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ABSTRACT: Cancer cells are known to be heterogeneous and plastic, which
imparts innate and acquired abilities to resist molecular targeting by short inter-
fering RNA (siRNA). Not all cancer cells in a population would show a similar
responsiveness to targeting of genes critical for their survival and even the
responders could quickly transform and switch to alternative mechanism(s) for
their survival. This study was designed to look at this phenomenon by analyzing
the effect of siRNA silencing of selected protein mRNAs involved in cell survival
and proliferation on other protein mRNAs that could contribute to cell survival.
We compared the gene expression profile of the initial population after siRNA
silencing to the subpopulation that survived the siRNA silencing, to identify
potential overexpressions that might explain the cell survival. Our studies show
that silencing well-selected protein mRNAs simultaneously could offer advantages
compared to individual siRNA silencing due to an additional impact on the expres-
sion level of certain protein mRNAs. We also demonstrate that overexpression of
certain protein mRNAs could explain the innate unresponsiveness of a subpopulation of cells. These observations could be a
stepping stone for further investigation of the possibility of significant synergistic effect for this combinational RNA interference
strategy.
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1. INTRODUCTION

Despite invaluable discoveries in carcinogenesis and numerous
drugs that target aberrant signaling molecules, cancer is still
among the leading causes of morbidity worldwide with
>14million new cases diagnosed and >8.2 million deaths reported
in 2012.1 More than 1.6 million new cancer cases and close to
600,000 cancer death were projected in US for 2015.2 The front-
line therapy in most cancers is chemotherapy,3,4 including
traditional broad-spectrum drugs that affect rapidly proliferating
cells and molecular therapy that target specific proteins in
signal transduction pathways.5,6 However, even the most recent
molecularly targeted drugs lose their efficacy as a result of
resistance development in a relatively short period of time.7

In fact, clinical emergence of drug-resistant cases is considered
certain within 6−12 months of drug therapy in several types
of cancers. Activation of multiple signaling pathways, such as

PI3K/Akt8 and MEK/ERK9 pathways, in response to drug
therapy have been shown to sustain uncontrolled proliferation of
malignant cells despite the drug treatment.
The majority of the signaling pathways that support pro-

longed cell survival and enhanced proliferation are triggered
through cell surface receptors. Growth factors binding to
receptor tyrosine kinases (RTKs) can activate Ras and Ras
effectors,10 which in turn activate PI3K/Akt and MEK/ERK
pathways. Overexpression of HER-2/neu,11 certain cytokine
receptors,12 and estrogen signaling network (specific to breast
and ovarian cancer)13 are among breast cancer-specific mechanisms
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involved in these processes. In addition to the natural ability of
cancer cells to adapt to nearly any condition (plasticity), cancer is
a heterogeneous disease,14,15 where extensive genetic diversity
in signaling pathways has been revealed even within a single
tumor.16 Such a heterogeneity further enhances the ability of
transformed cells to resist one-dimensional therapy especially
when “cross-talk” among different pathways coordinate effective
antidrug responses. For instance, PI3K/Akt signaling pathway
was shown to regulate the expression of antiapoptotic survivin
in breast cancer, and Akt activation itself has been associated
with increased drug resistance.17 PI3K signaling plays a role in
activating transcription factors involved in antiapoptotic Mcl-1
expression.18 The activation of tyrosine kinase HER2 was shown
to trigger a pathway (including phosphorylation of RAF and Ras)
that regulates Bcl-2 family proteins.19 Overexpression of MUC-1,
which is correlated to higher metastasis risk and poor survival
rate,20 interacts with several cytoplasmic proteins, including
Ras-MEK-ERK2 signaling pathway,21 downstream proteins to the
epidermal growth factor receptor (EGFR),22 and STAT3 (via Src
signaling pathway).23 The effect of STAT3 activation on Ras and
PI3K/Akt pathway24 and JAK on PI3K and ERK pathways25,26

are other examples of the intracellular cross-talk responsible for
enhanced survival (summarized in Figure 1).
The RNA interference (RNAi) is an alternative approach

for therapeutic manipulation of signaling pathways involved in
enhanced cell proliferation and survival. Unlike conventional
drugs, RNAi and its pharmacological mediator, short interfering
RNA (siRNA), allow one to target a multitude of signaling
molecules in a pathway using a basic platform: by changing the
specificity (nucleotide sequence) of the siRNA, one can silence

