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Abstract Signal transducer and activator of transcription
3 (STATS3) and nuclear factor kappa-light-chain-enhancer
of activated B cells (NFxB) are transcription factors
involved in cell survival, inflammation and metastasis.
Constitutively activated STAT3 is found in many cancers,
including melanoma. To study the crosstalk between
STAT3 and NFxB signaling and its role in regulation of
cancer cell survival, we used RNA interference (RNAI) to
down-regulate STAT3 expression in human melanoma
cells. RNAi strategies including double-stranded RNA,
small interfering RNA (siRNA), short hairpin RNA
(shRNA) and microRNA are widely used to knock down
disease-causing genes in a targeted fashion. We found that
shRNAs up-regulate non-specific NFkB activity, while
siRNA directed against STAT3 specifically increase NFxB
activity. The basal survival of melanoma cells is unaffected
by STAT3 knockdown—Ilikely due to activation of pro-
survival NFxB signaling. Whereas, owing to off-target
effects, plasmid-transcribed shRNA affects melanoma
survival. Our data show that shRNA-mediated gene
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silencing induces non-specific or off-target effects that may
influence cell functions.
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Introduction

Clinical and experimental studies in the past provide
compelling evidence for the important role of aberrant
STAT3 signaling in cancer [1, 2]. Phosphorylation of
STAT3 at tyrosine 705 leads to its dimerization, nuclear
translocation, DNA binding and gene transcription. STAT3
is implicated in the regulation of many genes that mediate
survival, cell-cycle progression, invasion, immune
responses and angiogenesis [3—6]. Persistent activation of
STAT3 occurs with high frequency in human cancers [7].
Blocking STAT3 activity using techniques such as: anti-
sense, RNA interference, dominant negative STAT3 and
small molecular inhibitors reduced cancer cell growth,
invasion, and tumor size in vivo and increased apoptosis
in vitro [8-13].

Nuclear factor-kappa B (NFxB) is another transcription
factor that regulates many genes involved in immune and
inflammatory responses. Studies exposed NFkB as a sur-
vival factor and blocking it’s activity promoted apoptosis
in cancer cells and reduced resistance to chemotherapeutic
drugs [14]. Cross-talk between STAT3 and NF«kB signaling
pathways is unclear and maybe cell type/genetic back-
ground specific. NFkB activity in the cells can be gauged
by measuring the level of phosphorylated IkBa (P-IxBar).
A study showed increased P-IkBa in lipopolysaccharide-
induced Star3~'~ dendritic cells, suggesting that Stat3 may
inhibits NFxB activity under normal conditions [15]. On
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the other hand, maintaining NFxB activity in both cancer
cells and tumor-associated hematopoietic cells requires
Stat3, as it prolongs NFkB nuclear retention [16]. Inter-
actions between NFkB and phosphorylated STAT3 also
contribute to cell survival in B cell lymphomas [17] and
head and neck squamous cell carcinomas [18]. STAT3 and
NFxB cross-talk includes: cooperation of these factors at
gene promoters/enhancers; NFkB dependent expression of
STAT3 inhibitors; and participation of STAT3 in the
negative regulation of NFxB in inflammatory cells [19,
20]. Despite the versatile and occasionally antagonistic
interactions, NFxB and STAT3 combine forces in devel-
opment and progression of colon, gastric and liver cancers
[21].

We examined the effects of silencing STAT3 expression
on the NFkB activity in melanoma cells. We discovered
non-specific or off-target effects in two commonly used
control short hairpin RNA (shRNAs) that increased NFxB
activity while silencing STAT3 expression with small
interfering RNA (siRNA) resulted in the specific increase
of the NFkB activity. STAT3 depletion did not affect basal
survival of melanoma cells but STAT3 silencing using
specific shRNA affected the survival of melanoma cells.
This suggests that shRNA-mediated gene silencing may
induce non-specific or off-target effects such as NFkB
activation, which in turn may affect cell survival.

Materials and methods
Cell cultures and treatment

Human metastatic melanoma WM239, WM902 and non-
metastatic T1 cells were cultured in RPMI media supple-
mented with 10 % fetal bovine serum (Gibco, MD, USA)
and antibiotics (50 U/ml penicillin, 50 pg/ml streptomycin
and 1 % sodium pyruvate) in a humidified atmosphere of
COy/air (5/95 %) at 37 °C (Heraeus, Hanau, Germany).
Cells were transfected with a plasmid DNA or siRNA 18 h
after plating.

