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Abstract

Constitutively activated STAT3 plays a critical role in
non–small cell lung carcinoma (NSCLC) progression by
mediating proliferation and survival. STAT3 activation in
normal cells is transient, making it an attractive target for
NSCLC therapy. The therapeutic potential of blocking
STAT3 in NSCLC was assessed utilizing a decoy approach
by ligating a double-stranded 15-mer oligonucleotide that
corresponds to the STAT3 response element of STAT3-target
genes, to produce a cyclic STAT3 decoy (CS3D). The decoy
was evaluated using NSCLC cells containing either wild-type
EGFR (201T) or mutant EGFR with an additional EGFRi
resistance mutation (H1975). These cells are resistant to
EGFR inhibitors and require an alternate therapeutic
approach. CS3D activity was compared with an inactive
cyclic control oligonucleotide (CS3M) that differs by a

single base pair, rendering it unable to bind to STAT3
protein. Transfection of 0.3 mmol/L of CS3D caused a
50% inhibition in proliferation in 201T and H1975 cells,
relative to CS3M, and a 2-fold increase in apoptotic cells.
Toxicity was minimal in normal cells. CS3D treatment
caused a significant reduction of mRNA and protein expres-
sion of the STAT3 target gene c-Myc and inhibited colony
formation by 70%. The active decoy decreased the nuclear
pool of STAT3 compared with the mutant. In a xenograft
model, treatments with CS3D (5 mg/kg) caused a potent
96.5% and 81.7% reduction in tumor growth in 201T (P <
0.007) and H1975 models (P < 0.0001), respectively, and
reduced c-Myc and p-STAT3 proteins. Targeting STAT3 with
the cyclic decoy could be an effective therapeutic strategy for
NSCLC. Mol Cancer Ther; 17(9); 1917–26. �2018 AACR.

Introduction
Lung cancer remains the leading cause of cancer-related

mortality in the United States, which is largely attributed to
the dismal survival of stage IV disease (1–3). In non–small cell
lung carcinoma (NSCLC), accounting for 85% of lung cancer
cases (4), patients are stratified based on genetic alterations in
the tumor to choose targeted therapy. Patients with activating
somatic EGFR mutations initially respond to EGFR tyrosine
kinase inhibitors (TKI), but eventually develop acquired resis-
tance through new mutations such as the EGFR T790M sub-
stitution, accounting for about 50% of EGFR-mutant patients
who develop EGFR TKI resistance. The majority of patients
without EGFR mutation, including those who lack other
"drivers," are intrinsically resistant to EGFR TKIs (5). In this
study, we tested the ability of a novel therapeutic, a cyclic
oligonucleotide, to inhibit the growth of lung tumors with the
T790M mutation or with intrinsic resistance to EGFR TKIs, by

targeting Signal Transducer and Activator of Transcription 3
(STAT3).

STAT3 is a central node downstream of individual oncogenic
tyrosine kinase "drivers," which could be a therapeutic niche for
both intrinsic and acquired resistance tomultiple TKIs. STAT3was
often activated during in vitro induction of resistance to erlotinib,
as the result of feedback upregulation of other kinases, suggesting
that increased STAT3 activity could commonly occur in response
to TKIs (6). During lung cancer progression, STAT3 is often
constitutively active, upregulating the expression of important
target genes necessary for cellular proliferation and survival (7). As
a point of convergence formany dysregulated signaling pathways,
STAT3 mediates adaptive mechanisms of resistance to molecular
targeted therapy in NSCLC, such as induction of epithelial-to-
mesenchymal transition by IL6 in response to erlotinib (8, 9).
Because STAT3 plays a critical role in malignant cell transforma-
tion, but is not essential for normal cell growth (10), it is
potentially a prime therapeutic target for NSCLC treatment.

Efforts to apply STAT3 inhibition in the clinical setting have
been limited due to a paucity of potent and selective inhibitors
(11, 12). Most currently available STAT3 inhibitors either target
upstream kinases, lack specificity, or require exceptionally high
concentrations to achieve inhibition. The ability of nonpho-
sphorylated STAT3 to function as an active dimer (13, 14) also
may limit the ability of kinase inhibitors to completely block
STAT3. To address this, we utilized a decoy approach by circu-
larizing (through ligation) a double-stranded oligonucleotide
containing a 15 base-pair sequence corresponding to the STAT3
response element (15). The circular molecule was produced
through inclusion of two hexaethyleneglycol spacers that provide
flexibility and upon ligation become a thermally stable cyclic
double-stranded oligonucleotide (16). The cyclic STAT3 decoy
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(CS3D) was compared with a mutant inactive control (CS3M)
molecule that differs from the active compound by a single base
pair and lacks binding to the STAT3 protein (15, 16), allowing an
assessment of the specificity of CS3D to block STAT3's functions.
The STAT3 decoy was previously shown to decrease luciferase
activity in cells expressing a luciferase reporter gene controlled by
the STAT3 consensus sequence; CS3D competitively bound to
activated pSTAT3 protein in comparison to CS3M, which showed
no affinity for pSTAT3 protein (15).

