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Abstract
Signal transducer and activator of transcription 3 (STAT3) is constitutively activated in many
cancers where it acts to promote tumor progression. A STAT3-specific transcription factor decoy
has been developed to suppress STAT3 downstream signaling, but a delivery strategy is needed to
improve clinical translation. Ultrasound-targeted microbubble destruction (UTMD) has been
shown to enhance image-guided local delivery of molecular therapeutics to a target site. The
objective of this study was to deliver STAT3 decoy to squamous cell carcinoma (SCC) tumors
using UTMD to disrupt STAT3 signaling and inhibit tumor growth. Studies performed demonstrated that UTMD treatment with STAT3 decoy-loaded microbubbles inhibited STAT3 signaling
in SCC cells in vitro. Studies performed in vivo demonstrated that UTMD treatment with STAT3
decoy-loaded microbubbles induced significant tumor growth inhibition (31-51% reduced tumor
volume vs. controls, p < 0.05) in mice bearing SCC tumors. Furthermore, expression of STAT3
downstream target genes (Bcl-xL and cyclin D1) was significantly reduced (34-39%, p < 0.05) in
tumors receiving UTMD treatment with STAT3 decoy-loaded microbubbles compared to controls. In addition, the quantity of radiolabeled STAT3 decoy detected in tumors eight hours after
treatment was significantly higher with UTMD treatment compared to controls (70-150%, p <
0.05). This study demonstrates that UTMD can increase delivery of a transcription factor decoy to
tumors in vivo and that the decoy can inhibit STAT3 signaling and tumor growth. These results
suggest that UTMD treatment holds potential for clinical use to increase the concentration of a
transcription factor signaling inhibitor in the tumor.
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Introduction
Signal transducer and activator of transcription 3
(STAT3) is a transcription factor that is constitutively
activated in a large number of cancers, including
breast, head and neck, hepatocellular, lung, ovarian,

pancreatic, prostate, and hematological malignancies
[1-7]. STAT3 is activated by phosphorylation in response to multiple stimuli, including growth factor
receptors, cytokine receptors, and tyrosine kinases [8].
http://www.thno.org
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Activated STAT3 protein dimerizes and translocates
to the nucleus where it binds to promoter elements
and upregulates expression of STAT3-responsive
genes that promote cell proliferation, survival, migration/invasion, angiogenesis, and immune evasion
[9-12]. Blocking downstream STAT3 signaling has
been shown to inhibit tumor progression, thus STAT3
inhibition represents an important therapeutic target
and is an unmet clinical need [13-17]. A decoy oligonucleotide has been developed that binds STAT3
protein in the cytoplasm or nucleus with high affinity,
effectively competing for STAT3 binding to promoter
elements in target genes and preventing STAT3 signaling. Studies have demonstrated that this STAT3
decoy is effective in suppressing growth of human
head and neck squamous cell carcinoma (HNSCC)
tumors in murine xenografts [18]. Additionally, intratumoral injection of the STAT3 decoy has been
shown to inhibit STAT3 signaling in HNSCC tumors
in humans [18, 19]. However, a clinically feasible intravenous delivery strategy is needed for translation
of the STAT3 decoy therapy to the clinic.
Ultrasound-targeted microbubble destruction
(UTMD) is an approach for image-guided local delivery of drugs or nucleic acids to a target site and
holds potential for local delivery of STAT3 decoy to
tumors. Microbubbles are encapsulated gas-filled microspheres (2-4 µm in diameter) currently approved
for clinical use as ultrasound contrast agents for
echocardiography. Recent efforts have focused on
utilizing microbubbles for therapeutic applications
[20-25]. Microbubbles expand and contract in response to ultrasound pressure waves due to differences in compressibility between the internal gas core
and the surrounding liquid. Above a critical ultrasound pressure threshold, the microbubble begins to
expand more than it compresses, leading to non-linear
volume oscillation and, if the acoustic pressure is high
enough, microbubble collapse (i.e. “inertial cavitation”). Microbubble oscillation can generate microstreaming in the surrounding fluid and induce
shear forces on nearby interfaces such as cell membranes [26, 27]. Ultrasound stimulation of microbubble cavitation can also enhance vascular permeability.
For example, Lin et al. found that ultrasound-stimulated microbubbles enhanced accumulation of 130-nm quantum dots in mouse colorectal
adenocarcinomas for up to six hours [28]. Kooiman et
al. demonstrated that the permeability of a human
umbilical vein endothelial layer increased for up to 12
hours following UTMD [29]. Furthermore, microbubble cavitation can also induce transient pore formation
in cell membranes (sonoporation). Yu, et al., used
time-lapse confocal microscopy to visualize sonoporation [30], while Fan, et al., demonstrated uptake
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of propidium iodide by sonoporated cells [31]. All of
these effects can potentially act together to enhance
delivery of molecular therapeutics to tumor cells upon
insonification.
Our group has previously demonstrated
UTMD-mediated delivery of nucleic acids to cancer
cells in SCC tumors. We have reported
UTMD-mediated delivery of a DNA plasmid encoding herpes simplex virus–1 thymidine kinase, a suicide gene, to inhibit the growth of SCC tumors [32]. In
addition, we have delivered siRNA against epithelial
growth factor receptor (EGFR) to murine squamous
cell carcinoma tumors using UTMD, resulting in reduced EGFR expression and significant tumor growth
inhibition [33]. However, to our knowledge UTMD
has not been previously used to deliver a transcription factor decoy to tumors in vivo.
The objective of this study was to deliver a
STAT3 decoy on cationic lipid-coated microbubbles to
squamous cell carcinomas and inhibit STAT3 signaling in vitro and in vivo using UTMD treatment. The
effect of STAT3 decoy MB + UTMD treatment on tumor growth and tumor accumulation of STAT3 decoy
was also assessed.