Western blot analysis

Whole-cell lysates were prepared as previously described
[22]. Cells were collected in lysis buffer with protease
inhibitors (20 mM Tris—HCI, 137 mM NaCl, 25 mM pB-
glicerophosphate, 2 mM NaPPi, 2 mM EDTA, 1 mM
Naz;VOy, 1 % Triton-X, 10 % glycerol, 0.5 mM DTT,
1 mM PMSF, 15 pg/ml aprotinin and leupeptin, 2 mM
benzamidine). Protein samples were resolved by SDS-
PAGE and transferred to nitrocellulose membranes
(Amersham). Antibodies recognizing phospho and total
forms of STATS3, IkB and cleaved PARP were obtained
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from Cell Signaling, USA. The membranes were stripped
and re-probed with horseradish peroxidase-conjugated anti-
B-Actin antibody (Sigma-Aldrich, Saint Louis, MO, USA).

Membranes were incubated with primary antibodies
diluted in TBS-T (10 mM Tris/HCI, pH 8.0, 0.12 M NaCl,
0.1 % Tween-20 and 0.05 % sodium azide) containing 5 %
skimmed milk. Antibody recognition was detected with the
respective secondary antibody either anti-mouse IgG or
anti-rabbit IgG linked to horseradish peroxidase (Cell
Signaling, USA). Immunocomplexes were visualized using
enhanced chemiluminescence detection system (ECL,
Amersham).

STATS3 silencing shRNA expressing vectors
and siRNAs

Four complementary oligonucleotides encoding STAT3
shRNA with BamH1 and HindIIl overhangs were designed
to interfere with the expression of human STAT3 mRNA.
The single-stranded oligonucleotides were purchased from
Sigma Aldrich (Sigma Life Science). The sequences of
shSTAT3 were: shStat3.1 [23] 5'-GATCCGCAGCAGCTG
AACAACATG TTCAAGAGACATGTTGTTCAGCTGC
TGCTTTTTGGAAA-3" and 5'-AGCTTTTCCAAAAAAG
CAGCAGCTGAACAACATGTCTCTTGAA CATGTTG
TTCAGCTGCTG CG -3’ shStat3.2 [24] 5'-GATCCGCTT
CAGACCCGTCAACAAA TTCAAGAGATTTGTTGAC
GGGTCTGAAGTTTTTTGGAAA-3' and 5'-AGCTTTTC
CAAAAAACTTCAGACCCGTCAACAAATCTCTTGAA
TTTGTTGACGGGTCTGAAGCG-3’

Forward and reverse oligonucleotides double-stranded
oligomers were prepared by incubation in 0.1 M NaCl for
3 min at 94 °C, followed by slow cooling to 37 °C. The
annealed DNA was ligated with linearized pSilencer 2.0-U6
(Ambion) at BamHI and HindIIl sites. The sequence of
resulting plasmids: pSilencer-STAT3.1_hs and STAT3.2_hs
was further verified by direct sequencing. The plasmid DNA
was isolated with Qiagen Plasmid Maxi Kit.

STAT3 siRNA which is a pool of three target-specific
20-25 nt siRNA designed to knock down gene expression
was obtained from Santa Cruz Biotechnology (sc-29493).
Control siRNA-A was obtained from Santa Cruz Biotech-
nology (sc-37007), is a non-targeting 20-25 nt siRNA
designed as a negative control.

