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ABSTRACT
We previously developed a transcription factor decoy targeting
signal transducer and activator of transcription 3 (STAT3) and
reported antitumor activity in both in vitro and in vivo models of
squamous cell carcinoma of the head and neck (SCCHN).
Based on the known existence of STAT1-STAT3 heterodimers,
the high sequence homology between STAT1 and STAT3, as
well as expression of both STAT1 and STAT3 in SCCHN, we
examined whether the STAT3 decoy interferes with STAT1
signaling. SCCHN cell lines with different STAT1 expression
levels (but similar STAT3 levels) were used. Both cell lines were
sensitive to the growth-inhibitory effects of the STAT3 decoy
compared with a mutant control decoy. Intact STAT1 signaling
was demonstrated by interferon-� (IFN-�)-mediated induction
of STAT1 phosphorylation (Tyr701) and interferon-regulatory

factor-1 (IRF-1) expression. Treatment with the STAT3 decoy
(but not a mutant control decoy) resulted in inhibition of IRF-1
protein expression in both cell lines, indicating specific inhibi-
tion of STAT1 signaling by the STAT3 decoy. Because STAT1 is
a potential tumor suppressor, we also investigated whether
STAT1 signaling mitigated the therapeutic efficacy of the
STAT3 decoy. In both PCI-15B and UM-22B cells, STAT1
siRNA treatment resulted in decreased STAT1 expression,
without altering the antitumor activity of the STAT3 decoy.
Likewise, the antitumor effects of the STAT3 decoy were not
altered by STAT1 activation upon IFN-� treatment. These re-
sults suggest that the therapeutic mechanisms of STAT3 block-
ade using a transcription factor decoy are independent of
STAT1 activation.

Signal transducer and activator of transcription 3 (STAT3)
has emerged as a potential molecular target for cancer ther-
apy. STAT3 is constitutively activated and overexpressed in
a variety of human malignancies, including breast, lung,
prostate, brain, leukemia, multiple myeloma, and squamous
cell carcinoma of the head and neck (SCCHN) (Grandis et al.,
1998; Turkson and Jove, 2000). The expression levels of
activated or tyrosine-phosphorylated STAT3 have been re-
ported to correlate with decreased survival in several can-
cers, including oral tongue carcinoma (Masuda et al., 2002).
Molecular targeting of STAT3 using a variety of strategies in

preclinical models of human cancer has been shown to inhibit
tumor growth (Turkson and Jove, 2000). We previously de-
veloped a transcription factor decoy based on the STAT3
DNA binding element and demonstrated that this decoy in-
terferes with STAT3 signaling and decreases SCCHN tumor
growth in vitro and in vivo (Leong et al., 2003; Xi et al., 2005).

Transcription factor decoys are double-stranded DNA oli-
gonucleotides that resemble the transcription factor-binding
site in the promoters of target genes. Transcription factor
decoys presumably bind transcription factors and sequester
the targeted transcription factor, rendering it unavailable for
transcription of downstream target genes. The sequence of
the STAT3 decoy was derived from the serum-inducible ele-
ment of the human c-fos promoter. The therapeutic effects of
the STAT3 decoy have also been demonstrated by another
group in a chemically induced skin carcinogenesis model

This work was supported by National Institutes of Health grants R01-
CA101840, R01-CA77308, and P50-CA097190 (to J.R.G.).

Article, publication date, and citation information can be found at
http://molpharm.aspetjournals.org.

doi:10.1124/mol.106.032284.

ABBREVIATIONS: STAT, signal transducer and activator of transcription; SCCHN, squamous cell carcinoma of the head and neck; IFN, interferon;
DMEM, Dulbecco’s modified Eagle’s medium; siRNA, small interfering RNA; hSIE, high-affinity serum inducible element; TBST, Tween 20 in 1�
PBS; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium; PBS, phosphate-buffered saline; RLU, relative light units; IRF, interferon-regula-
tory factor; MEF, murine embryonic fibroblast.

0026-895X/07/7105-1435–1443$20.00
MOLECULAR PHARMACOLOGY Vol. 71, No. 5
Copyright © 2007 The American Society for Pharmacology and Experimental Therapeutics 32284/3203957
Mol Pharmacol 71:1435–1443, 2007 Printed in U.S.A.

1435

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


(Chan et al., 2004) as well as in psoriasis, where STAT3
hyperactivation plays a major role (Sano et al., 2005). The
regulation of STATs and the role of STAT proteins in carci-
nogenesis remain incompletely understood. In theory, target-
ing STAT3 using a transcription factor decoy approach might
also affect the function of STAT3-associated proteins. Eluci-
dation of the antitumor mechanisms of a STAT3 transcrip-
tion factor decoy is necessary to optimize the design of clin-
ical studies using this strategy to inhibit STAT3 signaling.

The protein sequence of STAT1 is 72% homologous with
STAT3, and STAT1 has been shown to form heterodimers
with STAT3. In contrast to the growth stimulatory and an-
tiapoptotic functions of STAT3, STAT1 is generally recog-
nized to have a tumor suppressor function (Bromberg et al.,
1996, 1998; Chin et al., 1997; Thomas et al., 2004; Xi et al.,
2006). Given the frequent expression of both STAT1 and
STAT3 in cancers, including SCCHN, we examined the ef-
fects of the STAT3 decoy on STAT1 signaling and the poten-
tial role of STAT1 in mediating the antitumor effects of the
decoy in SCCHN. Our results demonstrate that although the
STAT3 decoy disrupts STAT1 signaling, the therapeutic ef-
ficacy of the decoy is independent of STAT1 activation or
expression levels.

Materials and Methods
Plasmids and Reagents. The �-activated sequence-containing

luciferase reporter plasmid, pGAS-Luc, was purchased from Strat-
agene (La Jolla, CA). Human interferon-� (IFN-�) was obtained from
Roche Applied Science (Indianapolis, IN). Antibodies against STAT1,
phospho-STAT1 (Tyr701), STAT3, or phospho-STAT3 (Tyr 705) were
purchased from Cell Signaling Technology (Danvers, MA). Antibod-
ies against IRF-1 (C-20) and �-actin were from Santa Cruz Biotech-
nology (Santa Cruz, CA) and Oncogene Science (Cambridge, MA),
respectively. �-Tubulin antibody was obtained from Abcam Inc.
(Cambridge, MA). STAT1 (M-22) and STAT3 (C-20) antibodies used
for electrophoretic mobility shift assay were purchased from Santa
Cruz Biotechnology. Enhanced chemiluminescence kit was pur-
chased from Santa Cruz Biotechnology, Inc. Transfection reagents,
Lipofectamine 2000, and Optifect were purchased from Invitrogen
(Carlsbad, CA).