Materials and Methods
Microbubble preparation
STAT3 decoy and mutant decoy double-stranded oligonucleotides were purchased from
IDT technologies (Coralville, IA, USA). Oligonucleotides were self-annealed and ligated using T4 DNA
ligase (New England Biolabs, Ipswich, MA, USA) to
form cyclic decoy. The STAT3 decoy sequence and
structure, illustrated in Fig. 1, contained two
hexa-ethyleneglycol linkages (denoted spacer-18 in
sequences below) to generate the completely circularized cyclic decoy in order to increase stability in
circulation as previously described [19, 34]. The complete sequence was 5´-GTAAATC(spacer-18)GA
TTTACGGGAAATG(spacer-18)CATTTCCC-3´ and
the mutant decoy sequence, which differed by a single
nucleotide base pair and served as a negative control,
was 5´-TTAAATC(spacer-18)GATTTAAGGGAAATG
(spacer-18)CATTTCCC-3´.

Figure 1: Illustration of cyclic STAT3 decoy structure and sequence. Two
hexa-ethyleneglycol linkages were added to generate the completely
circularized cyclic decoy structure in order to increase stability in circulation. The mutant decoy contains a G to T substitution in the starred (*)
position.

http://www.thno.org
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Nucleic acids were loaded onto cationic lipid-coated microbubbles via charge-charge interactions as follows: a lipid formulation of
1,2-distearoyl-sn-glycero-3-phosphocholine,
1,2-distearoyl-sn-glycero-3-ethylphosphocholine,
1,2-distearoyl-sn-glycero-3-phosphoglycerol (Avanti
Lipids, Alabaster, AL, USA), and polyethylene glycol-40 stearate (Sigma-Aldrich, St. Louis, MO, USA)
was dissolved in chloroform at a mole ratio of
100:43:1:4.5 and dried with argon gas. The dried lipid
film was rehydrated to a concentration of 1.7 mg total
lipid/mL in PBS containing 1 mM EDTA and sonicated with a Sonicator XL ultrasonic processor (Misonix, Farmingdale, NY, USA) at power setting 5 until
lipids were dispersed. The lipid stock solution was
diluted 1:4 in PBS/EDTA and added to a vial containing 10 µg of cyclic STAT3 decoy or mutant decoy.
The vial was sealed and the headspace was filled with
perfluorobutane gas prior to amalgamation using a
dental amalgamator to form perfluorobutane
gas-containing microbubbles. The microbubbles solution was washed with PBS until the subnatant was
clear (2-4 washes at 53 relative centrifugal force), resulting in a microbubble concentration of 1.3×109/mL,
a mean diameter of 2.2 ± 1.1 µm as measured with a
Coulter Multisizer 3 (Beckman Coulter, Miami, FL,
USA), and a zeta potential of 21.1 ± 0.7 mV as measured with a Zetasizer (Malvern Instruments, Malvern,
United Kingdom).