The decoy approach allows STAT3 dimers to preferentially
interact with the oligonucleotide, acting as a molecular sink to
competitively inhibit binding of the dimer to the promoters of
STAT3 target genes (15, 16). This approach demonstrated efficacy
in head and neck squamous cell carcinoma models (HNSCC;
refs. 17, 18), and the ligated circularized decoy exhibits greater
potency when injected in vivo compared with earlier linear ver-
sions (16). Here, we examined the antitumor effects of CS3D in
NSCLC. The STAT3 decoy inhibited proliferation, induced apo-
ptosis, blocked STAT3 target gene expression, and inhibited in vivo
tumor growth in NSCLC cells that are EGFR WT (201T cells) and
in NSCLC cells that contain both an activating EGFR mutation
and the T790M EGFRi resistance mutation (H1975). Targeting
STAT3 in NSCLC using a cyclic decoy represents a new potentially
effective therapeutic strategy for the treatment of NSCLC with
inherent or acquired EGFR TKI resistance.

Materials and Methods
Antibodies and reagents

Antibodies for STAT3, phospho-STAT3, p-NFKB, cyclin D1,
cleaved caspase-3 (CC3), c-Myc, Ki67, GAPDH, Ubiquitin,
and horseradish peroxidase–conjugated secondary antibodies
were purchased from Cell Signaling Technology. The CellTiter
96 AQueous One Solution (MTS) Reagent containing 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium was obtained from Promega.

Cell culture
The WT EGFR (201T) cell line was previously derived from a

patient with lung adenocarcinoma (19). H1975 cells with the
EGFR-intrinsic point mutation L858R and the acquired EGFRi
resistance mutation T790M were purchased from the American
Type Culture Collection (ATCC). 201T and H1975 were cultured
in BME and RPMI, respectively, containing 10% heat-inactivated
FBS and 1x penicillin/streptomycin (Thermo Fisher) and 1x
GlutaMax (Life Technologies). A549 and H3255 cells were also
purchased from the ATCC and cultured in BME and RPMI,
respectively. Human bronchial epithelial cells were purchased
from theATCC, andprimary normal lungfibroblasts were derived
from human lung tissue (20). Cell lines were authenticated by
short tandem repeat DNA profiling and used within 6 months of
testing. Frozen cell stocks were passaged a maximum of 15 times,
and cells were mycoplasma-free.

CS3D transfections
Single-stranded STAT3 decoy and inactive mutant version,

which differs by a base pair at position 9 (G to T) as compared
with the STAT3 decoy, were generated as previously described
(18, 19). Both oligonucleotides were synthesized by Integrated
DNA Technologies (IDT). The single-stranded oligonucleotide
(sense and antisense strands) was further modified with two

hexaethyleneglycol linkers attached to both strands, allowing the
structure to circularize upon enzymatic ligation of the 30 and 50

ends of the annealed oligonucleotide. Both molecules were puri-
fiedbyHPLCaccording to themanufacturer's reports (IDT).Using
T4 DNA ligase (New England Biolabs), we performed overnight
ligations to produce the CS3D and the inactive circularized
mutant (CS3M). Ligation efficiency was analyzed on a 15% TBE
gel, and it rangedbetween85%and95%, showing that amount of
the cyclic forms predominates over the linear forms. The linear
form is also less stable (15, 16) and is less likely to contribute to
biological effects in the presence of an excess cyclic form.

Fluorescently-labeled CS3M and CS3D (with iFluor) were
produced using enzymatic ligation as described above and used
to assess uptake efficiency. Transfections were performed using
Lipofectamine 2000 (Life technologies) in opti-MEMmedia (Life
Technologies) as follows: Cells were plated at 75% to 80%
confluency and exposed to transfection media containing the
respective circularized oligonucleotides for 24 hours at 37�C.
After transfection, cell recovery was initiated in media containing
10% heat-inactivated FBS.

MTS assays and programmed cell death analysis
Dose–response experiments assessing metabolically active via-

ble cells were performed by transfecting cells with increasing
concentrations of CS3D or CS3M, followed by performance of
MTS assays. After 72 hours, 5mg/mL ofMTS reagent was added in
the plates and incubated at 37�C for 20 minutes. The plates were
then read at 490nm in a Synergymicroplate reader (BioTek) using
Gen5 2.05 software. Data obtained following treatment with
C3SD or CS3Mwere normalized to treatment with lipofectamine
alone. IC50s determined from these experiments were used to
perform independent assays to confirm the effects of CS3D
relative to CS3M. To assess induction of apoptosis, cells were
transfected with 100 nmol/L of CS3M or CS3D. After 24 hours,
cells were resuspended in Annexin V–binding buffer, incubated
with 5 mL of propidium iodide (BD Biosciences), and subjected to
flow cytometric analysis, using a BD FACS Canto II Flow
Cytometer.

Colony-forming assays
Following transfection as above, cells transfected with either

CS3D or CS3Mwere detached from the plate using Trypsin-EDTA
(Life Technologies) and seeded at a density of 2 � 104 cells/well
(in a 6-well plate) in soft agar to determine anchorage-indepen-
dent growth. Sea Plaque Agarose (Lonza) was used to prepare
0.8% base agarose layer and a 0.48% upper agarose layer contain-
ing the transfected cells. Note that 1 mL of growth media was
added into each well and incubated at growth conditions of 37�C
with 5% CO2. Media were replaced every 3 to 4 days, and colony
formation was monitored. After 15 to 20 days, media were
aspirated, and wells were incubated with crystal violet in 10%
formalin for 1 hour. Using a dissecting scope, colonies were
photographed in a 6-well plate (with 4 quadrants/well) using
ImageJ software analysis to automatically count colonies, using
35 pixels as a cutoff.