Cell Culture and Generation of Stable Clones. All head and
neck squamous cell carcinoma cell lines (PCI-37A, 1483, PCI-15B,
UM-22A, UM-22B) were of human origin (Lin et al., 2007). 1483 was
a kind gift from Dr. Gary Clayman (MD Anderson Cancer Center,
Houston, TX) and the UM-22A and UM-22B lines were provided by
Dr. Thomas Carey (University of Michigan, Ann Arbor, MI). The
PCI-37A and PCI-15B lines were created at the University of Pitts-
burgh (Heo et al., 1989). Cells were maintained in DMEM with 10%
heat-inactivated fetal calf serum (Invitrogen) and 1� penicillin/
streptomycin mix (Invitrogen) at 37°C with 5% CO2. STAT3 knock-
out and wild-type mouse embryonic fibroblasts were provided by Dr.
David Levy (New York University School of Medicine, New York,
NY) and were maintained in DMEM with 10% heat-inactivated fetal
calf serum (Invitrogen) and 1� penicillin/streptomycin mix (Invitro-
gen) at 37°C with 5% CO2 (Lee et al., 2002). STAT5A/B knockout and
wild-type mouse embryonic fibroblasts provided by Dr. James Ihle
(St. Jude Children’s Research Hospital, Memphis, TN) were grown in
DMEM with 10% heat-inactivated fetal calf serum and 1� penicillin/
streptomycin mix at 37°C with 5% CO2 (Teglund et al., 1998). U3A
cells that do not express STAT1 were provided by Dr. Jacqueline
Bromberg (Memorial Sloan Kettering Cancer Center, New York,
NY). U3A cells were cultured in DMEM containing 10% Cosmic calf
serum (Hyclone, Logan, UT) and 1� penicillin/streptomycin mix at
37°C with 5% CO2 (Muller et al., 1993). For the generation of stable

clones, UM-22B cells were transfected with pGAS-Luc (Stratagene,
La Jolla, CA) or pIRF-1-Luc (Panomics Inc., Redwood City CA) and
cotransfected with pcDNA3.1(�) carrying a G418 selection marker.
Two days after transfection, cells that stably expressed luciferase
were selected by G418 treatment (2 mg/ml) and stable clones were
expanded. Expression of luciferase in these clones stably expressing
either pGAS-Luc or pIRF-1-Luc was confirmed by luciferase assays.

STAT3 Decoy and siRNA Transfection. The STAT3 decoy and
the mutant control decoy sequences (double-stranded deoxyribonu-
cleotides with phosphorothioate modifications in the first three bases
and last three bases of the sequences) were generated as described
previously (Leong et al., 2003). The mutant control decoy, carrying a
single base mutation, was used as a control as in previous studies
(Leong et al., 2003; Xi et al., 2005). The DNAs were synthesized and
purified using an oligonucleotide purification cartridge (OPC)
method by the DNA Synthesis Facility at the University of Pitts-
burgh (Pittsburgh, PA). STAT1 siRNA SMART pool and STAT3
On-Target Plus SMART pool siRNA was purchased from Dharmacon
RNA Technologies (Lafayette, CO). Decoy transfection was per-
formed as described in the manufacturer’s manual. In brief, SCCHN
cells were plated (2.5–3 � 105/well in a six-well tissue culture plate
or 0.8 � 105/well in a 24-well tissue culture plate). Eighteen hours
after plating, cells were transfected with 102.6 to 1026 pM STAT3
decoy or mutant control decoy as a control. For cytotoxicity studies,
the transfection medium was replaced with complete DMEM after
5 h of transfection. For STAT1 signaling studies, IFN-� was added
into the transfection medium 1 h after transfection. For siRNA
transfection, 1200 pmol of siRNA was used to transfect a T-75 flask
of cells.

Electrophoretic Mobility Shift Assay. UM-22B cell lysate (20
�g) was incubated for 1 h with STAT1 and/or STAT3 antibodies
(Santa Cruz Biotechnology). Radiolabeled high-affinity serum-induc-
ible element (hSIE) duplex oligonucleotide or a mutant hSIE duplex
oligonucleotide was incubated with the cell extract and antibodies
(Wagner et al., 1990). Samples were then run on 4% nondenaturing
polyacrylamide gels that were dried at 65°C for 1 h. Supershifted
proteins were then visualized by autoradiography.

Western Blotting. Cells were lysed in Western lysis buffer (1%
Nonidet-P40, 150 mM NaCl, 1 mM EDTA, 10 mM sodium phosphate
buffer, pH 7.2, 0.25 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride, 10 �g/ml leupeptin, and 10 �g/ml aprotinin) for 5 min at
4°C. Lysates were then centrifuged at 4°C, 12,000 rpm for 15 min,
and supernatants were collected for protein quantitation. Protein
quantitation was performed using the protein assay solution (Bio-
Rad Laboratories, Hercules, CA). Proteins (50 �g/lane) were then
resolved on 10% SDS-PAGE gels and transferred onto Trans-Blot
nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA) us-
ing a semidry transfer machine (Bio-Rad Laboratories). After trans-
fer, membranes were incubated at 4°C overnight in blocking solution
containing 5% nonfat dry milk, 0.2% Tween 20 in 1� PBS (TBST).
Membranes were then incubated with primary antibody at room
temperature for 2 h, then washed three times with TBST (10 min/
wash). The membranes were then incubated with secondary anti-
body for 1 h at room temperature, followed by three washes in TBST.
Blots were developed using ECL, according to the manufacturer’s
instructions (Santa Cruz Biotechnology).