round-bottom polystyrene tube (BD, Franklin Lakes,
NJ, USA) containing a 3 mL suspension of 1×106
SCC-STAT-luc cells while continuously mixing with a
custom sample shaker. Ultrasound pulses were delivered for 7 minutes using an S3 transducer probe on
a clinical diagnostic ultrasound system (Sonos 7500,
Philips, Amsterdam, Netherlands). The sample was
placed 5 mm from the transducer. The ultrasound
system was operated in ultraharmonic mode (center
frequency of 1.3 MHz), with the on-screen mechanical
index set to 1.6. The system was time triggered, with 8
frames transmitted per US burst and a burst interval
of 0.5 s. Immediately following UTMD, treatment cells
were re-seeded in 60 mm2 Petri dishes in a cell incubator and harvested 8 hours later for assessment of
luciferase expression. Cells were lysed using reporter
lysis buffer and three freeze/thaw cycles. Luciferase
activity was measured with a luciferase assay kit
(Promega, Madison, WI, USA) and normalized to total protein as measured by Bradford assay (Thermo
Fisher Scientific, Waltham, MA, USA). SCC-STAT-Luc
cells were transfected with STAT3 decoy or mutant
decoy using Lipofectamine 2000 (Life Technologies,
Carlsbad, CA, USA) as a positive control. For cell viability measurements, trypan blue was added 5
minutes after UTMD and imaged microscopically to
determine the percentage of non-viable cells.

Assessment of MB-associated STAT3 decoy
stability against DNAse degradation

Animal procedures were approved by the University of Pittsburgh Institutional Animal Care and
Use Committee. Squamous cell tumors were induced
by subcutaneous injection of 1×106 cultured SCC-VII
cells into immunocompetent C3H mice as previously
described [32]. The treatment protocol was as follows:
mice were anesthetized using isoflurane and a catheter was placed in the internal jugular vein for MB infusion as previously described [33]. A 0.5 mL volume
of suspension in PBS containing 1×109 MBs prepared
with 10 µg of STAT3 decoy or mutant decoy (maximum decoy loading) was infused for 20 minutes, with
this duration chosen to avoid any possible hemodynamic effects associated with rapid volume loading.
Non-ultrasound control groups received infusions of
0.5 mL PBS alone or PBS with 10 µg of free STAT3
decoy or microbubble-bound STAT3 decoy over 20
minutes. Ultrasound pulses were delivered for 25
minutes with the ultrasound system used for in vitro
studies (S3 probe, Sonos 7500). MBs were detected in
the tumor for up to five minutes following MB infusion, thus an additional five minutes of ultrasound
was administered following MB infusion in order to
insonify any residual MBs. The transducer probe was
placed on the tumor as illustrated in Fig. 2A and the

MB-associated cyclic STAT3 decoy and free decoy were incubated in DNAseI for 30 minutes at 37° C
in digestion buffer (10 mM Tris, 2.5 mM MgCl2, 0.5
mM CaCl2) and the level of intact decoy was determined using 20% acrylamide-urea gel electrophoresis.
MBs loaded with decoy DNA were washed 3 times to
remove unbound DNA and exposed to a range of
DNAseI concentrations from 0 to 500 ng/ml. As a
control, 10 µg free decoy was also challenged with
DNAseI at these same concentrations in digestion
buffer.