widely different molecules. The effectiveness of siRNA therapy
relies on availability of a delivery system that can transport siRNA
into cells and release it intracellularly to exert its effect. The
choice of the target is also critical as one has to rely on proteins on
which breast cells are most dependent for survival. A wide range
of targets were silenced in breast cancer cells,27 including certain
signaling and antiapoptotic molecules critical for enhanced
survival of malignant cells. Detailed changes in the response of
cells to molecularly targeted siRNA therapies, however, were not
investigated. While most studies focused on targeted proteins
and assessed the changes in their levels as a result of siRNA-
mediated silencing, recruitment of other nontargeted signaling
molecules important for cell survival has not been investigated.
It is also not known if the intracellular response to siRNA therapy
is different in naive and drug-resistant cells since drug-exposed
phenotypes often display altered signaling profiles.28 Since the
outcome of siRNA therapy is expected to critically depend on the
ability of malignant cells to alter their signaling pathways, a better
understanding of siRNA response is paramount.
In this study, we took a systematic approach to study inter- and

intrapathway connections in siRNA therapy by focusing on three
pathways: (1) JAK-STAT pathway, which is mainly triggered
by cytokine receptors and among other mechanisms transfers
STAT3 to the nucleus to activate several transcription factors.
We included JAK2 and STAT3 in our analysis based on their
importance documented in literature and our previous siRNA
library screenings;29 (2) PI3K-AKT pathway that is mainly acti-
vated by RTKs, as well as HER-Src activation. This pathway
plays a central role in cell survival, as well as being connected
to antiapoptotic proteins (including Mcl-1, survivin, and Bcl-2).

Figure 1. Schematic representation of the cross-talk among the selected signaling cascades involved in cell proliferation, survival, and resistance to
molecular therapies.
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Downstream effectors of this pathway, NFκB, S6K, and eIF4E,
were selected based on earlier reports as well as our microarray
analysis in naive and doxorubicin (DOX)-resistant cells;29

(3) MEK-ERK pathway activated by RTK and MUC1 receptors
and via Ras-Raf axis. Links between JAK2 and this pathway
have also been reported.30 Among the downstream proteins, we
selectedMYC, FOS, and JUN and further included antiapoptotic
Mcl-1 and survivin31,32 and RPS6ka5 (which had a synergistic
effect with down-regulation of Mcl-129). We selected two cell
models for this study: (i) MDA-MB-231, a triple negative breast
cancer cell line, and (ii) MDA-MB-435, a cell line believed to
represent a poorly differentiated, aggressive breast tumor line,
with expression of both epithelial and melanocytic markers,33,34

along with their DOX- resistant phenotypes reported earlier.29

An in-house synthesized polymeric siRNA delivery system was
used, which was effective against a wide range of targets in breast
cancer cells.29,31,32,35−41

2. MATERIAL AND METHODS
For materials, cell lines, primers, and siRNA sequences, please
see the Supporting Information.
2.1. DOX Resistance Induction. We have previously

reported development of DOX-resistant MDA-MB-435 and
MDA-MB-231 cells using two different approaches.29,31 In this
study, we used cells that adopted to growth in the presence of
DOX by gradually increasing DOX concentration. Briefly, we
exposed cells to gradually increasing doses of DOX, starting at
∼0.1 μg/mL DOX, until the cells tolerated 2.0 μg/mL DOX.
Resistant cells were maintained and grown in media containing
0.2 μg/mL DOX for the duration of the studies. The continuity
of resistance was periodically confirmed by IC50 evaluation using
theMTT assay.34 The IC50 for the DOX-resistant MDA-MB-435
andMDA-MB-231 cells were∼52 and∼58 μg/mL, respectively,
while IC50 was 0.3 and 0.7 for the naive cells, respectively.
2.2. Cell Treatment with Polymer/siRNA Complexes.

Hydrophobically modified PEIs retain their cationic character-
istics and readily interact with siRNAs via interionic attraction.
We previously determined the affinity of the polymers to siRNA,
showing complete binding at polymer/siRNA ratio of 1:1.35