$c-29493: Stat3 siRNA (h) is a pool of 3 different siR-
NA duplexes:

sc-29493A:

e Sense: GAGACAUGCAAGAUCUGAATT
e Antisense: UUCAGAUCUUGCAUGUCUCTT

sc-29493B:
e Sense: GGAUCCCGGAAAUUUAACATT
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Fig. 1 Plasmid transcribed shRNAs nonspecifically induce NFxB
activity in melanoma cells. a—b Representative pictures of WM239
melanoma cells 48 h after co-transfection with p-Silencer encoding
STAT3 shRNA and EGFP plasmids. Using phase contrast (a) and
fluorescence microscopy (b), transfection efficiency was evaluated as
~65 %. ¢ The level of STATS3 silencing at the RNA expression level
was evaluated with gPCR and related to STAT3 expression in the
control shRNA transfected cells. d The levels of phosphorylated and
total STAT3 and IxB proteins in cells expressing control shRNA or
STAT3 specific shRNAs were examined by Western blotting.
Immunoblots were re-probed with an antibody recognizing B-actin
to ensure equal loading. Similar results were obtained in four
independent experiments. Densitometry of immunoblots using Image

Antisense: UGUUAAAUUUCCGGGAUCCTT
sc-29493C:

Sense: CCUCUCUGCAGAAUUCAAATT
Antisense: UUUGAAUUCUGCAGAGAGGTT

Transfection and gene reporter assay

WM239, WM902 and T1 melanoma cells were plated in
12-well plates in a complete medium (DMEM, 10 % FBS,
sodium pyruvate and antibiotics) at a density of
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J was performed. The analysis of the Western blots was done using -
actin as the loading control. e—f Increase of the NFkB transcriptional
activity in 'WM239 melanoma cells transfected with plasmids
encoding shRNA against STAT3 or control shRNAs. The cells were
co-transfected with plasmids encoding STAT3 shRNA and NFxB
reporter plasmids using Lipofectamine 2000. Luciferase activity was
determined after 48 h using a dual light luciferase assay and
normalized to the protein content determined in the sample. The
results indicated that the activation of NF«kB transcriptional activity is
not specific for shRNA against STAT3. Two commercial control
shRNAs cause similar up-regulation of NFkB-driven transcription (f).
The results of three separate experiments are presented as
mean + S.D.

8 x 10" cells/well. Twenty four hours after seeding mel-
anoma cells were transfected by electroporation with
2.5 pg/well of the indicated plasmid or the indicated siR-
NA at the final concentration of 150 nM using the Amaxa
and Cell Line Nucleofector Kit V (Lonza), according to the
manufacturer’s protocol. In the preliminary experiment, the
cells were co-transfected with the reporter plasmid carrying
a firefly luciferase gene under a promoter consisting of
multiple binding sites for NFkB (NF-kB p65 cis-Reporting
System, Stratagene-Agilent Technologies Company, CA,
USA) and EGFP vector (pEGFP-N1 Vector Information
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PT3027-5, GenBank Accession #U55762 Catalog #6085-1)
coding for green fluorescence protein and analyzed after
48 h with fluorescent microscopy to determine efficacy of
transfection. siRNA transfection efficiency was assessed by
co-transfecting the cells with siGlo Red siRNA
(557-570 nm) from Thermo Scientific Dharmacon and
control and STAT siRNA and analysed after 48 h using
flow cytometry analysis (FACSCalibur using CellQuest
software). After transfection cells were plated into 24-wells
plate at a density of 2 x 10%/well and incubated for 48 h.
To study NF«B activation, the cells were cotransfected
with 2.5 pg of the reporter plasmid carrying a firefly lucif-
erase gene under promoter consisting multiple of binding
sites for NFkB (NF-xB p65 cis-Reporting System, Strata-
gene-Agilent Technologies Company, CA, USA) and
p-Super vector (VEC-PBS-0002 OligoEgine) and PCMV6-
XL5(Origene) using Lipofectamine™ 2000 Reagent (Invit-
rogen, Carlsbad, CA). Twenty four hours after transfection
the cells were lysed in a passive lysis buffer and luciferase
activity was measured using a Promega luciferase kit.

NF«B DNA binding activity ELISA

NFxB DNA binding activity was determined using Tran-
sAM® NFxB p65 Kit from Active Motif (Carlsbad, CA,
USA). Each kit includes a 96-stripwell plate in which
multiple copies of a specific double-stranded oligonucleo-
tide have been immobilized. Nuclear protein extract were
isolated and incubated according to the manufacturer’s
protocol to allow the activated transcription factor to bind
the oligonucleotide at its consensus binding site. Two pg of
nuclear extract was incubated for 1 h with the primary
antibody recognizing an active form of the transcription
factor followed by 1 h incubation with the secondary
antibody allowed quantification of the amount of NFkB.