UTMD-mediated STAT3 decoy delivery to
SCC cells in vitro
To assess knockdown of STAT3 signaling in
vitro, murine squamous cell carcinoma (SCC-VII) cells
were transformed using a lentivirus containing a
STAT3-responsive luciferase gene (Cignal Lenti Reporter Assays, Qiagen, Venlo, Netherlands) to produce SCC-STAT-luc cells. For in vitro UTMD studies, a
0.2 mL solution of PBS containing 2×108 microbubbles
loaded with 2 µg of STAT3 decoy or mutant decoy
was infused for five minutes into a 14 mL

UTMD-mediated STAT3 decoy delivery to
murine squamous cell carcinoma in vivo

http://www.thno.org
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ultrasound system was operated in ultraharmonic
mode (center frequency of 1.3 MHz) with an
on-screen mechanical index of 1.6. The system was
time triggered, with 4 frames per burst and a burst
interval of 2 s to allow reperfusion of the tumor with
microbubbles in between bursts. The treatment was
monitored by imaging the tumor using a 15L8 transducer probe on a Sequoia 512 ultrasound imaging
system (Siemens Ultrasound, Issaquah, WA, USA)
operated in Contrast Pulse Sequencing (CPS) mode
(mechanical index = 0.20 and frame rate of 5 Hz) to
confirm MB destruction by therapy pulses and subsequent reperfusion of MBs in the tumor (representative images shown in Fig. 2B).
For tumor growth inhibition studies (N=6-8 mice
per group), treatment was initiated when tumor
volumes were between 20-40 mm3 and animals received a total of three UTMD treatments at three-day
intervals. Mice were euthanized 7 days after the last
treatment, or if tumors grew to 1 cm3 in size or if the
tumor ulcerated. For assessment of STAT3 downstream target gene knockdown (N=8 mice per group),
UTMD treatment was performed when tumors
reached 60-100 mm3, and mice were euthanized and
tumors harvested 24 hours after treatment. To evaluate intratumoral delivery of STAT3 decoy (N=6-7
mice per group), UTMD delivery of radiolabeled
STAT3 decoy was performed when tumors reached
100-200 mm3, and mice were euthanized and tumors
were harvested and washed 8 hours after treatment.
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Serial ultrasonic measurements of tumor
volume
High resolution 3-dimensional ultrasound imaging was used to quantify tumor volume at 3-day
intervals. Short axis cross-sectional images of the tumor were acquired at 0.197 mm step size using an
automated scanning system with a 21 or 30 MHz
transducer (Vevo 2100, VisualSonics, Toronto, Canada). Tumor outlines were manually drawn in representative images and volumes were computed from
3D reconstructions of the tumor outlines, as previously described [33]. Doubling times (DT) were calculated as previously described [33] using DT = (ln
2)/k, where k was determined by fitting the tumor
volume y as a function of time (t) from days 1 to 10 to
the exponential function y(t) = X0·ekt, in which X0
represents the initial tumor volume.

STAT3 target gene expression
Western Blot analyses were conducted to detect
expression of STAT3 target genes Bcl-xL and cyclin-D1, and the housekeeping gene β-tubulin 24
hours after UTMD. Tumors were homogenized in
buffer containing 10 mM Tris, 5 mM EDTA, 50 mM
NaCl, 30 mM Na4P2O7, 1 mM Na3VO4, 1% triton x-100,
pH 7.6 supplemented with 1 Complete Mini Tablet
(Roche Applied Science, Penzberg, Germany) per 10
ml. Protein lysates were then electrophoresed on a
10% precast gel (Bio-Rad, Hercules, CA) and transferred to PVDF membranes (Millipore, Billerica, MA)
as per manufacturer’s instructions. Membranes were
blocked in 5% dry milk, and incubated with anti-Bcl-xL (1:1000 dilution), anti-cyclin-D1 (1:1000 dilution), or anti-β-tubulin (1:3000 dilution) in 1% dry
milk. Membranes were then washed and incubated
with goat anti-rabbit-HRP secondary antibody (1:5000
dilution), washed, and developed with ECL (Pierce,
Thermo Fisher, Scientific, Rockford, IL, USA) as per
manufacturer’s instructions. Images were captured on
x-ray film, and Bcl-xL and cyclin-D1 expression was
quantified relative to β-tubulin as an internal control.

