SCCHN cells were treated with an EGFR-specific tyrosine
kinase inhibitor (PD153035), or phosphorothioated antisense oli-
gonucleotides directed against the translation start site, or Stat3
decoy at doses previously optimized to abrogate Stat3 (11). Treat-
ment with the Stat3 decoy was more growth inhibitory at several
time points compared with the EGFR inhibitor or Stat3 antisense
oligonucleotides (see Fig. 10, which is published as supporting
information on the PNAS web site).

In addition to its role in transformation and tumor progression,
Stat3 is important for a variety of critical functions in normal cells.
We have previously demonstrated that Stat3 activation is restricted
to SCCHN tumors and premalignant mucosa, and is not detected
in normal epithelium from patients without cancer (5). To address
the potential toxicity of Stat3 decoy-mediated Stat3 abrogation on
noncancer cells, normal oral keratinocytes were treated with Stat3
decoy and mutant control decoy followed by growth determina-
tions. As shown in Fig. 5, Stat3 decoy treatment had no effect on
the growth of normal oral epithelial cells. This finding further
highlights the potential therapeutic utility of the Stat3 decoy
because, as shown in Fig. 3 B and C, these normal cells incorporated
the decoy in a similar fashion to that observed in the SCCHN cells.

Modulation of Stat3-Mediated Gene Expression. The biologic effects
of activated Stat3 are likely mediated through regulation of Stat3
target genes. To examine the consequences of the Stat3 decoy on
Stat3-mediated gene expression, we stably transfected SCCHN cells
(UM-22b) with an hSIE-luciferase reporter, and then incubated the
transfected cells with either Stat3 decoy or mutant control decoy.
As shown in Fig. 6, Stat3 decoy treatment caused a 28% reduction
in cellular luciferase activity, compared with treatment with a
mutant control decoy.

Stat3 response elements have been identified in the promoter
regions of several genes that regulate cell growth and apoptosis.
One such gene encodes the antiapoptotic protein Bcl-xL. To further
investigate the consequences of the Stat3 decoy on Stat3-mediated
gene expression, RNA was isolated from Stat3 decoy-treated

Fig. 4. The effect of Stat3 decoy on SCCHN proliferation. (A) SCCHN cells (1483)
treated with 25 �M Stat3 decoy demonstrated growth inhibition compared with
cells treated with mutant control decoy. (B and C) Representative SCCHN cell line
(1483) (B) and (PCI-37a) (C) treated with 0.0125–25 �M Stat3 decoy demonstrated
a dose-dependent inhibition of proliferation with maximum inhibition in both
cell lines at a dose of 25 �M. Cells were harvested at the times indicated, and
viable cells were counted by vital dye exclusion.

Fig. 5. Normal epithelial cells are resistant to the inhibitory effects of Stat3
decoy. Normal oral epithelial cells grown as primary cultures as described (26)
were treated with Stat3 decoy or mutant control decoy and counted by vital dye
exclusion at several time points after treatment.
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SCCHN cells followed by RNase protection assay. As shown in Fig.
7, there was a 40% decrease in Bcl-xL levels after treatment with the
Stat3 decoy compared with the mutant control decoy-treated cells.

Discussion
Cumulative evidence supports a role for aberrant Stat3 activa-
tion in transformation and tumor progression. We previously
demonstrated increased Stat3 activation in head and neck car-
cinogenesis, where Stat3 contributes to the loss of growth control
by an antiapoptotic mechanism (5). Targeting Stat3 with anti-
sense oligonucleotides or dominant-negative mutants resulted in
apoptosis and modulation of Stat3 regulated genes in several
cancer-derived cell lines including multiple myeloma, melanoma,
mycosis fungoides, and SCCHN (5, 38–40). The present study
provides evidence that Stat3 activation can be targeted as an
antitumor strategy. We used a novel decoy oligonucleotide
approach to show selective abrogation of activated Stat3 accom-
panied by inhibition of tumor cell growth and abrogation of
Stat3-mediated target gene expression. The lack of inhibitory
effects on normal oral keratinocytes suggests that a Stat3 decoy
strategy may selectively block the growth of cancer cells with
relatively little toxicity to corresponding normal cells.

Decoy oligonucleotides have been proposed as a potential ap-
proach to block the action of transcription factors on gene expres-
sion (41). Treatment of cells with a decoy oligonucleotide, whose
sequence closely corresponds to a transcription factor response
element, may attenuate the authentic interaction of the transcrip-
tion factor with the gene. The potential advantages of a decoy
approach to target a transcription factor include (i) the potential
drug targets (transcription factors) are readily identifiable; (ii)
understanding the molecular structure of the target transcription
factor is not essential; and (iii) synthesis of the decoy is relatively
straightforward. Previous studies have demonstrated the potential
efficacy of decoy oligonucleotides targeting other transcription
factors in cancer treatment (27, 28, 42). In this study, we developed
and optimized a decoy oligonucleotide targeting activated Stat3.

We used several approaches to examine the specificity of the
Stat3 decoy formulation. In contrast to previous transcription factor
decoy studies, we designed mutant control decoys that differed
minimally from the Stat3 decoy. The control decoy we selected
differed by only a single base pair compared with the Stat3 decoy
yet demonstrated no binding to Stat3, and no abrogation of
exogenous Stat3 activity was detected on EMSA after treatment of
SCCHN cells with this control decoy. Furthermore, treatment of
SCCHN cells with the Stat3 decoy inhibited the growth of cancer

cells, whereas the mutant control decoy had no effect on SCCHN
proliferation.