Analysis of cell viability by MTT assay

The number of living cells was evaluated with an MTT
metabolism test. Melanoma cells were cultured on 24-wells
plates as described. After specific treatments, MTT
(Thiazolyl Blue Tetrazolium Bromide, Sigma-Aldrich,
Munich, Germany) stock solution was added to a final
concentration of 0.5 mg/ml. After 4 h of incubation at
37 °C a lysis buffer containing 20 % SDS and 50 % DMF
was added and optical densities in extracts were deter-
mined at 570 nm using a scanning multiwell spectropho-
tometer (Thermo labsystem Multiscan EX).

TUNEL staining for DNA fragmentation in situ

Cells were transfected with control and targeted siRNA or
shRNA, and plated on glass cover slips in 24 well plates.
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Fig. 2 STAT3 knockdown with siRNA leads to NFkB activation inp
human melanoma cells. a-b Representative pictures of WM239
melanoma cells 48 h after transfection with siRNA labeled with
Rhodamine (siGlo) using AMAXA electroporation. Using fluores-
cence microscopy (a) and flow cytometry analysis (b) the efficacy of
siRNA transfection was determined as 84 %. c¢ Effective STAT3
knockdown in WM239 cells. The STAT3 mRNA level was deter-
mined using qPCR and was related to its level in control siRNA
transfected cells. d The levels of phosphorylated and total STAT3 and
IkB proteins in cells transfected with control or STAT3 specific
siRNA were examined by Western blotting. Immunoblots were re-
probed with an antibody recognizing B-actin to ensure equal loading.
Similar results were obtained in three independent experiments. The
right panel shows quantification of the Western blots from three
experiments using Image J with B-actin as the loading control. e The
increase of the NFkB transcriptional activity in melanoma cells
transfected with STAT3 specific siRNA. Cells growing onto 24-wells
plates were co-transfected with the NFxB-luc plasmid and control or
STAT3 siRNA using AMAXA electroporation. The luciferase
activity was measured 48 h after transfection. The bars indicate
mean values of luciferase activity in the mock transfected cells and
cells transfected with the control or STAT3 siRNA. Data are
presented as mean £ S.D. from three experiments, each in duplicate.
f Evaluation of NFxB DNA binding by ELISA. Cells (1 x 107 cells/per
group) were mock transfected or were co-transfected with a control or
STAT3 siRNA using AMAXA electroporation. Cell nuclei extracts
were collected 48 h after transfection and 2 pg of nuclear extract was
subjected to an NFkB DNA binding assay (Active Motif—TransAM®
NFxB Family Kit, Carlsbad, USA). The NFxB -ELISA assay results
demonstrated an increase in the NFxB binding to DNA after silencing
the expression of STAT3. Data are presented as mean + S.D. from
three experiments. g-h. STAT3 knockdown with siRNA induces
specifically NFxB-Luciferase activity in WM209 and T1 melanoma
cell lines. The NFkB-Luciferase activity measured in WM209 and T1
cells untreated (mock), treated with electroporation only or in cells
transfected with two empty plasmids such as p-Super and PCMV6-
XLS5, or plasmids coding for shRNAs or siRNAs. An increase of the
NFkB transcriptional activity was observed in melanoma cells
transfected with plasmids encoding shRNA against STAT3 and
control shRNAs and siRNA against STAT3 and control. Electropor-
ation itself or transfection with empty plasmids do not induce NFkB
activation. Data are presented as mean = S.D. from three
experiments

After transfection (48 h) the cells were fixed using 4 %
paraformaldehyde and permeabilised using 0.1 % Triton
X-100 in 0.1 % sodium citrate. The cells were then
stained with the TUNEL mixture using the manufacturer’s
guide. The cover slips were then mounted onto glass
plates using Dako Flourescent medium (Dako North
America Inc). Samples were then analysed under a fluo-
rescence microscope using a detection wavelength of
515-565 nm. TdT-mediated dUTP-biotin nick end label-
ing (TUNEL) (Roche, USA) was conducted to identify
apoptotic cells. The percentage of TUNEL-positive cells
was defined as the number of TUNEL-stained cells divi-
ded by the total number of cells seen within bright field.
At least 600 cells in 3 randomly selected fields of view
from each well were counted for 3 independent
experiments.
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transcription-PCR (qRT-PCR) was used to measure the
mRNA expression levels for STAT3 and IRF7. The primers
sequences were: IRF7: GCGGTGCAAGAGCCCAGCCC -
CGTGCAGCTCGGGTGTCCCA; STAT3: ATTGCCCGG
ATTGTGGCCCG - CTCCGTCACCACGGCTGCTG; and
185 AACGAACGAGACTCTGGCATG - CGGACATCT
AAGGGCATCACA; The amount of target mRNA was