Immunoblotting
Cells were seeded at 0.5 � 106 cells/well in 6-well plates in

BME/RPMI containing 10% FBS and transfected with 0.1 mmol/L
CS3D/CS3M for 24 hours. After transfection, cell lysates were
extracted, and protein concentrations quantified using DC assay
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reagents. Whole-cell lysates (20 mg/sample) were electrophoresed
on 7.5% SDS–polyacrylamide gels for 1 hour and transferred
onto Trans-Blot polyvinylidene difluoride (PVDF) membranes
(Bio-Rad Laboratories) for 1 hour at 100 V. The membranes were
blocked using 5% nonfat dry milk and 0.1% Tween 20 in 1x
phosphate-buffered saline (TBST) for 1 hour. Membranes were
incubated in primary antibody diluted at 1:1,000 at 4�Covernight
and washed 3 times with TBST (15 min/wash). Membranes were
then incubated with secondary antibody for 1 hour (1:2,000) at
room temperature (RT), followed by three washes in TBST. Blots
were developed using a superenhanced chemiluminescence sub-
strate according to the manufacturer's protocol (ThermoScienti-
fic). To quantify the results, ImageJ 1.X software assessed changes
in protein expression patterns.

Confocal microscopy
After transfection with fluorescein-tagged CS3D, H1975 cells

were fixed in 4% paraformaldehyde, and prolong antifade
reagent (CST) was applied directly to the slides. Fixed cell
imaging was performed using a Nikon Eclipse Ti Confocal
Microscope System. Images were captured and analyzed using
the imaging software NIS Elements and Image J. Fluorescence
was detected at 488 nm. Images were taken and processed at
40X and 60X.

Immunoprecipitation
After transfection with either 100 nmol/L CS3D or CS3M,

H1975 were lysed in immunoprecipitation (IP) lysis buffer
(Thermo Scientific) supplemented with protease inhibitor cock-
tail (Roche) and phosphatase inhibitors (NaF and Na3VO4). IPs
were performed using pSTAT3 antibody at 1:500 and Protein A
Magnetic Beads (Thermo Scientific) at 4�C. Immunoprecipitated
lysates were electrophoresed on 7.5% SDS-polyacrylamide gels
followed by exposure to ubiquitin antibody (1:1,000) at 4�C
overnight and the appropriate secondary antibody while follow-
ing the immunoblotting procedure as above.

Real-time qPCR
After transfection, cells were treated with 10 ng/mL EGF for 1.5

hour to activate STAT3. Trizol (Invitrogen) was then used to
extract total RNA. One microgram of total RNA was reverse-
transcribedusing a cDNAsynthesis kit (QuantaBiosciences) using
a T100 Thermal Cycler (BioRad). Real-time qPCR was performed
using a SYBR Green Super Mix kit on a CFX connect Real-Time
System (BioRad). Gene-specific primers for STAT3 target genes
were used to assess mRNA levels normalized to GAPDH mRNA
levels as internal control, and the ratio of normalizedmRNA to the
control conditions was determined using the comparative DCT
method for analysis. The primers used for real-time qPCR are as
follows: Bcl-xL, (F) 50-ATGCAGGTATTGGTGAGTCG-30; (R) 50-
CTGCTGCATTGTTCCCATAG-30; GAPDH, (F) 50-GGA GCG AGA
TCC CTC CAA AAT-30; (R) 50-GGC TGT TGT CAT ACT TCT CAT
GG-30; IL6, (F) 50-ACT CACCTC TTC AGAACGAAT TG-30; (R) 50-
CCA TCT TTG GAA GGT TCA GGT TG-30; c-MYC, (F) 50

CCGCATCCACGAAACTTTG-30; (R) 50-GGGTGTTGTAAGTTC-
CAGTGCAA-30; TIF1 (F) 50-TTCGGAGAAAGGCATTAGA-30; (R)
50–TCCAGGGCTTCATTCATAT-30; IRF7 (F) 50-ATGGGCAAGTG-
CAAGGTGTA-30; (R) 5-ACCAGCTCTTGGAAGAAGACTC-30; IL8
(F) 5-'TCTGTTAAATCTGGCAACCC-30; (R) 50-TAAAGGAGAAAC-
CAAGGCAC- 3; IL1b (F) 50-TTCTTCGACACATTGGATAACG-30

and (R) 50-TGGAGAACACCACTTGTTGCT-30.

In vivo tumor xenograft studies
All studies were approved by the University of Minnesota

Institutional Animal Care and Use Committee and were carried
out in accordance with institutional guidelines for animal care.
Female Foxn1 nu (nude)mice (4–6weeks old) were injected with
1 � 106 cells in the flanks. After 3 weeks, animals with palpable
tumors (200 mm3) were randomized into two treatment groups
with 10 tumors/group. Daily tail vein injections (5 days per week)
of the CS3D or mutant STAT3 control (CS3M; 100 mg in 200 mL
per injection) was delivered for 2 to 3 weeks. Tumor measure-
ments were made with calipers every 2 days. Volumes were
calculated from the formula V ¼ (Length � Width2)/2. Animals
were sacrificed according to Institutional Animal Care and Use
Committee guidelines.