Labeling and detection of STAT3 decoy in
tumors

Figure 2: (A) Experimental setup for in vivo studies: STAT3 decoy loaded
MBs were infused intravenously into mice as the tumor was insonified with
ultrasound pulses. (B) Representative Contrast Mode ultrasound images of
tumor immediately before and after therapy ultrasound pulses were
delivered, indicating that MBs perfuse tumor and are destroyed by the
therapy ultrasound pulses.

STAT3 decoy was end labeled with [γ-32P] ATP
using polynucleotide kinase (New England Biolabs,
Ipswich, MA, USA) according to manufacturer’s
protocol. Labeled decoy was then self-annealed and
ligated to generate 32P labeled cyclic STAT3 decoy,
which was attached to microbubbles as described
above. Eight hours after UTMD treatment, tumor
samples were harvested and homogenized in RIPA
buffer (25 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate, 0.1% SDS), and radioactivity
was quantified by scintillation counting. Decoy levels
http://www.thno.org
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were expressed as percent of injected dose per gram
of tissue.

knocked down luciferase activity by 42 ± 11% (p <
0.01, Fig. 4).

Statistical methods

Ultrasound and microbubble-mediated
STAT3 target gene knockdown and tumor
growth inhibition in vivo

Statistical comparisons between two experimental groups were determined using a Student’s
t-test, with statistical significance defined as p < 0.05
(two-tailed). Statistical comparisons among the four
experimental groups in vivo were performed using
analysis of variance (ANOVA), with significance defined as p < 0.05. If ANOVA demonstrated a significant difference among the groups, post-hoc Tukey’s
test adjusting for multiple comparisons was performed to determine where the differences resided.

Results
Ultrasound and microbubble-mediated functional delivery of STAT3 decoy in vitro
In order to determine the ability of MBs to protect STAT3 decoy from degradation, and to confirm
stable STAT3 decoy binding to MB, decoy bound to
MBs was challenged with DNAse and degradation
was assessed by acrylamide-urea gel electrophoresis.
The amount of intact STAT3 decoy remaining after
exposure of MB-associated decoy or free decoy to
DNAseI is shown in Fig. 3. Microbubble association
protected STAT3 decoy from DNAseI digestion at
concentrations sufficient to completely degrade free
decoy (Fig. 3).
Cell viability with and without UTMD treatment
was assessed with a trypan blue exclusion assay.
STAT3 decoy MB + UTMD treatment resulted in 89%
viability compared to untreated controls, indicating
that toxicity was low but statistically higher than
controls (p < 0.01). Knockdown of STAT3 signaling
with and without UTMD treatment was assessed by
measuring luciferase expression in SCC-STAT-luc
cells, where luciferase expression is driven by a
STAT3-responsive promoter. STAT3 decoy MB +
UTMD treatment resulted in a 28 ± 11% reduction in
luciferase activity (p < 0.01), while lipofectamine
transfection with STAT3 decoy (positive control)

In order to determine the ability of UTMD to
specifically silence STAT-responsive genes and inhibit
tumor growth, STAT3 decoy was loaded onto MBs
and intravenously injected into tumor-bearing mice
concurrent with UTMD directed to the tumor (see
Methods). Expression of STAT3 downstream target
genes was reduced following UTMD treatment in vivo
at the protein level. Western blot analysis 24 hours
after treatment on tumors from 8 animals per group
indicated that relative to mutant decoy MB + UTMD
treatment, Bcl-xL and cyclin D1 expression were reduced by 34 ± 8% and 39 ±10%, respectively, in tumors after STAT3 decoy MB + UTMD treatment (Fig.
5).
Representative 3D reconstructions of tumor
volumes indicate that tumor growth was inhibited
after STAT3 decoy MB + UTMD treatment compared
to mutant decoy MB + UTMD treatment (Fig. 6A). As
shown on the tumor growth curves summarizing all
the tumors (Fig. 6B), tumor doubling time was significantly prolonged after STAT3 decoy MB + UTMD
treatment (4.6 ± 1.6 days) compared to control groups
receiving STAT3 decoy only (2.5 ± 0.8 days), saline
only (2.7 ± 0.5 days), or mutant decoy MB + UTMD
treatment (2.9 ± 0.8 days). The difference in tumor
doubling time between STAT3 decoy MB + UTMD
treatment and each control group was statistically
significant (ANOVA p < 0.01, post-hoc Tukey’s test p
< 0.02 for STAT3 decoy MB + UTMD vs. each control
group). There were no statistically significant differences in tumor doubling times between control
groups (post-hoc Tukey’s test p > 0.9 between each
control group). Tumor volumes in mice receiving
STAT3 decoy MB + UTMD treatment were 31-51%
smaller than mutant decoy MB + UTMD treatment at
4, 7, and 10 days after the first treatment.