Quantitative evaluation of gene expression

RNA was extracted using the RNeasy Mini Kit from Qia-
gen. The quality and concentration of RNA was checked
using Nanodrop 2000 spectrophotometer from Thermo
Scientific. Total RNA from each sample was converted into
cDNA using the SuperScript First-Strand Synthesis System

(Invitrogen) for PCR according to manufacturer’s instruc-
tions. TagMan/Syber green real time quantitative reverse

normalized to the expression level of the 18S rRNA
amplified from the same sample. The relative quantification
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<« Fig. 3 STAT3 knockdown with specific shRNA, but not siRNA,

reduces cell survival and induces DNA fragmentation in melanoma
cells. a-b Cells (1 x 107 cells/per group) were mock transfected or
were transfected with a control or STAT3 siRNA or plasmids coding
for control or STAT3 specific sShRNAs. Cell viability was determined
using the MTT metabolism assay 48 h after the transfection of the
indicated shRNA or siRNA. Measurements were related to respective
controls (cells transfected with ctr siRNA or shRNA were taken as
100 %) and data represent mean £ S.D. from three experiments, each
in triplicate. ¢ STAT3 knockdown with two specific ShRNAs results
in induction of apoptotic cell death. The levels of phosphorylated and
total STAT3 and cleaved PARP proteins in cells transfected with
plasmids coding for control or STAT3 specific shRNA were
examined by Western blotting. Immunoblots were re-probed with
an antibody recognizing B-actin to ensure equal loading. Similar
results were obtained in three independent experiments. d Quantifica-
tion of the Western blots by using B-actin as the loading control using
Image J. e DNA fragmentation occurs in cells transfected with
STAT3 specific shRNA. TUNEL staining was performed on cells
48 h after transfection and then observed using a fluorescence
microscope. TUNEL staining is shown in green. In the top right is the
positive control with cells incubated with Dnasel and the negative
control below are cells labeled with Label solution (without terminal
transferase). f The percentage of TUNEL-positive cells was defined as
the number of TUNEL-stained cells divided by the total number of
cells seen with bright field. At least 600 cells in three randomly
selected fields of view from each well were counted for three
independent experiments

of gene expression was determined with ABI PRISM 7700
using the comparative CT method.

Statistical analysis

To assess the differences between specifically manipulated
cells and the respective controls, data were analyzed by
Student’s #-test using Microsoft Excel software and are
presented as mean £ S.D. *P < 0.05, **P <0.01,
**#%¥P < 0.001 were considered statistically significant.

Results

Plasmid transcribed shRNAs nonspecifically induce
NFxB activity in melanoma cells

To study the interactions between STAT3 and NFxB in
melanoma cells, STAT3 expression was silenced with the
plasmid transcribed, specific shRNAs. In preliminary
experiments, we used two previously described shRNAs
[23, 24]. The most effective shRNA was used for further
experiments. First, WM239 melanoma cells were co-
transfected with the EGFP plasmid and plasmids coding for
control shRNA (shNeg) and were analyzed after 48 h with
light and fluorescence microscopy. Transfection efficiency
was evaluated as ~65 % (Fig. la, b). The level of
silencing at the RNA level is shown (Fig. 1¢). Immuno-
blots show effective silencing of STAT3 expression at the

protein level 48 h after transfection with a densitometric
analysis (Fig. 1c, d). The results of three separate experi-
ments showed the increase of NFxB transcriptional activity
in melanoma cells transfected with plasmids coding for
STAT3 specific and control shRNA (Fig. 1f). Activation of
the transcription factor NFxB is controlled at multiple
levels and requires phosphorylation, ubiquitination and
degradation of its inhibitor IkB that allows NFxB to
translocate to the nucleus and to induce specific gene
expression [25]. The level of phosphorylated (p)IxBa was
increased in melanoma cells transfected with plasmids
coding for shSTAT3 and control shRNA suggesting off
target activation by shRNAs (Fig. 1d). These results indi-
cate that the activation of NFkB transcription is not specific
for shRNA against STAT3.