Stat3 activation has been reported to induce the expression of
genes that control critical cellular functions including proliferation,
immune response, survival, differentiation, and development. Ho-
mozygous deletion of Stat3 was embryonically lethal (43). The
ubiquitous expression of Stat3 raises the possibility that blocking
Stat3 may be harmful to normal cells. Analysis of tissue-specific
Stat3-null cells revealed that keratinocytes lacking Stat3 demon-
strated impaired would healing (44). However, disruption of Stat3
signaling with dominant-negative approaches in murine fibroblasts
did not inhibit normal cell growth (39, 45). We previously reported

Fig. 6. Stat3 decoy decreases luciferase activity in SCCHN stably expressing
hSIE-luciferase activity. Cells from a representative cell line (UM-22b), which were
stably transfected with a hSIE-luciferase construct (gift from R. Jove), were incu-
bated with the Stat3 decoy or mutant control decoy and assayed 2 days later for
luciferase activity. The luciferase activity units (RLU) were normalized to micro-
grams of total protein.

Fig. 7. Stat3 decoy decreases Bcl-xL RNA expression levels compared with
mutant control decoy in a SCCHN cell line. Cells from a representative SCCHN cell
line (1483) were treated with 25 �M Stat3 decoy in serum-free DMEM. Total RNA
was harvested 1 day after treatment. RNase protection assays were then per-
formed. (A) The Bcl-xL and L32 (loading control) bands were quantified by using
phosphoimage analysis, and the ratio of Bcl-xL to L32 was calculated for each
treatment group. (B) The percent decrease in the ratio of Bcl-xL to L32 in Stat3
decoy-treated cells compared with the mutant control decoy-treated cells was
40% after 24 h of Stat3 decoy treatment.
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that although Stat3 protein expression is similar in normal oral
epithelium and oral cancer tissues, levels of activated Stat3 in
cancers were dramatically elevated in SCCHN compared with
normal mucosa (5). In the present study, the Stat3 decoy functioned
by specifically abrogating activated Stat3 while having no effect on
steady-state protein expression levels of Stat3 or phosphotyrosine
Stat3. Furthermore, no anti-proliferative effect of the Stat3 decoy
was observed in normal human oral keratinocytes. Therefore,
abrogating activated Stat3 by using a transcription factor decoy
approach may selectively impair cancer cell growth with minimal
toxicity to normal cells. In this regard, brief inactivation of an
oncogene was recently shown to have sustained antitumor effects
without associated toxic in vivo (46). Prior studies of transcription
factor decoys have reported that the decoy localized predominantly
to the nucleus from 1 to 12 h after transfection (27, 30, 32). Use of
the mutant control decoy verified that the specific effects of the
Stat3 decoy were not caused by preferential kinetics of uptake or
degree of incorporation.

Constitutive activation of Stat3 in cancer cells is thought to
contribute to tumor progression by regulation of several genes that
control cell proliferation and survival. Specifically, constitutively
active Stat3 has been shown to enhance bcl-x and cyclin D1
transcription (9). Antisense oligonucleotdies and�or dominant-
negative mutants targeting Stat3 blocked Stat3-dependent tran-
scription and induced apoptosis in mycosis fungoides, melanoma,
squamous cell carcinoma, and myeloma cell lines (5, 38–40). We
used SCCHN cells stably expressing an hSIE-luciferase reporter
and RNase protection assays to show that Stat3 decoy treatment of
SCCHN cells decreased Stat3 target gene expression and Stat3-
mediated gene transcription.

In this study, growth inhibition and alteration of target gene
expression after treatment of SCCHN cells with the Stat3 decoy
supports Stat3 as a potential therapeutic target. We assessed the
incorporation of the decoy into SCCHN cells by using fluorescence-

labeled flow cytometry and found that the decoy was detected in a
high percentage (�90%) of the cells examined. Consistent with this
observation, the Stat3 decoy demonstrated marked and reproduc-
ible effects on Stat3-mediated growth pathways. The profound
effects of the decoy on proliferation suggests that in addition to
direct incorporation, an extracellular or secreted mechanism may
be involved. The overall efficiency of action of the decoy is likely
affected by many complex interacting factors including intracellular
levels of the Stat3 decoy, levels of activated Stat3, the availability of
target genes, and the relative affinites of the DNA response
elements for Stat3. In addition, there are likely multiple genes (in
addition to Bcl-xL) that contribute to SCCHN growth. Abrogation
of Stat3 (or specific target genes), below a threshold (�100%) may
be sufficient to inhibit growth. Optimization of the Stat3 decoy to
enhance delivery to SCCHN cells should result in more profound
antitumor effects. We have previously demonstrated that consti-
tutive Stat3 activation in SCCHN occurs downstream of the EGF
receptor in vitro and in vivo (5, 11). Further investigation showed
that SCCHN cells expressing constitutively activated Stat3 contin-
ued to proliferate in vitro and in vivo and were resistant to the
antitumor effects of EGFR abrogation (22). A recent study re-
ported that Stat3 activation levels in primary SCCHN tumors were
associated with decreased survival rates (47). These cumulative
results suggest that Stat3 blockade, alone or in combination with
EGFR inhibition (e.g., with monoclonal antibodies or tyrosine
kinase-specific inhibitors), may augment the antitumor effects of
molecular targeting approaches for cancer therapy.
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