Figure 3: Acrylamide‐urea gel electrophoresis demonstrating resistance of circular decoy DNA bound to MBs against digestion by DNAseI. MBs loaded
with decoy DNA were washed 3 times to remove unbound DNA and exposed to a range of DNAseI concentrations from 0 to 500 ng/ml (lanes 1, 3, 5, 7
and 9). As a control, free decoy was also challenged with DNAseI at these same concentrations (lanes 2, 4, 6, 8, and 10).

http://www.thno.org
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Figure 4: Luciferase expression by cultured SCC-VII cells expressing luciferase driven by a STAT3-responsive promoter, after treatment with STAT3
decoy relative to expression after treatment with mutant decoy for each test condition. STAT3 decoy MB + UTMD treatment reduced luciferase expression by 28% relative to mutant decoy MB + UTMD treatment (p < 0.01), demonstrating inhibition of STAT3 signaling with STAT3 decoy MB + UTMD
treatment in vitro.

Figure 5: STAT3 decoy MB + UTMD treatment downregulates expression of Bcl-xL and cyclin D1 (STAT3 target genes) in tumors 24 hours after
treatment. (A) Representative Western blot (N=4 per group). (B) Quantification of all Western blots (N=8 per group, Bcl-xL/Tubulin ratio: p=0.03 vs
mutant decoy MB + UTMD treatment, cyclin D1/Tubulin ratio: p=0.04 vs mutant decoy MB + UTMD treatment).

Radiolabeled STAT3 decoy was used to quantify
delivery of decoy to the tumor. Despite the fact that
the same total amount of STAT3 decoy (10 µg free
decoy or loaded on MB) was administered to all mice,
STAT3 decoy MB + UTMD treatment nearly doubled
the intratumoral radiolabeled decoy concentration
eight hours after treatment compared to infusion of
radiolabeled STAT3 decoy alone or STAT3 decoy MBs
without UTMD (p < 0.05, Fig. 7).

Discussion
The main finding of this study is that in the
presence of ultrasound directed at a murine squamous cell carcinoma, MBs carrying STAT3 decoy significantly inhibited tumor growth compared to control treatment groups. There were no statistically significant differences in tumor growth among the con-

trol groups that received saline infusion only, STAT3
decoy infusion only, or mutant decoy MB + UTMD.
Tumor suppression was associated with decreased
STAT3 target gene expression compared to that seen
when mutant decoy was delivered on MBs in the
presence of identical ultrasound conditions. Importantly, we found preferential intratumoral accumulation of STAT3 decoy compared to that seen when
an equivalent amount of unbound decoy was intravenously delivered, or was bound to MBs but not
insonified. To our knowledge, this is the first demonstration of successful targeted in vivo STAT3 decoy
delivery to tumors. Further, while many have posited
preferential nucleic acid delivery achieved via UTMD,
this is the first study to quantify nucleic acid delivery
via UTMD.

http://www.thno.org
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Figure 6: (A) Representative 3D reconstructions of tumor volumes acquired using a high resolution ultrasound imaging system, indicating that tumor
growth was blunted after treatment with STAT3 decoy MB + UTMD compared to mutant decoy MB + UTMD. (B) Tumor volume plotted as a function of
time for each treatment group. Tumor growth was significantly inhibited after STAT3 decoy MB + UTMD treatment compared to control groups (ANOVA
p = 0.003, N=6-8 per group). DT represents tumor doubling time. Asterisks (*) indicate ANOVA p < 0.05.