MTT Assay and Cell Counting. To determine survival of SC-
CHN cells in response to various treatments, MTT assays were
performed in 24-well plates. MTT solution was prepared from MTT
powder (Sigma, St. Louis, MO) in 1� phosphate-buffered saline
(final concentration, 5 mg/ml). Twenty-four hours after the STAT3
decoy treatment, MTT solution was added to each well and incubated
at 37°C for 1 h. MTT solution was then removed, and dimethyl
sulfoxide (300 �l) was added to each well. The optical density of
the contents of each well was determined using a microplate
reader set at 570 nm. The percentage cell proliferation was cal-
culated using the following equation: percentage proliferation �
(treatment/untreated) � 100%.

1436 Lui et al.

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Cell counting experiments were performed using trypan blue dye
exclusion assay. Cells were trypsinized, and after lifting off of the
plate, trypsin was neutralized with DMEM. Cells were centrifuged
and pellet was resuspended in fresh media. Cells were then com-
bined with trypan and counted using a hemacytometer. Cell prolif-
eration was then calculated relative to the untreated control using
the following equation: percentage proliferation � (treatment/un-
treated) � 100%.

Luciferase Assay. Stable clones of pGAS-Luc or pIRF-1-Luc were
generated in the UM-22B cell line using G418 selection media as
described above. Transient transfections of STAT3 decoy and mutant
control decoy were performed as described above using 690 pM
STAT3 decoy or mutant control decoy. 5 h after transfection, the
transfection medium was removed and replaced with DMEM (10%
FBS, 1� penicillin/streptomycin) with or without 200 U/ml IFN-�.
After 24 h, cells were lysed in luciferase lysis buffer (0.05% Triton
X-100, 2 mM EDTA, and 0.1 M Tris-HCl at pH 7.8) for 5 min on ice.
Lysates were then centrifuged at 14,000 rpm for 5 min at 4°C.
Supernatants were collected and assayed for luciferase activity using
the luciferase assay kit from Promega (Madison, WI). Luminescence
was measured with a luminometer (Wallac Inc., Gaithersburg, MD).
Luciferase activity was normalized as relative light units per micro-

gram of total protein in the supernatant. -Fold changes were calcu-
lated in reference to the untreated control.

Statistical Analysis. StatXact software with Cytel Studio (Cytel
Software Corporation, Cambridge, MA) was used. P values were
obtained by the Wilcox-Mann-Whitney test (P � 0.05 was considered
significant).

Results
STAT3 Decoy Inhibition of SCCHN Growth Does Not

Correlate with STAT1 Levels. Given the expression of
both STAT1 and STAT3 in SCCHN, we investigated the
potential role of STAT1 signaling on the antitumor activity of
the STAT3 decoy in SCCHN cell lines. We first examined the
expression levels of STAT1 and STAT3 in a panel of SCCHN
cell lines, including PCI-37A, 1483, PCI-15B, UM-22A, and
UM-22B to compare the effects of the decoy in cells express-
ing different levels of STAT1 (Fig. 1A). STAT1 was expressed
at high levels in two SCCHN cell lines (PCI-15B, and UM-
22A), and expressed at relatively lower levels in PCI37A,
1483 and UM-22B. All five SCCHN cell lines expressed high

Fig. 1. STAT1 levels do not correlate with SCCHN growth inhibition by the STAT3 decoy. A, expression levels of STAT1 and STAT3 in a panel of
SCCHN cell lines (PCI-37A, 1483, PCI-15B, UM-22A, and UM-22B). Fifty micrograms of protein were loaded for immunoblotting with antibodies
against STAT1 and STAT3. Immunoblot was probed for �-actin as a loading control. B, STAT3 decoy effects on proliferation in two SCCHN cell lines
expressing different levels of STAT1. Both PCI-15B and UM-22B cells (0.6 � 105 cells) were transfected with 690 pM STAT3 decoy or the mutant
control decoy and compared with an untransfected control (untreated). Inhibition of cell proliferation was determined by MTT assay 24 h after
transfection. C, STAT3 decoy effects on cell proliferation was also examined by trypan blue dye exclusion assays. PCI-15B and UM-22B cells were
transfected with 690 pM STAT3 decoy or control decoy and compared with an untransfected control (untreated). Experiments were performed in
triplicate wells and performed three times with similar results.
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levels of STAT3. Two SCCHN cell lines, PCI-15B and UM-
22B, which expressed similar levels of STAT3 but different
levels of STAT1 protein, were then chosen for further study.
PCI-15B expressed a higher level of STAT1 than UM-22B. As
shown in Fig. 1B, treatment of PCI-15B cells with 690 pM
STAT3 decoy resulted in only 34% (� 1.8%) proliferation at
24 h, whereas the mutant control decoy treatment resulted in
94.1% (� 6.7%) cell proliferation. In UM-22B, the SCCHN
cell line expressing lower STAT1 levels, treatment with the
STAT3 decoy resulted in 17.0% (�1%) cell proliferation,
whereas the control decoy treatment resulted in 75.5% (�
1.1%) proliferation. Similar results were observed by trypan
blue dye exclusion assay (Fig. 1C), in which the STAT3 decoy
treatment resulted in 26.4% (� 8.9%) proliferation in UM-
22B cells, whereas the control decoy treatment resulted in
98.0% (� 2.3%) proliferation. PCI-15B cells treated with the
STAT3 decoy resulted in 43.9% (�1.4%) cell proliferation,
and 101% (�5.0%) of the control decoy treated cells prolifer-
ated after 24 h. These results demonstrate that SCCHN cell
lines (PCI-15B and UM-22B) with high or low expression
levels of STAT1, were equally sensitive to the cytotoxic ef-
fects of the STAT3 decoy. These results are supported by our
previous observations that 1483, a SCCHN cell line with
relatively lower levels of STAT1 and high levels of STAT3,
was also sensitive to the cytotoxicity of the STAT3 decoy
(Leong et al., 2003; Xi et al., 2005).