To assess if the off target effect was specific for the
p-Silencer based plasmid, melanoma cells were co-trans-
fected with the NFkB-Luc plasmid and two widely used
plasmids coding for control shRNAs (p-Silencer Neg and
p-Super Ctr). The increase in the NFkB activity was also
found when the commonly used p-Super based control
shRNA was used (Fig. 1g).

STAT3 knockdown with siRNA leads to NFxB
activation in human melanoma cells

Consequently, we studied the effects of siRNA-mediated
knockdown of STAT3 on NFkB activity. Figure 2a shows
that human melanoma cells were effectively transfected
with siRNA labeled with Rhodamine (siGlo) 48 h after
transfection. The transfection efficacy was established as
84 % using fluorescence microscopy and flow cytometry
(Fig. 2a, b). STAT3 siRNA was a pool of three target-
specific siRNA designed to knock down gene expression.
There was profound silencing of STAT3 expression at the
mRNA and protein level 48 h after transfection in cells
transfected with the siRNA against STAT3, compared with
the control siRNA (Fig. 2c, d). Similarly there was an
increase in the level of pIkBa in cells transfected with the
siRNA against STAT3, but not with the control siRNA
supporting the fact that there was increase in the NF«B-
luciferase activity (Fig. 2e, f) only after STAT3 was
knocked down. The results showed that the control siRNA
did not significantly increase the NFxB-luciferase activity.
The results were corroborated by a NFkB DNA binding
ELISA assay that measures how activated NFxB in the cell
extract binds to the consensus-binding site. The NFkB
DNA binding ELISA results indicated that after silencing
the expression of STAT3, there was an increase in the
NFxB binding to DNA (Fig. 2f). These results confirmed
our data collected using NFkB-luciferase activity and the
pIkBa Western blotting.
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In order to assess if STAT3 knockdown induces similar
changes in the NF«xB-luciferase activity in different cell
lines, we measured NF«xB-luciferase activity in WM902
and T1 cell lines (Fig. 2g, h). The results of three separate
experiments showed the increase of NFkB transcriptional
activity in melanoma cells transfected with plasmids cod-
ing for STATS3 specific control shRNA and siRNA against
STATS3. The results showed that the control siRNA did not
significantly increase NF«kB-luciferase activity. There was
no increase in the NF«xB-luciferase activity observed in
cells after electroporation and in cells transfected with
empty plasmids including p-Super vector and PCMV6-
XL5. The silencing effects in cell lines were determined
with qPCR and considerable reduction in the level of
STAT3 mRNA was observed (supplementary Fig. 1a).

The off-target effect from shRNA transfection could be
due to activation of interferon-related responses when
expressed in the cells. We determined the level of IRF7
(interferon response factor 7) gene expression in sShRNA or
siRNA transfected cells (supplementary Fig. la). There
was an increase in the expression of IRF7 after transfecting
the cells with control and STAT3 specific shRNA, when
compared to cells transfected with siRNA. Altogether, the
results indicate that siRNA would be a better tool for gene
silencing to study the cross talk between STAT3 and NFkB
in transient transfection experiments.

STAT3 knockdown with specific ShRNA,
but not siRNA, reduces cell survival of melanoma cells

In order to assess cell viability upon silencing the expres-
sion of STAT3 with various tools, an MTT metabolism
assay was carried out 48 h after transfection. The MTT
results demonstrated that siRNA mediated STAT3 knock-
down did not affect cell survival (Fig. 3a). In the contrary
we observed reduction of cell viability in cells transfected
with the plasmids coding for two different STAT3 shRNAs
(Fig. 3b). Strong accumulation of the cleaved PARP, a
hallmark of apoptotic cell death, was observed in those
cells (Fig. 3c, d).