Immunohistochemical analysis
Tumors were excised for immunohistochemical (IHC) stain-

ing; 5-mm sections were cut from formalin-fixed paraffin-embed-
ded tissue blocks, deparaffinized, and rehydrated using successive
washes of xylene followed by ethanol. Antigen retrieval was
performed in amicrowaveoven (for 20minutes) in anunmasking
solution containing sodium citrate buffer followed by peroxidase
blocking in 3% hydrogen peroxide. The sections were incubated
in ABC blocking buffer (Vector laboratories Inc.) for 1 hour at RT.
Sections were then stained with hematoxylin and eosin (H&E) or
subjected to sequential incubations with different primary anti-
bodies and peroxidase-conjugated goat anti-rabbit secondary
antibodies. The following primary antibodies were used (at the
indicated dilutions): CC3 (#9664, Cell Signaling Technology,
1:300), p-STAT3 (#9145, Cell Signaling Technology, 1:400), Ki67
(#ab15580, Abcam, 1:1,000). Sections were developed with DAB
and counterstained with hematoxylin. Bright field microscopy
was performed using Leica DM 4000 B LED microscope, and
images were captured at 20X and 40X magnification using
LASv4.7 software. IHC analysis was done as a blinded study with
100 images from each treatment group graded as low, moderate,
or high. Staining was graded as low (<30% positive cells per field,
scored as 1), moderate (30%–60% positive cells per field, scored
as 2), or high (>60% positive cells per field, scored as 3).

Statistical analyses
For statistical analyses, data were reported as mean � SD or

SEM. To assess significance between different treatment groups, a
Student t test (two tailed) was used to determine significance with
P values at least < 0.05 categorized as statistically significant. To
analyze IHC scoring data, the x2 test was used to compare the
frequency of scores of 1, 2, or 3 in treatment groups.

Results
Wild-type and mutant EGFR NSCLC cells exhibit similar
sensitivity to the STAT3 decoy (CS3D)

To determine effect of CS3D on cell viability, we transfected
increasing concentrations ofCS3D, and after 72hours,MTS assays
were used to assess cell viability. Data were normalized to cells
treated with lipofectamine alone. The inactive mutant control
(CS3M) showed no cytotoxicity (Fig. 1A), and the percentage of
cytotoxicity induced by CS3D allowed calculation of the IC50s as
described in Materials and Methods. The IC50 values for CS3D in
both the WT (201T) and mutant (H1975) EGFR cell lines were
approximately 0.3 mmol/L (Fig. 1A). Other cell lines (H3225with
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EGFR activating point L858R mutation and A549 which is EGFR
WT) were also assessed in the presence of CS3D and CS3M and
showed similar sensitivities (IC50s 0.3 mmol/L). Cell lines that are
resistant to EGFRTKIs (201T,H1975, andA549) showed the same

sensitivity to STAT3 decoy as the EGFR TKI sensitive cell line
(H3225). Normal lung fibroblasts and primary bronchial epithe-
lial cells had IC50s that were 100-fold higher (300 mmol/L) than
tumor cells.

Uptake of CS3D into NSCLC cell lines
To determine whether CS3D and CS3M were equally taken up

byNSCLCcells, bothmoleculeswere taggedwith afluoresceindye
(iFluorT) to assess transfection efficiency. Twenty-four hours after
transfection with the iFluorT-labeled oligonucleotides at a con-
centration of 25 nmol/L, NSCLC cell lines showed intracellular
location of the cyclic molecules (CS3D or CS3M), demonstrating
that integrating hexaethyleneglycol linkers into the oligonucleo-
tide, or circularizing the DNA, still allowed intracellular uptake.
More importantly, altering the sequence of the CS3D by a single
base pair to generate the inactive STAT3 mutant (CS3M) did not
affect its uptake, demonstrating that the cytotoxicity of CS3Dwas
not due to preferential uptake compared with CS3M (Fig 1B). The
efficiency of transfection was >90% for both CS3M and CS3D.
Further confocal microscopy showed clear fluorescent signal in
both the nucleus and the cytoplasm of lung cancer cells, with
cytoplasmic signal predominating (Supplementary Fig. S1). This
suggests that CS3D can interact with its target STAT3 dimers in
both compartments.

CS3D inhibits colony-forming ability of NSCLC and induces
cell death

We next examined the effect of CS3D on the ability of NSCLC
cells to grow in an anchorage-independent manner. 201T and
H1975 cells were transfected with either CS3D or CS3M
(300 nmol/L), then seeded in soft agar. Compared with CS3M,
CS3D produced a significant decrease in colony formation. The
number of colonies formed was quantified by using a size cutoff
(with greater than 35 pixels counted as a colony). A single
transfection with CS3D significantly (P < 0.051) disrupted
anchorage-independent growth of the NSCLC cells by 70% (at
15 days in H1975 cells) and 50% (at 20 days in 201T cells, P <
0.053) compared with CS3M (Fig. 2A). Flow cytometric analysis
of Annexin V/propidium iodide–stained cells also demonstrated
that transfection with CS3D significantly increased apoptosis in
comparison with CS3M. CS3D treatment (100 nmol/L) caused a
2-fold increase (P < 0.05) in the number of cells undergoing
apoptosis as compared with CS3M at 24 hours (Fig. 2B).
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Figure 1.