STAT1 Signaling Is Intact in SCCHN Cells. Because
the cytotoxic effect of the STAT3 decoy was not diminished in
SCCHN cell lines overexpressing STAT1, we next examined
whether the STAT1 activation pathway was intact in SC-
CHN cells. IFN-� is known to activate the STAT1 pathway
through tyrosine phosphorylation of STAT1 (Tyr 701) and
induction of the STAT1 target gene IRF-1. Both PCI-15B and
UM-22B cells were serum-starved for 48 h and then treated
with IFN-� for up to 24 h (Fig. 2). In both cell lines, short-
term IFN-� treatment induced a dramatic and persistent
phosphorylation of STAT1 (Tyr 701) without significant
changes in total STAT1 levels until the 24-h time point. In
addition, intact IFN-�-induced STAT1 signaling was further
demonstrated by the rapid induction of IRF-1 expression, a
known STAT1 target gene. Maximal IRF-1 induction was
observed at 4 and 24 h after IFN-� treatment in both cell
lines. In fact, IRF-1 expression persisted for up to 72 h after
IFN-� treatment, although at much lower levels (data not
shown). Therefore, STAT1 signaling is intact in SCCHN cell
lines that are susceptible to the cytotoxic effects of the STAT3
decoy.

STAT3 Decoy Disrupts STAT1 Signaling. We and oth-
ers have shown previously that the STAT3 decoy inhibits
STAT3 signaling in several disease models including SC-
CHN, skin cancer and psoriasis (Xi et al., 2005) (Leong et al.,

2003; Chan et al., 2004; Sano et al., 2005). STAT1 shares the
highest homology with STAT3 among the STAT family mem-
bers and it is known to associate with STAT3 through direct
heterodimer formation. In theory, targeting STAT3 using a
transcription factor decoy approach may also affect the func-
tion of STAT3-associated proteins. Among the known
STAT3-associated proteins, STAT1 is also of particular in-
terest in this context because, contrary to the growth stimu-
latory and antiapoptotic functions of STAT3, STAT1 is gen-
erally recognized to have tumor suppressor functions (Xi et
al., 2006). Therefore, we investigated the effects of the
STAT3 decoy on STAT1 signaling by examining the effects of
the decoy on STAT1 transcriptional activity and STAT1 tar-
get gene expression. SCCHN cells were stably transfected
with a STAT1 reporter construct expressing luciferase from a
pGAS-Luc containing four �-activated sequence enhancer el-
ements that are specific for STAT1 (Fig. 3A). In the absence
of IFN-�, the pGAS-Luc stable cell line expressed a low level
of luciferase (41.3 � 1.4 RLU/�g protein), indicating a low
level of endogenous STAT1 activation. Treatment with the
STAT3 decoy slightly inhibited luciferase activity (13.2 � 0.3
RLU/�g protein) compared with the mutant control decoy
(38.1 � 1.5 RLU/�g protein). The pGAS-Luc stable cell line
was highly responsive to IFN-�, indicating intact STAT1
signaling. In the presence of IFN-�, luciferase activity in-
creased markedly by 57-fold (from 41.3 � 1.4 to 2350 � 39.6
RLU/�g protein). Treatment with the STAT3 decoy, but not
the mutant control decoy, completely abrogated luciferase
activity in the pGAS-Luc stable cell line (STAT3 decoy treat-
ment, 25.8 � 1.8 RLU/�g protein; control decoy treatment,
2260 � 13.3 RLU/�g protein). We next investigated whether
expression of the STAT1 target gene IRF-1 was affected by
the STAT3 decoy. When SCCHN cells were treated with the
STAT3 decoy for only 5 h (in the presence or absence of
IFN-�), induction of IRF-1 protein was markedly inhibited
(Fig. 3B). Consistent with this result, we observed significant
inhibition of IRF-1 transcriptional activity using a reporter
gene system. A SCCHN cell line stably expressing an IRF-1-
Luc reporter gene (carrying six copies of IRF-1-responsive
element) was employed (UM-22B). Treatment with the
STAT3 decoy, but not the mutant control decoy, completely
abrogated the IFN-�-induced expression of luciferase in the
IRF-1-Luc stable cell line (Fig. 3C). We reported previously
that the STAT3 decoy abrogates STAT3 DNA binding on gel
shift assays (Leong et al., 2003). To determine the effect of
the decoy on STAT dimers, we performed supershift experi-
ments using STAT1 and/or STAT3-specific antisera. As
shown in Fig. 3D, STAT1 homodimers, STAT3 homodimers,
and STAT1/3 heterodimers were all supershifted from the
DNA binding complex on gel shift. Taken together, these
results demonstrated that STAT3 decoy inhibited STAT1-

Fig. 2. STAT1 signaling is intact in SCCHN
cells. PCI-15B and UM-22B cells were first se-
rum-starved for 48 h and then stimulated with
IFN-� (200 U/ml) for 10 min, 30 min, and 1, 4,
and 24 h. The levels of phospho-STAT1 (Tyr
701), total STAT1, and IRF-1 were determined
by immunoblotting (50 �g of protein were
loaded). Immunoblot was probed for �-actin as
a loading control. The experiment was per-
formed three times with similar results.
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mediated DNA binding and transcription. These cumulative
results suggest that the STAT3 decoy (but not the mutant
control decoy) may sequester STAT1 in addition to STAT3 (or
sequester STAT1/STAT3 heterodimer) and hence disrupt
STAT1 function and transcriptional activity.

STAT1 Does Not Mediate the Cytotoxic Effects of the
STAT3 Decoy. STAT1 has been reported to function as a
tumor suppressor in human cancer, including SCCHN (Xi et
al., 2006). We therefore investigated whether STAT1 contrib-
utes to the cytotoxic effects of the STAT3 decoy in SCCHN

cells. STAT1 SMART pool siRNA was used to specifically
down-regulate the expression of STAT1 in SCCHN cells. As
shown in Fig. 4A, STAT1 siRNA transfection of UM-22B for
4 h resulted in a knockdown of STAT1 expression for up to 6
days. Similar results were observed in PCI-15B cells (data
not shown). To determine whether STAT1 knockdown using
siRNA abrogated STAT1 signaling, we examined the effects
of IFN-� on IRF-1 expression in the presence and absence of
STAT1 siRNA. As shown in Fig. 4B, treatment of the SCCHN
cells with STAT1 siRNA led to the failure of IFN-� to induce