Apoptotic cells can be detected by terminal deoxynu-
cleotidyl transferase (TdT)-mediated dUTP nick end
labeling (TUNEL). TUNEL staining was used to detect
DNA fragmentation, which is one of the hallmarks of
apoptosis. We performed recommended controls both
positive (a DNAase treatment) and negative (an enzyme
omitted). As expected, the numbers of TUNEL-positive
cells (stained with green fluorescence) markedly increased
48 h after silencing with shSTAT3 compared to control
and siSTAT3 (Fig. 3e, f). These results show that silencing
of STAT3 expression with shRNA affects cell viability,
while even greater knock down of STAT3 expression with
siRNA, does not impair basal cell survival.
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Discussion

In the present study we report two main observations: First,
we identified NFkB activation as a novel off target effect of
control plasmid transcribed shRNAs; secondly, we dem-
onstrate that effective STAT3 silencing induces NFkB
activation that may compensate for the role of STAT3 in
tumor cell survival. RNAi based technologies have become
an increasingly popular approach, but their usefulness is
limited by the occurrence of unintended off-target effects.
The off-target effects implicate that in addition to targeting
the intended gene product, artificial shRNA/siRNAs can
produce unspecific outcomes [26-28]. Even the most
widely used control siRNA directed against GFP has been
reported to have off-target effects and deregulate a set of
endogenous genes in addition to GFP. The off-target
effects were dependent on the amount of GFP siRNA
transfected and were detected in a variety of cell lines [28].
Off-target effects may compromise the specificity of RNAi
by down-regulating the expression of multiple mRNAs
through microRNA-like targeting of the 3’ untranslated
region. siRNA therapeutics may trigger microRNA-like
silencing of many unintended targets in vivo complicating
the interpretation of phenotypic effects and may potentially
lead to unwanted toxicities [29, 30]. Many studies dem-
onstrated the utility and efficacy of shRNAs in vitro and
in vivo [31]. The shRNAs were found more potent than the
artificial microRNA (miRNAs) in gene silencing in vitro
and in vivo. However, greater off-target effects and inter-
feron responses were induced by shRNAs than by their
corresponding siRNAs [32, 33]. We have identified NFkB
activation as a new type of cellular stress response trig-
gered by two commonly used shRNAs. NFkB activation
may offer an explanation for the off-target effects of RNAi-
based therapeutics and suggests the requirement for very
careful interpretation of experiments using shRNA to study
cell survival, especially after transient transfection.

We report that STAT3 knockdown with specific sShRNA
in melanoma cells resulted in impairment of cell survival
and induction of apoptotic cell death, as evident by accu-
mulation of the cleaved PARP and as detected by TUNEL
staining, biochemical hallmarks of apoptosis. In contrast to
reduced survival of melanoma cells expressing STAT3
shRNA, the cells depleted of STAT3 by siRNA did not
show reduction of cell survival that we had expected. We
demonstrate an induction of the NFxB activity (verified
with three different assays: NFxB-driven luciferase assay,
NFxB DNA binding ELISA and detection of phosphory-
lated IxkB) in melanoma cells depleted of STAT3. The
increased activation of NFkB and subsequent up-regulation
of some pro-survival genes could compensate for STAT3
deficiency. A network involving co-activation of NFkB
and STATS3, their compensation for each other, influence
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on BAX/BCL-X expression and cell survival has been
described in head and neck squamous cell carcinomas [34].
Some studies demonstrated reduced survival of murine
melanoma B16 cells depleted of Stat3 by siRNA in vitro
and in vivo [35, 36]. However, our data show that silencing
of STAT3 expression with siRNA does not affect basal
proliferation of human melanoma cells. It corresponds to
our recent studies that demonstrate unaffected survival of
C6 glioma cells with siRNA mediated Stat3 knockdown
[37]. The reduced survival of melanoma cells depleted of
STAT3 with shRNAs could be a cumulative result of
STAT3 silencing and off targets effects. Our results also
show NFkB activation as a novel off target effect of control
plasmid transcribed shRNAs (frequently used as negative
controls) in human melanoma cells. Since off-target effects
seemingly cannot be avoided, this calls for cautiousness in
interpretation of shRNA effects on cell functions in tran-
siently transfected cells.
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