Figure 7: Amount of radiolabeled STAT3 decoy in tumors treated with UTMD after decoy + MB infusion compared to infusion of STAT3 decoy MB
without ultrasound or STAT3 decoy only.

http://www.thno.org
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We first performed in vitro studies to determine
the efficacy of our delivery platform. As we previously demonstrated with other nucleic acid payloads
[32, 33], attachment of the STAT3 decoy to the MB
conferred protection against digestion by nuclease
attack, likely through the tight association of decoy to
the lipid shell. The STAT3 decoy must avoid degradation in circulation in order to accumulate in the
tumor and achieve therapeutic effect. To this end, a
circular decoy has been previously developed which
reduces nuclease degradation. However, attachment
of the STAT3 decoy to microbubbles provided further
protection against nuclease attack and may reduce the
required dose for therapeutic effect while enhancing
concentration in the tumor(s). Protection against nuclease degradation is an important attribute of our
microbubble vector system, as it allows delivery of
nucleic acids through a simple peripheral intravenous
injection, thus precluding the need for more invasive
intratumoral injection or intra-arterial injection typically required to minimize nucleic acid degradation
during blood circulation [19].
We also evaluated the potential for cytoxic bioeffects ensuing from ultrasound-induced MB cavitation [35], independent of STAT3 decoy effects. With
the ultrasound parameters that were used, there was a
slight loss of viability of the SCC-STAT-luc cells,
which was less than that seen when we initially tested
more aggressive acoustic regimes (data not shown).
Although enhanced cytotoxicity from the delivery
platform itself may not necessarily be an undesirable
“side effect” when used to treat cancer in vivo, we
specifically employed an acoustic regime that was not
associated with excessive cytotoxicity for two reasons:
First, we were interested in determining anti-tumor
efficacy resulting exclusively from enhanced delivery
of the STAT3 decoy. Second, to the extent that
non-tumor tissue may unavoidably fall within the
ultrasound beam, we deemed it critical that the
acoustic parameters themselves be non-toxic to normal tissue for clinical translational purposes. Having
judged our in vitro viability data to be sufficiently
supportive of these two objectives, we then proved
that STAT3 decoy MB + our acoustic regime suppressed STAT3 signaling in SCC-STAT-luc cells.
Our subsequent in vivo studies of murine SCC
demonstrate that STAT3 decoy MB + our acoustic
regime (1) inhibited STAT3 target gene expression; (2)
inhibited tumor growth; and (3) enhanced STAT3
decoy accumulation in tumor tissue. Specifically,
STAT3 target genes Bcl-xL and cyclin D1 expression
were reduced by about 1/3 upon treatment (when
compared to mutant decoy MB + UTMD) and it took
about twice as long for tumors to double (when
compared to i.v. STAT3 decoy, mutant decoy MB +
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UTMD, or saline placebo). These observations were
paralleled by the finding that compared to IV delivery
of STAT3 decoy, delivery using UTMD resulted in
nearly twice as much tumor accumulation of the decoy.
STAT3 downstream genes Bcl-xL and cyclin D1
promote cancer cell survival and proliferation
through inhibition of apoptosis and cell cycle progression, respectively, and are frequently overexpressed in human squamous cell carcinomas [36-38].
Delivery of a Bcl-xL antisense oligonucleotide to carboplatin-resistant squamous cell carcinomas resulted
in inhibition of cell growth with carboplatin treatment
[39]. Inhibition of cyclin D1 with shRNA reduced the
cisplatin dose required to induce squamous cell carcinoma death [40]. Other STAT3 target genes also
promote cancer progression, including matrix metalloproteinases, IFN-γ–inducible protein-10, and
HIF-1α [8]. STAT3 signaling is thus a central signaling
molecule that controls the expression of dozens of
genes implicated in cancer progression, and is an
important therapeutic target. No drugs currently exist
that target STAT3 signaling, making STAT3 decoy an
attractive anti-cancer therapeutic approach that can
address an unmet clinical need.
Unfortunately, a lack of strategies for effective
delivery of oligonucleotides has limited clinical
translation. Our previous studies demonstrated the