Fig. 3. STAT3 decoy disrupts STAT1 signaling. A, the STAT3 decoy inhibited the expression of STAT1 promoter activity in a cell line (UM-22B) stably
expressing pGAS-Luc. The stable cell line was transfected with 690 pM STAT3 decoy or the mutant control decoy. Luciferase assay was performed 24 h
after transfection. -Fold change was calculated with reference to the untransfected control (without IFN-�). Experiments were performed in triplicate
wells and performed a total of three times with similar results obtained in each independent experiment. B, expression of an IFN-�-responsive STAT1
target gene, IRF-1, was specifically down-regulated by the STAT3 decoy upon IFN-� treatment. SCCHN cells were transfected with the STAT3 decoy
or mutant control decoy for a total of 5 h (in a six-well plate). In the IFN-�-treated group, IFN-� (200 U/ml) was added 1 h after transfection for an
additional 4 h. Cells were then collected for immunoblotting for IRF-1. Immunoblot was probed for �-actin as a loading control. Experiments were
performed a total of three times with similar results obtained in each independent experiment. C, specific down-regulation of the transcriptional
activity of IRF-1 by the STAT3 decoy. A SCCHN cell line (UM-22B) stably expressing IRF-1-Luc was used to examine the effect of the STAT3 decoy
on IRF-1 transcriptional activity. Cells were transfected with 690 pM concentrations of the STAT3 decoy or the mutant control decoy. Luciferase assay
was performed 24 h after transfection. -Fold change was calculated with reference to the untreated (no decoy or IFN-�) IRF-1-Luc control cells.
Experiments were performed in triplicate wells and independently performed three times with similar results. D, STAT 1 homodimers, STAT3
homodimers, and STAT1/3 heterodimers can be supershifted from the DNA binding complex after treatment with the STAT3 decoy but not the mutant
control decoy. Whole-cell (20 �g) lysate from UM-22B cells was preincubated with STAT1 and/or STAT3 antibodies and then radiolabeled using hSIE
or a mutant hSIE probe.

STAT3 Decoy Effect on STAT1 Signaling in SCCHN 1439
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Fig. 4. STAT1 does not contribute to the cytotoxic effects of the STAT3 decoy in SCCHN cells. A, UM-22B cells (a T-75 flask) were transfected with
1200 pmol of GFP siRNA (control) or STAT1 siRNA for 4 h. Cells were collected at days 2, 3, and 4 for the analysis of STAT1 protein levels by
immunoblotting. B, untreated, GFP siRNA, or STAT1 siRNA transfected UM-22B cells were stimulated with IFN-� (200 U/ml) for 4 h. Lysates were
collected after 24 h and were immunoblotted for STAT1, IRF-1, and �-tubulin. C, untreated, GFP siRNA, and STAT3 siRNA transfected UM-22B cells
were stimulated with IFN–� (200 U/ml) for 4 h. Lysates were collected after 24 h and were immunoblotted for STAT3, IRF-1, and �-tubulin. D,
down-regulation of endogenous STAT1 by STAT1 siRNA did not affect the cytotoxic effects of the STAT3 decoy in SCCHN cell lines. PCI-15B and
UM-22B cells were first transfected with the STAT1 siRNA (or GFP siRNA as control) and plated for STAT3 decoy treatment. MTT assay was
performed 72 h after decoy treatment. The percentage proliferation after STAT3 decoy treatment (filled bars) and the mutant control decoy (open bars)
was calculated using untransfected cells as control. Experiments were performed in triplicate wells and independently repeated three times. E, STAT3
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IRF-1 expression in these cells. In contrast, treatment of the
same cells with siRNA directed against STAT3 did not mit-
igate IFN-� induction of IRF-1 (Fig. 4C). We then evaluated
the impact of STAT3 decoy on cells transfected with STAT1
siRNA (or GFP siRNA as control). After transfection with
STAT1 siRNA, cells were replated for STAT3 decoy treat-
ment. After an additional 72 h, cell viabilities were deter-
mined. As shown in Fig. 4D, STAT1 siRNA transfection did
not alter the growth inhibitory effects of the STAT3 decoy in
both PCI-15B and UM-22B cells. In PCI-15B cells, STAT3
decoy treatment resulted in 47.4% (� 1.5%) and 46.9% (�
4.3%) cell proliferation in the GFP siRNA transfected and
STAT1 siRNA transfected PCI-15B cells, respectively. The
mutant control decoy resulted in 83% (� 6.2%) and 81.3% (�
4.1%) cell proliferation in the GFP siRNA- and STAT1
siRNA-transfected PCI-15B cells, respectively. Similar re-
sults were observed in UM-22B cells, where STAT3 decoy
treatment elicited 54.5% (� 1.3%) cell proliferation in GFP
siRNA transfectants and 63.1% (� 2.0%) in STAT1 siRNA
transfectants. The mutant control decoy failed to inhibit cell
proliferation. To confirm these results in a genetically de-
fined system, the effects of the decoy were examined in
STAT1 knockout murine embryonic fibroblasts (MEFs). As
shown in Fig. 4E the STAT3 decoy inhibited the growth of
STAT1 deficient cells as well as cells derived from wild-type
MEFs. These results suggest that expression of STAT1 nei-
ther contributes to nor is required for the cytotoxic effects of
the STAT3 decoy in SCCHN cells.

STAT1 Activation Does Not Alter the Cytotoxicity of
the STAT3 Decoy. We next examined whether activation of
STAT1 by IFN-� would affect the cytotoxicity of the STAT3
decoy. As shown in Fig. 4F, treatment of STAT3 decoy-trans-
fected cells with increasing doses of IFN-� did not result in
any significant changes in the cytotoxicity of the STAT3
decoy (p � 0.9 in PCI-15B and p � 0.6 in UM-22B). In
PCI-15B cells, the percentage cell proliferation with the
STAT3 decoy alone, or the STAT3 decoy plus IFN-� was 17%
� 1.0%, and 18.3% � 0.17%, respectively. Similar results
were observed in UM-22B cells, where the STAT3 decoy
alone or the STAT3 decoy plus IFN-� resulted in 10.7% �
1.2% and 13.1 � 1.0% proliferation relative to control, respec-
tively. Thus, activation of STAT1 pathway by IFN-� does not
alter the growth inhibitory effects of the STAT3 decoy in
SCCHN cells. This suggests that the efficacy of the STAT3
decoy is independent of STAT1 activation and that the
STAT3 decoy can inhibit tumor cell growth even in the pres-
ence of STAT1 signaling.