Effects of the CS3D in vitro. A, Effect on cell viability. NSCLC cell lines (201T
and H1975)were transfectedwith CS3D or CS3M at concentrations ranging from
0 nmol/L to 600 nmol/L. UsingMTS assays, cell viabilitieswas assessed 72 hours
later. Three independent experiments were performed, using 24-well plates
and 4 wells/concentration. B, Uptake of fluorescein-labeled CS3D by NSCLC
in vitro. Twenty-four hours after transfection, confocal imaging shows
intracellular localization of CS3M or CS3D in 201T and H1975 cells.
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CS3D inhibits anchorage-independent
growth and promotes apoptosis. A, NSCLC
cell growth was assessed in colony-forming
assays in the presence of either 300 nmol/L
CS3D or CS3M. CS3D significantly blocks the
ability of NSCLC to grow in an anchorage-
independent manner in soft-agar after
transfection. B, Detection of Annexin V and
propidium iodide (PI)–positive cells by flow
cytometry: H1975 and 201T cells transfected
with 100 nmol/L of CS3M or CS3D for 24
hours were stained with apoptosis marker
(Annexin V) and cell viability dye. Statistical
significance was determined as � , P < 0.05,
n ¼ 3.
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CS3D suppresses the expression of c-Myc in response to
EGF

c-Myc is a STAT3 target gene that is known to be activated by
EGF treatment. To investigate the effects of STAT3 blockade on
c-Myc expression, cells were first treated with 10 ng/mL EGF for
1.5 hours (deemed the optimal time to observe increased c-Myc
RNA), 24 hours after transfection of the cyclic oligonucleotides.
RT-qPCR was used to assess differences in mRNA expression in
STAT3 decoy–treated versus mutant decoy–treated cells (Fig. 3A
and B). A single transfection of CS3D caused a 50% inhibition in
mRNA level of c-Myc in 201T cells (Fig. 3A) and a 25% to 30%
inhibition inH1975 cells (Fig. 3B). Immunoblotting analysis also
showed a 31% reduction in c-Myc protein expression post-CS3D
transfection compared with either CS3M or control (lipofecta-
mine alone) in 201T cells. Similarly, in H1975 cells, a 40%
reduction in c-Myc protein expression was found (Fig. 4A).
H3225 cells and A549 cells also showed similar decrease in
c-Myc expression. Examination of other STAT3 genes (for
example, Bcl-xl as shown in Fig. 3) also responded with
decreased mRNA and/or protein expression across the four cell
lines, but not as consistently as c-Myc. Examination of STAT1
target genes (IFIT1 and IRF7) and NF-kB target genes (IL1b and
IL8) that are predominantly regulated by these transcription
factors showed no significant decrease in mRNA expression
level by qRT-PCR when comparing CS3D- with CS3M-treated
cells (Supplementary Fig. S2).

Additional immunoblotting analysis of cell extracts showed
that after stimulation with IL6, a potent inducer of p-STAT3,
there was a 35% reduction in both nuclear pSTAT3 and nuclear
total STAT3 after transfection of CS3D compared with CS3M or
control (lipofectamine alone; Fig. 4B). In the cytoplasm, the
levels of pSTAT3 (but not total STAT3) were also reduced by
CS3D, suggesting that the selective binding of pSTAT3 to CS3D
might alter its stability and/or its ability to shuttle to the nucleus.
(Fig. 4B). To test whether CS3D could increase ubiquitination of
p-STAT3 protein, an IP was carried out for p-STAT3, followed by
immunoblotting for ubiquitin. After 24 hours, CS3D increased
the ratio of p-STAT3 that was ubiquitinated relative to amount
of STAT3 present (input), compared with CS3M (0.95 vs.
0.74; Fig. 4C). The input of total cell lysate also showed less
STAT3 after CS3D treatment, confirming the cell compartment
results in Fig. 4B.

Intravenous injection of the CS3D inhibits NSCLC tumor
growth

Based on the in vitro effects of CS3D, we next evaluated
antitumor effects in mice harboring established NSCLC xeno-
grafts (10 tumors/group). Mice were given daily intravenous
injections (tail vein) of CS3D or CS3M (5 mg/kg/d), 5 days per
week, and tumor growth was monitored for 14 to 20 days. This
method of delivery and dose were previously shown to be effi-
cacious in head and neck cancer models (16, 17). CS3D caused a
significant and robust tumor growth inhibition in 201T- and
H1975-derived xenografts compared with treatment with CS3M.
Weobserved a 96.5% (P < 0.007) in 201T and 81.7% (P < 0.0001)
reduction in H1975 (Fig. 5A). H&E staining of sectioned tumors
harvested after treatment showed that the CS3D-treated tumors
were composed of large areas of debris and infiltration with
stroma and lymphocytes, whereas the CS3M tumors had a high
tumor cellularity (Supplementary Fig. S3). The animals showed
no significant loss of body weight or decreased activity, and
histologic examination of the lungs, liver, and spleen showed no
signs of toxicity with CS3D.