efficacy of STAT3 decoy in HNSCC when delivered
via intratumoral injections, resulting in suppression of
tumor growth in HNSCC xenografts accompanied by
inhibition of STAT3 signaling in the tumors [18, 19].
However, repeat intratumoral injection is not clinically feasible. The STAT3 decoy has also been delivered with daily intravenous injections in preclinical
studies but the precise concentration of the decoy delivered to the tumor is unknown with systemic administration [19, 34]. In the present study, significant
tumor growth inhibition was achieved after delivering only 10 µg of STAT3 decoy with UTMD treatment,
a 10-25 fold reduction compared to prior studies using
different delivery strategies. This suggests that overall, ultrasound and MB treatment – perhaps through
MB protection of the decoy from nuclease degradation and ultrasound-mediated augmentation of intratumoral accumulation as shown in our study -locally enhances functional delivery of STAT3 decoy
and thus reduces the required dose for efficacy.
We
previously
demonstrated
that
UTMD-mediated delivery of a siRNA against epidermal growth factor receptor (EGFR) caused significant tumor growth inhibition in this same murine
SCC model compared to delivery of a control siRNA.
Similarly,
this
study
demonstrates
that
UTMD-mediated delivery of STAT3 decoy also inhibhttp://www.thno.org
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its tumor growth. However, an important difference
between the two studies is that the STAT3 decoy acts
on preformed STAT3 protein whereas siRNA functions through RNA interference; therefore STAT3
signaling is likely to be suppressed more efficiently
with the decoy approach. In addition, whereas drugs
targeting upstream growth factor receptors such as
EGFR are already clinically available [41], the current
study offers, for the first time, a clinically feasible
mechanism to specifically target STAT3 signaling.
Several limitations to our study should be noted.
The MB dose used in this study (1×109 MBs in 20 g
mice) is higher than the weight-adjusted MB doses
used clinically for diagnostic echocardiography applications (typically ~8×109 MBs for Definity in an
averaged size 70 kg male patient). It was assumed in
this proof-of-concept study that a higher dose would
confer greatest efficacy, hence the selection of the relatively high dose of maximally decoy-loaded microbubbles. Future studies will focus on quantifying
dose-response effects, and in particular, whether
lower microbubble doses will produce similar tumor
inhibitory effects. Although UTMD treatment with
STAT3 decoy-loaded MBs caused significant tumor
growth inhibition compared to delivery of a mutant
decoy control, complete growth inhibition was not
achieved in this fast growing murine SCC-VII cell line.
When used clinically, treatment efficacy may be further improved by modification of treatment interval
or MB dose. Further, the efficacy of UTMD treatment
with STAT3 decoy may be further improved when
delivered in combination with chemo- and/or radiotherapy. The targeting advantage achieved by ultrasound is potentially disadvantageous when treating more disseminated disease. Our UTMD platform
is ideally suited for areas were tumors have been
identified and are amenable to ultrasound delivery.
Widely disseminated metastatic disease will likely
require additional systemic therapy, but would not
preclude using UTMD with STAT3 decoy to locally
increase decoy concentrations in the sites of major
tumor burden. Finally, the efficacy of UTMD treatment with STAT3 decoy in human tumors is not
known. Future studies will need to evaluate the efficacy of UTMD-mediated STAT3 decoy delivery to
xenografted human head and neck cancers in nude
mice.
In conclusion, we have demonstrated that
UTMD can be utilized to intravenously deliver a
transcription factor decoy -- STAT3 decoy -- and inhibit tumor growth in vivo. Our data suggest that
UTMD treatment locally enhances the inhibition of
STAT3 signaling for therapy at relatively low doses,
precludes the need for intratumoral injection to
achieve effective tumor decoy concentrations, and
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thus may facilitate clinical translation of transcription
factor decoy strategies for treating cancers characterized by hyperactivation of STAT3, including head and
neck cancer.
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