STAT3 Is Required for Growth Inhibition by the
STAT3 Decoy. To determine whether STAT3 is necessary
for decoy-mediated cell killing, we examined the growth in-
hibitory effects of the decoy on STAT3 knockout and wild-
type MEFs (a kind gift from Dr. David Levy, New York
University School of Medicine, New York, NY). We first con-
firmed that the STAT3 knockout cells did not express STAT3
compared with the wild-type cells, and we also found that

both cell lines express comparable levels of STAT1 (data not
shown). The MEFs were plated at a density of 5 � 104 cells in
12-well plates and transfected with 1026 pM STAT3 decoy or
mutant control decoy. Cell counts, performed after 24 h of
transfection, demonstrated that the percentage survival of
the STAT3 knockout MEFs treated with the STAT3 decoy
was 81.8 � 9% compared with 29.5 � 6% survival of the
wild-type MEF cells (Fig. 5A). We previously reported a lack
of cytotoxic effects of the STAT3 decoy on normal epithelial
cells when used at a concentration of 250.3 nM without
lipid-mediated transfection (Leong et al., 2003). To verify
that the growth inhibition of the wild-type MEFs by the
STAT3 decoy was due to the higher concentrations of the
decoy used in this assay, we repeated the experiment using a
lower concentration of the decoy that we used previously to
treat the SCCHN cell lines (102.6 pM); we observed that the
survival of wild-type or STAT3 knockout MEFs was not af-
fected when this lower dose of the STAT3 decoy was em-
ployed (94% and 102%, respectively) (data not shown). To
determine the specific requirement of STAT3 to mediate the
growth inhibitory effects of the STAT3 decoy, cells derived
from STAT5-deficient mice (and cells from their wild-type
counterparts) were also treated with the high concentration
of the STAT3 decoy. These cells have been previously re-
ported to express STATs 1 and 3 (Teglund et al., 1998). In
contrast to the results obtained in the STAT3-deficient cells,
there was no difference in the effects of the STAT3 decoy on
the growth of the STAT5 knockout cells or cells derived from
their wild-type littermates (Fig. 5B). These results indicate
that STAT3 is specifically required for the antiproliferative
effects of the STAT3 decoy.

Discussion
In this study, we investigated the potential role of STAT1

on the antiproliferative effects of a STAT3 transcription fac-
tor decoy and the reciprocal effects of the STAT3 decoy on
STAT1 signaling in SCCHN cells. STAT1 is a potential tumor
suppressor that is known to associate with STAT3. Our re-
sults demonstrate that the STAT3 decoy inhibits SCCHN
growth independent of STAT1 levels and STAT1 activation
status. SCCHN cells with either high or low levels of STAT1
were equally sensitive to the growth inhibitory effects of the
decoy. Down-regulation of STAT1 levels by siRNA or activa-
tion of STAT1 signaling by IFN-� did not affect the growth
inhibitory effects of the STAT3 decoy. In addition, we found
that the STAT3 decoy disrupts STAT1 signaling, inhibits
STAT1 target gene levels and STAT1 transcriptional activ-
ity. These results suggest that STAT1 does not contribute to
the antitumor activity of the STAT3 decoy in SCCHN cells.
Therefore, a STAT3 decoy has therapeutic potential for treat-
ing cancers with active STAT3 and STAT1 signaling.

Transcription factor decoys are double-stranded DNA oli-
gonucleotides that closely resemble the transcription factor-
binding site (or DNA binding sequence) in the promoters of

decoy-mediated decrease in cell survival in STAT1 knockout cells is not significantly different from that of wild-type cells (p � 0.5). STAT1 knockout
cells (U3A) and wild-type MEFs were transfected with 1026 pM STAT3 decoy or mutant control decoy. After 24 h, cell counts using trypan blue dye
exclusion assay were performed. Experiment was performed independently three times in triplicate. F, activation of STAT1 signaling by IFN-� did not
affect the cytotoxic effects of the STAT3 decoy in HNSCC. Both PCI-15B (G) and UM-22B (H) cells were transfected with 540 pM concentrations of
the STAT3 decoy or mutant control decoy. At 5 h after transfection, the transfection medium was removed and replaced with complete DMEM or
DMEM � 200 U/ml IFN-�. MTT assay was performed at 24 h after transfection. Experiments were performed in triplicate wells and independently
performed in triplicate wells and independently performed three times with similar results.
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target genes. Decoys presumably bind and sequester the
targeted transcription factor, rendering it unavailable for
transcription of downstream target genes, thus resulting in
specific transcriptional inhibition. A transcription factor de-
coy approach was originally used for the study of gene ex-
pression mediated by transcription factors (Gambarotta et
al., 1996; Cho et al., 2002). Because of the sequence-specific
characteristics of a transcription factor decoy, it is an attrac-
tive approach to target transcription factors. Transcription
factor decoys targeting a variety of transcription factors have
been developed for E2F, nuclear factor-�B, p53, activator
protein-1, ets, Sp1, and estrogen receptor in a variety of
disease models (for review, see Gambari, 2004). Many tran-
scription factors have important roles in carcinogenesis and a
number of transcription factor decoys have been shown to
inhibit human cancer growth in preclinical models (Kurat-
sukuri et al., 1999; Ishibashi et al., 2000; Alper et al., 2001;
Ahn et al., 2003; Leong et al., 2003; Xi et al., 2006). Both
STAT1 and STAT3 interact with other proteins and tran-

scription factors. STAT1 binds to the tumor necrosis factor �

receptor signaling complex and inhibit nuclear factor-�B
(Wang et al., 2000). STAT1 has also been demonstrated to
bind to p53 through protein-protein interactions (Townsend
et al., 2004). STAT3, like STAT1, interacts with other factors,
including PIAS3, GRIM-19, and EZ1 (Chung et al., 1997;
Nakayama et al., 2002; Zhang et al., 2003). Although the
signal transduction events mediated by STAT1 and STAT3
were initially characterized in the context of DNA binding, it
now seems that a coactivator mechanism that does not in-
volve DNA binding can explain some of the consequences of
STAT activation. However, the effects of transcription factor
decoys, designed to inhibit a specific transcription factor, on
other transcriptions factors or interacting proteins is largely
unexplored.