STAT3 inhibition in vivo by CS3D downregulates c-Myc and
promotes cell death

To determine how CS3D blocks NSCLC growth, we performed
Western blot, qRT-PCR, and IHC analysis to determine expression
of c-Myc in residual tumors. These analyses identified a substan-
tial downregulation of c-Myc protein (Fig. 5B and C) and mRNA
levels (Fig. 5D) in individual CS3D-treated tumors relative to
CS3M-treated tumors in both 201T and H1975 xenografts. Some
variability in protein levels among individual xenografts was
observed (Fig. 5B andC); the densitometry units for c-Myc protein
after normalizing for GAPDH levels ranged from 0.11 to 0.16
units for CS3D-treated xenografts and 0.25 to 0.46 units for
CS3M-treated tumors in H1975. Similarly, in 201T-derived
tumors, these measurements ranged from 0.015 to 0.51 units for
CS3D and 0.28 to 0.97 units for CS3M. Even with this variability,
the effect across the groups in both cell lines was significant (P <
0.05 for H1975 and P < 0.042 for 201T xenografts), with a mean
decrease of 65% and 70%, respectively.

For mRNA levels in tumor lysates, CS3D produced a 60% to
70% reduction of c-Myc gene expression relative to GAPDH
comparedwith CS3M (Fig. 5D). IHC analysis of tumors harvested
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Figure 3.

Downregulation of c-Myc and bcl-xL
mRNA expression by CS3D. Twenty-
four hours after transfection, cells were
treated with EGF (10 ng/mL) for 1.5
hours, and mRNA was harvested from
wild-type (A) and mutant EGFR T790M
(B) NSCLC cell lines, and mRNA
expression was assessed by RT-qPCR.
Relative mRNA expression was
normalized to GAPDH mRNA levels
as an internal control. Statistical
significance was determined as
�P < 0.05.
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after the last day of treatment also revealed a substantial increase
in the levels of CC3 (observed predominantly in tumor cells) in
response to CS3D. Sections of the H1975 xenografts in response
to CS3M showed 10% of fields scoring for high level of CC3,
whereas in CS3D-treated xenografts, there was an increase to 83%
of fields in the high scoring tumor sections (P < 0.05; Fig. 6). Some
CC3 staining was localized in nuclei, where caspase-3 is known to
be active. Some caspase-3 staining was also evident in fibroblasts.

Short-term CS3D treatment shows antitumor effects including
reduction in nuclear p-STAT3

Because tumors treated for several weeks with the STAT3 decoy
were largely composed of debris (as illustrated in Supplementary
Fig. S3), we examined xenografts after only 5 daily tail vein
injections to determine what cellular changes were induced prior
to collapse of the intracellular tumor structure. We observed few
histologic changes in CS3D-treated tumors after only 5 days
(Supplementary Fig. S4). IHC staining, however, revealed a sig-
nificant decrease in the proliferative capacity of NSCLC, shown by
Ki-67 staining in response to CS3D treatment (�P < 0.001)
compared with CS3M-treated tumors after 5 daily injections
(Supplementary Fig. S4). We observed a shift from 41% of cells
scored as high-grade staining with CS3M treatment to 13% with

high-grade staining in the presence of CS3D, with corresponding
increases in moderate- and low-grade staining in the STAT3
decoy–treated group (Supplementary Fig. S4). Expression levels
of p-STAT3 protein (which was mainly observed localized to the
nucleus) were likewise significantly suppressed by the STAT3
decoy (�P < 0.0001) after 5 days of treatment in vivo compared
with mutant decoy (Fig. 7). Frequency of high-grade staining for
p-STAT3 differed between CS3D and CS3M treatment groups
(23% in CS3D-treated and 51% in CS3M-treated, with corre-
sponding increase in low-grade staining in presence of the active
decoy; Fig. 7). The p-STAT3 result suggests that multiple doses of
the decoy promoted the reduction in p-STAT3 levels in vivo. At this
early time point, no cellular debris was observed (Supplementary
Fig. S4), suggesting that effects on STAT3 and proliferation occur
prior to these histologic changes. We also observed no change in
NF-kB nuclear protein with the active decoy, suggesting that the
decoy does not alter NK-kB movement to the nucleus.

Discussion
STAT3 is a critical mediator of tumor progression in NSCLC. As

a transcription factor that regulates the expression of multiple
target genes, STAT3 relays signals through multiple tyrosine
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Figure 4.

Change in c-Myc and STAT3protein by
CS3D. A, Downregulation of c-Myc
protein by CS3D. Cells were treated as
in Fig. 3, and 3 hours after EGF
treatment, lysateswere collected from
wild-type (left) and mutant EGFR
T797M (right) NSCLC cell lines. Protein
expression was assessed by Western
blot. Relative c-Myc expression was
normalized toGAPDHprotein levels as
an internal control. B, CS3D alters
STAT3 levels. Twenty-four hours after
transfection with either CS3M, CS3D,
or lipofectamine alone H1975 were
stimulated with IL6 (50 ng/mL) for 1
hour to strongly activate STAT3. After
cell lysis, nuclear and cytoplasmic
extracts were obtained by subcellular
fractionation using centrifugation, and
Western blotting was used to
assessed to protein expression.
GAPDH was used as a marker of the
cytoplasmic fraction, and histone H3
was used as a marker of the nuclear
fraction. Densitometric quantification
of the c-Myc bands is as indicated. C,
CS3D increases the proportion of
pSTAT3–ubiquitin-bound complexes.
Twenty-four hours after transfection,
P-STAT3 was immunoprecipitated
and the presence of ubiquitin was
assessed by immunoblotting. Greater
ratio of pSTAT3–ubiquitin complexes
was detected with CS3D treatment.
The increase in pSTAT3–unbiquitin
complex correlated with decrease in
total STAT3 present. Densitometric
analysis revealed a greater ratio of
pSTAT3–ubiquitin complex to STAT3
in response to CS3D (0.95) as
compared with CS3M (0.74).
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Figure 5.