In theory, inhibition of a tumor suppressor function should
lead to enhanced tumor growth. However, this does not seem
to be the case when STAT1 signaling is inhibited by the
STAT3 decoy. This could be explained by the fact that the
function of STAT1 in cancer is still incompletely understood.
In addition to a potential tumor suppressor role, STAT1 may
also have other unknown functions, such as regulation of
apoptosis (Thomas et al., 2004). STAT1 overexpression has
been shown to induce chemosensitization in SCCHN (Xi et
al., 2006), and STAT1-deficient cells are resistant to tumor
necrosis factor-�-induced apoptosis (Kumar et al., 1997). In
addition, it is possible that the tumor suppressor activity of
STAT1 is restricted to cancer development and not cancer
progression. Therefore, abrupt inhibition of STAT1 activity
by the decoy may not have an effect on cancer cell prolifera-
tion. In a syngeneic model murine squamous cell carcinoma,
STAT1 deficiency in the host enhanced interleukin-12-medi-
ated tumor regression (Torrero et al., 2006). These cumula-
tive results suggest that the effects of STAT1 signaling on
tumor formation and progression are probably dependent on
the specific growth factors, cytokines, and other transcription
factors that are present in the tumor microenvironment. The
ability of the decoy to inhibit STAT1 as well as STAT3 action
raises the possibility that the STAT3 decoy may have actions
beyond inhibiting STAT3 in cancer cells, which might limit
its potential usefulness as a therapeutic reagent.

Our findings have several clinical implications. Although
STAT1 and STAT3 (with relatively opposed functions) are
both expressed in a wide variety of cancers, including SC-
CHN, targeting of STAT3 using a transcription factor decoy
approach can still be safely used as an anticancer treatment
because inhibition of STAT1 signaling does not mitigate the
therapeutic efficacy of the STAT3 decoy. Molecular targeting
using a transcription factor decoy approach should be accom-
panied by a careful examination of the effects on other tran-
scription factors or proteins associated with the transcription
factor that is being specifically targeted. In this case, target-
ing of STAT3 by the STAT3 decoy disrupts STAT1 signaling
in SCCHN. Transcription factors are known to function in
large multiprotein complexes comprising multiple regulatory
proteins, cofactors, and related DNA elements. Therefore,
targeting using a transcription factor decoy approach may
offer an advantage (compared with an siRNA or antisense
approach) of simultaneously inhibiting multiple proteins in
the transcription complex.

Fig. 5. STAT3 is required for STAT3 decoy-mediated growth inhibition.
A, STAT3 knockout or wild-type MEFs (4 � 104 cells) were plated in
12-well plates and transfected with 1025 pM concentrations of the decoy
or mutant control decoy. Cell counts were performed 24 h after transfec-
tion. EGFP control plasmid was used to measure transfection efficiency
(80–90%). This figure represents cumulative results of three independent
experiments. B, STAT5 knockout or wild-type MEFs were plated in
12-well plates and transfected with 1025 pM concentrations of the decoy
or mutant control decoy. Cell counts were performed 24 h after transfec-
tion, and the data represent the cumulative results of three independent
experiments.

1442 Lui et al.

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


References
Ahn JD, Kim CH, Magae J, Kim YH, Kim HJ, Park KK, Hong S, Park KG, Lee IK,

and Chang YC (2003) E2F decoy oligodeoxynucleotides effectively inhibit growth of
human tumor cells. Biochem Biophys Res Commun 310:1048–1053.

Alper O, Bergmann-Leitner ES, Abrams S, and Cho-Chung YS (2001) Apoptosis,
growth arrest and suppression of invasiveness by CRE-decoy oligonucleotide in
ovarian cancer cells: protein kinase A downregulation and cytoplasmic export of
CRE-binding proteins. Mol Cell Biochem 218:55–63.

Bromberg JF, Fan Z, Brown C, Mendelsohn J, and Darnell JE Jr (1998) Epidermal
growth factor-induced growth inhibition requires Stat1 activation. Cell Growth
Differ 9:505–512.

Bromberg JF, Horvath CM, Wen Z, Schreiber RD, and Darnell JE Jr (1996) Tran-
scriptionally active Stat1 is required for the antiproliferative effects of both inter-
feron alpha and interferon gamma. Proc Natl Acad Sci USA 93:7673–7678.

Chan KS, Sano S, Kiguchi K, Anders J, Komazawa N, Takeda J, and DiGiovanni J
(2004) Disruption of Stat3 reveals a critical role in both the initiation and the
promotion stages of epithelial carcinogenesis. J Clin Investig 114:720–728.

Chin YE, Kitagawa M, Kuida K, Flavell RA, and Fu XY (1997) Activation of the
STAT signaling pathway can cause expression of caspase 1 and apoptosis. Mol Cell
Biol 17:5328–5337.

Cho YS, Kim MK, Cheadle C, Neary C, Park YG, Becker KG, and Cho-Chung YS
(2002) A genomic-scale view of the cAMP response element-enhancer decoy: a
tumor target-based genetic tool. Proc Natl Acad Sci USA 99:15626–15631.

Chung CD, Liao J, Liu B, Rao X, Jay P, Berta P, and Shuai K (1997) Specific
inhibition of Stat3 signal transduction by PIAS3. Science (Wash DC) 278:1803–
1805.

Gambari R (2004) New trends in the development of transcription factor decoy (TFD)
pharmacotherapy. Curr Drug Targets 5:419–430.

Gambarotta G, Boccaccio C, Giordano S, Ando M, Stella MC, and Comoglio PM
(1996) Ets up-regulates MET transcription. Oncogene 13:1911–1917.

Grandis JR, Drenning SD, Chakraborty A, Zhou MY, Zeng Q, Pitt AS, and Tweardy
DJ (1998) Requirement of Stat3 but not Stat1 activation for epidermal growth
factor receptor- mediated cell growth in vitro. J Clin Investig 102:1385–1392.