CS3D suppresses NSCLC xenograft tumor growth. A, Intravenous delivery of CS3D inhibits tumor growth in both wild-type (201T) and mutant EGFR T790M
(H1975) xenografts. Approximately 1 � 106 cells were inoculated subcutaneously in the flanks of nude mice. Following the development of palpable tumors (about
200 mm3), mice were randomized and given daily injections of either CS3D or CS3M (5 mg/kg/day; 10 tumors/group). Experiments were done twice as
biological replicates. Tumor volumes were recorded every other day while animal weights were also monitored during the course of the treatment. The difference
in tumor volume between the CS3D- and CS3M-treated groups was significant for both 201T (P < 0.007) and H1975 (P < 0.0001). B, c-Myc is suppressed
after CS3D treatment in vivo. At the end of the treatments, tumors were harvested, whole-cell lysates were prepared, and RNA extracted for target gene analysis by
Western blotting and RT-qPCR. GAPDH protein was used as internal loading control for immunoblotting. CS3D-treated tumors (C4, C5, and C6) from
separate animals show a decrease in c-Myc expression level relative to the CS3M-treated group (C1, C2, and C3) in 201T. Immunoblotting analysis of H1975
residual tumors treated with CS3D (C8-C8) also showed reduction in c-Myc expression levels relative to CS3M (C1–C4). The expression of c-Myc was
significantly reduced in response to CS3D, relative to CS3M, in both wild-type (201T, P < 0.042) and mutant EGFR (H1975, P < 0.05)-derived tumors (�P < 0.05).
Data are shown asmean� SEM.C,Densitometry quantification of c-Myc protein expression levels in 201T and H1975 from tumor-derived xenografts. The expression
of c-Myc was significantly reduced in response to CS3D, relative to CS3M, in both wild-type (201T, P < 0.042) and mutant EGFR (H1975, P < 0.05)-derived tumors .
Data shown are mean� SEM between two groups (CS3M and CS3D). D, c-Myc mRNA expression levels in 201T and H1975: CS3D suppresses c-Myc gene expression
levels in 201T- and H1975-derived tumors. Data are presented as mean � SEM. � , P < 0.05 compared with the mutant control group (CS3M).
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kinases, including EGFR, IL6R, and SRC. The key role of STAT3 in
mediating proliferation and suppressing apoptosis in NSCLC
makes it a prime target for therapeutic intervention (7). Prior
STAT3 inhibitors have failed in clinical development due to
factors including nonspecificity, low potency, and minimal cell
membrane penetrance, limiting their efficacy (11, 12). We exam-
ined a novel therapeutic that targets STAT3, a second-generation
cyclic, double-stranded decoy oligonucleotide that exhibits a long
half-life, high potency, and limited toxicity (16). The oligonucle-
otide decoy was previously found to specifically and competi-
tively bind activated STAT3 protein via its similarity to the STAT3
response element located in the promoter region of the c-fos gene
(15), and to reduce expression of STAT3 target genes in head and
neck cancer models (15–17). Head and neck cancer cells also
responded to the decoy in a xenograft model (16).

Here, we demonstrate that the STAT3 decoy produces a robust
antitumor effect in NSCLCmodels known to be resistant to FDA-
approved EGFRi therapies.We found that the decoy decreased the
viability of NSCLC cells and induced apoptosis, and sensitivity
was independent of EGFR mutation status. These effects were
specific compared with a mutant version of the double-stranded
decoy that is unable to recognize STAT3 protein (15–17), and
were demonstrable after a single transfection. In vivo studies
illustrated that daily i.v. injection of the active decoy had strong
antitumor effects in mouse NSCLC xenografts, accompanied by
inhibition of c-Myc protein expression and destruction of the
cellular integrity of tumor cells within the xenografts. When
tumors were analyzed after only 5 daily treatments, nuclear p-
STAT3 protein was greatly reduced and the proliferative state of
tumor cells was greatly decreased. Because the phosphorylation
step that activates STAT3 is not affected by STAT3 decoy (15), this
result suggests one effect of the decoy is to reduce accumulation of
p-STAT3 in the nucleus. In cell culture, we observed a decrease in
the nuclear pool of STAT3. The cytoplasmic pool of p-STAT3 was
reduced as well, with an increase in ubiquitination of p-STAT3

protein following CS3D treatment, which could cause increased
degradation of STAT3 dimers when bound to the active decoy. A
CS3D–pSTAT3 dimer complex may trigger a ubiquitination pro-
cess that reduces the amount of active STAT3 available for
signaling.

STAT3 is activated by modifications through phosphorylation
at tyrosine and serine residues that allow dimerization (11, 12).
Small-molecule inhibitors of STAT3 that inhibit phosphorylation
might be ineffective in blocking the functional activity of STAT3
dimers that do not require phosphorylation to initiate dimeriza-
tion, and still recognize the STAT3 consensus sequence (13, 14).
This strategy also requires a very efficient inhibition of the phos-
phorylation step, which might limit efficacy. CS3D allows inter-
ruption of the function of STAT3 dimers, without requiring the
interruption of phosphorylation. Potentially, this strategy could
be more effective, because it focuses on the active dimeric moi-
eties. We showed that CS3D downregulates the expression of the
STAT3 target gene c-Myc in NSCLC cell lines in culture and in
residual tumors after systemic administration. The transcriptional
activity of STAT3 overlaps with other transcription factors such as
STAT1 and NF-kB, but genes controlled predominantly by STAT1
orNF-kB such as IRF7 and IL8were unaffected byCS3D.Although
c-Myc is a direct STAT3 target gene, it is possible that indirect
effects on c-Myc mRNA or protein expression could also be
occurring in response to the STAT3 decoy, which we were unable
to detect.

Previously, we demonstrated that the cyclic double-stranded
oligonucleotide showed enhanced stability compared with linear
versions (16), and was efficacious after i.v. injection in HNSCC
(16). In addition to lack of toxicity seen with the STAT3 decoy in
normal lung cells and in mice bearing NSCLC xenografts, the
decoy effects were also specific because the mutant control oli-
gonucleotide was unable to induce antitumor effects. The cellular
uptake of fluorescently labeled CS3D and CS3M also did not
differ, supporting the specificity of the decoy that is designed to
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Figure 6.

STAT3 decoy induces caspase-3 cleavage.
Representative sections of H1975 tumors stained for
expression of CC3. H1975-derived xenografts
administered daily intravenous injections of either CS3D
or CS3M were harvested at the end of treatment (day
14), and expression of CC3 was used as a marker for
apoptotic cells. CS3D significantly induces apoptosis
relative to CS3M. Similar results were also observed
in the 201T-derived xenografts.
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bind with selectivity to dimeric STAT3 protein. Imaging analysis
also showed that the localization of CS3D mostly stained posi-
tively in the cytoplasm, although somewas present in the nucleus,
suggesting the main effect is to bind to pSTAT3 dimers in the
cytoplasm.

The antitumor effects of CS3D were comparable in both EGFR
wild-type and mutant NSCLC. It has been reported that the
constitutively active mutant form of STAT3, STAT3-C, which is
dimerized by cysteine-cysteine residues, mediates epithelial cell
transformation by promoting anchorage-independent growth
(21), suggesting that this phenotype is especially dependent on
STAT3 signaling. We found that after a single transfection, CS3D
was very effective in suppressing anchorage-independent growth.
The inhibition of c-Myc expression in cultured cells and in
xenografts also was a strong indicator of CS3D activity, suggesting
that the ability to suppress this STAT3 target gene may be critical
for its antitumor mechanism in NSCLC. c-Myc regulates genes
encoding lung cancer stem cell factors such as SOX2 and nanog

and cooperates with STAT3 in this regulation (22), further sug-
gesting that c-Myc downregulation caused by reduction in STAT3
action is important in the antitumor action of CS3D in NSCLC,
especially in reducing stem cell self-renewal.

As a transcription factor, STAT3 has been generally considered
an "undruggable" target. Previous STAT3 oligonucleotide decoys
were unstable (23, 24) and small-molecule STAT3 inhibitors
proved relatively ineffective. The cyclic decoy approach exhibited
strong therapeutic activity in NSCLC. Previously published obser-
vations with the noncyclic version of the STAT3 decoy injected
intratumorally into HNSCC patients in a phase 0 trial produced
remarkable effects by downregulating STAT3 target genes (16).
Our findings support the ability of a systemically administered,
double-stranded, cyclic oligonucleotide decoy to attenuate STAT3
signaling in a lung cancer model, leading to tumor growth arrest.
We observed no increase in nuclear NF-kB protein in NSCLC
xenografts after treatment, suggesting that the STAT3 decoy does
not increase NF-kB nuclear translocation, as has been reported in

0

20

40

60

80

100

120

CS3M CS3D

N
um

be
r o

f f
ie

ld
s 

sc
or

ed
 (%

)
Low

Moderate

High

*

CS3M                                    CS3D

201T

H1975

Figure 7.

Short-term CS3D-treatment suppresses p-STAT3 levels.
Tumors derived from H1975 xenografts were analyzed by
IHC staining for p-STAT3 after 5 daily i.v. injections of
either STAT3 decoy or mutant decoy. Representative
sections of H1975 tumors show a decrease in p-STAT3
levels. Bar graph quantitates the frequency of low-,
medium-, and high-grade staining in multiple images;
P < 0.001, decoy compared with mutant. Bright field
images captured at 40X magnfication
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a STAT3 knockout KRAS lung cancer model (25). The effects in
NSCLC support the idea that a circularized double-stranded
oligonucleotide targeting STAT3 has promise as a therapeutic
agent and may be effective in lung tumors that lack sensitivity
to EGFR TKIs. The decoy lacked toxicity in immunocompetent
mice (17), andweobservedno toxic effects in immunosuppressed
animals. Efforts are underway to complete the IND-directed
pharmacology and toxicology studies needed to initiate a phase
I clinical trial of CS3D.
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