Heo DS, Snyderman C, Gollin SM, Pan S, Walker E, Deka R, Barnes EL, Johnson JT,
Herberman RB, and Whiteside TL (1989) Biology, cytogenetics, and sensitivity to
immunological effector cells of new head and neck squamous cell carcinoma lines.
Cancer Res 49:5167–5175.

Ishibashi H, Nakagawa K, Onimaru M, Castellanous EJ, Kaneda Y, Nakashima Y,
Shirasuna K, and Sueishi K (2000) Sp1 decoy transfected to carcinoma cells
suppresses the expression of vascular endothelial growth factor, transforming
growth factor beta1, and tissue factor and also cell growth and invasion activities.
Cancer Res 60:6531–6536.

Kumar A, Commane M, Flickinger TW, Horvath CM, and Stark GR (1997) Defective
TNF-alpha-induced apoptosis in STAT1-null cells due to low constitutive levels of
caspases. Science (Wash DC) 278:1630–1632.

Kuratsukuri K, Sugimura K, Harimoto K, Kawashima H, and Kishimoto T (1999)
“Decoy” of androgen-responsive element induces apoptosis in LNCaP cells. Pros-
tate 41:121–126.

Lee CK, Raz R, Gimeno R, Gertner R, Wistinghausen B, Takeshita K, DePinho RA,
and Levy DE (2002) STAT3 is a negative regulator of granulopoiesis but is not
required for G-CSF-dependent differentiation. Immunity 17:63–72.

Leong PL, Andrews GA, Johnson DE, Dyer KF, Xi S, Mai JC, Robbins PD, Gadi-
parthi S, Burke NA, Watkins SF, et al. (2003) Targeted inhibition of Stat3 with a
decoy oligonucleotide abrogates head and neck cancer cell growth. Proc Natl Acad
Sci USA 100:4138–4143.

Lin CJ, JR G, Carey TE, Whiteside TL, Gollin SM, Ferris RL, and Lai SY (2007)
Head and neck squamous cell carcinoma cell lines: established models and ratio-
nale for selection. Head and Neck, in press.

Masuda M, Suzui M, Yasumatu R, Nakashima T, Kuratomi Y, Azuma K, Tomita K,
Komiyama S, and Weinstein IB (2002) Constitutive activation of signal transduc-
ers and activators of transcription 3 correlates with cyclin D1 overexpression and
may provide a novel prognostic marker in head and neck squamous cell carcinoma.
Cancer Res 62:3351–3355.

Muller M, Laxton C, Briscoe J, Schindler C, Improta T, Darnell JE Jr, Stark GR, and
Kerr IM (1993) Complementation of a mutant cell line: central role of the 91 kDa
polypeptide of ISGF3 in the interferon-alpha and -gamma signal transduction
pathways. EMBO (Eur Mol Biol Organ) J 12:4221–4228.

Nakayama K, Kim KW, and Miyajima A (2002) A novel nuclear zinc finger protein
EZI enhances nuclear retention and transactivation of STAT3. EMBO (Eur Mol
Biol Organ) J 21:6174–6184.

Sano S, Chan KS, Carbajal S, Clifford J, Peavey M, Kiguchi K, Itami S, Nickoloff BJ,
and DiGiovanni J (2005) Stat3 links activated keratinocytes and immunocytes
required for development of psoriasis in a novel transgenic mouse model. Nat Med
11:43–49.

Teglund S, McKay C, Schuetz E, van Deursen JM, Stravopodis D, Wang D, Brown M,
Bodner S, Grosveld G, and Ihle JN (1998) Stat5a and Stat5b proteins have
essential and nonessential, or redundant, roles in cytokine responses. Cell 93:841–
850.

Thomas M, Finnegan CE, Rogers KM, Purcell JW, Trimble A, Johnston PG, and
Boland MP (2004) STAT1: a modulator of chemotherapy-induced apoptosis. Can-
cer Res 64:8357–8364.

Torrero MN, Xia X, Henk W, Yu S, and Li S (2006) Stat1 deficiency in the host
enhances interleukin-12-mediated tumor regression. Cancer Res 66:4461–4467.

Townsend PA, Scarabelli TM, Davidson SM, Knight RA, Latchman DS, and Stepha-
nou A (2004) STAT-1 interacts with p53 to enhance DNA damage-induced apopto-
sis. J Biol Chem 279:5811–5820.

Turkson J and Jove R (2000) STAT proteins: novel molecular targets for cancer drug
discovery. Oncogene 19:6613–6626.

Wagner BJ, Hayes TE, Hoban CJ, and Cochran BH (1990) The SIF binding element
confers sis/PDGF inducibility onto the c-fos promoter. EMBO (Eur Mol Biol Organ)
J 9:4477–4484.

Wang Y, Wu TR, Cai S, Welte T, and Chin YE (2000) Stat1 as a component of tumor
necrosis factor alpha receptor 1-TRADD signaling complex to inhibit NF-kappaB
activation. Mol Cell Biol 20:4505–4512.

Xi S, Dyer KF, Kimak M, Zhang Q, Gooding WE, Chaillet JR, Chai RL, Ferrell RE,
Zamboni B, Hunt J, et al. (2006) Decreased STAT1 expression by promoter meth-
ylation in squamous cell carcinogenesis. J Natl Cancer Inst 98:181–189.

Xi S, Gooding WE, and Grandis JR (2005) In vivo antitumor efficacy of STAT3
blockade using a transcription factor decoy approach: implications for cancer
therapy. Oncogene 24:970–979.

Zhang J, Yang J, Roy SK, Tininini S, Hu J, Bromberg JF, Poli V, Stark GR, and
Kalvakolanu DV (2003) The cell death regulator GRIM-19 is an inhibitor of signal
transducer and activator of transcription 3. Proc Natl Acad Sci USA 100:9342–
9347.

Address correspondence to: Jennifer Rubin Grandis, Suite 500, Eye and
Ear Institute, 203 Lothrop Street, University of Pittsburgh, Pittsburgh, PA
15213. E-mail: jgrandis@pitt.edu

STAT3 Decoy Effect on STAT1 Signaling in SCCHN 1443

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