However, our cellular uptake studies have demonstrated maxi-
mum uptake with a polymer/siRNA ratio of 8:1,29 so that the
latter ratio was used consistently to form polymer/siRNA
complexes. The polymers and siRNA (dissolved in nuclease-free
H2O) were mixed at 8:1 weight ratio in 150 mM NaCl (saline)
and added to the cells after 30 min of incubation at room
temperature, to ensure completion of complex formation process
and consistency of particle size.
For silencing experiments, cells were seeded in different plate

formats (6-well plates for PCR analysis; 48- or 96-well plates for
viability assays) at ∼20% confluency (∼1.5 × 105 cells/mL) and
treatedwith indicated polymer/siRNA complexes.When targeting
individual proteins, the siRNA specific for a single protein mRNA
was used, while scrambled siRNA served as a negative control.
When targeting combinational protein mRNAs, a mixture of two
siRNAs was used in 1:1 ratio, with the total siRNA concentration
of 18 nM. In addition to using scrambled siRNA as a negative
control in combinatorial targeting (18 nM scrambled siRNA),
scrambled siRNA was added to specific siRNAs to employ indi-
vidual targeting as a reference point (9 nM scrambled siRNA and
9 nM of the selected siRNA).
2.3. Real-Time Polymerase Chain Reaction (RT-PCR). In

order to analyze the mRNA levels of targeted genes, real-time
PCR method was performed using a StepOne system from

Applied Biosystems. The treated cells were lysed by Trizol
reagent (500 μL in each well in a 6-well plate format) to extract
total RNA after removal of the culture media. After 5 min of
incubation at room temperature, a cell scraper was used to ensure
complete recovery of cells. The lysate was then transferred to a
microtube, and 0.2 mL of chloroform was added for each mL of
lysate and mixed for 15 s. The mixture was centrifuged at 12000g
for 15 min, and the colorless aqueous supernatant was trans-
ferred to a new tube. Isopropyl alcohol (0.5 mL for each mL of
trizol used) was added to the tubes, and after a brief vortex, the
mixture was incubated for 30 min in room temperature. The
mixture was then centrifuged at 4 °C for 10 min and at 12000g to
form the RNA pellet. The supernatant was then removed, the
tubes was blotted, and the pellet was washed with 75% ethanol
(1 mL for each mL Trizol used) by vortexing. The mixture was
then centrifuged at 7500g at 4 °C for 5 min. The tube was then
blotted, and the RNA was dissolved in RNase-free water and
incubated at 60 °C for 10 min. Extracted RNA was quantified by
a Nanovue.
To synthesize cDNA, 0.5 μg of total RNA was reverse

transcribed by using random hexamer primer and dNTPmix and
heated at 65 °C for 5 min. Then synthesis buffer (5×), DTT
(0.1 M), and RNAout RNase inhibitor (1.8 U/μL) were added,
and the solutions were incubated at 37 °C for 2 min. MMLV RT
enzyme was added to the solutions and incubated at 25 °C for
10 min, 37 °C for 50 min, and 70 °C for 15 min for cDNA syn-
thesis. Human beta-actin was used as the endogenous gene for
the PCR analyses performed as a part of this study. All the
primers designed for this study were validated before use by gel
electrophoresis (to confirm the length of produced nucleotide
and specificity of the primer) and PCR with a wide range of
cDNA concentration (to ensure consistent efficiency at different
starting concentrations by observing 0.1 > slope > −0.1 for the
ΔCT vs logarithm of cDNA dilution graph). Analysis was per-
formed by calculating cycles required for reaching threshold (CT),
ΔCT, ΔΔCT, and relative quantity (RQ) using endogenous gene
and “no treatment” (NT) group as our points of reference.

2.4. Evaluation of Cell Viability after siRNA Treatment.
The effect of individual and combinational siRNA silencing on
the viability of cells was evaluated by the MTT assay as reported
previously.42 The cells (both naive and DOX-resistant) were
exposed to the PEI-LA/siRNA complexes for 72 h. For the
MTT assay, 10 μL of a 5 mg/mL 3-(4,5-dimethyl-2-thiazolyl)-2,
5-diphenyl-2H-tetrazolium bromide solution in HBSS was added
for each 100 μL of medium in the well, and the plates were incu-
bated at 37 °C for 1 h. The media were then removed, and equiv-
alent volume of DMSO was added to the wells. The absorbance
was quantified with a microplate reader at 570 nm. A blank group
was also included with cells alone (DMSO addition without any
MTT dye) to subtract DMSO background from the readings.
The MTT absorbance values for treated cells were normalized
with the absorbance from untreated cells (i.e., NT group) to
obtain a percent viability.

2.5. Statistical Analysis. The significance of the changes in
mRNA levels (analyzed by RT-PCR) and cell viability were
evaluated using Student’s t test (p < 0.05). Standard deviations
were calculated for all results shown and are represented as the
error bars in all figures. Pearson’s correlation coefficient was
calculated where indicated and its significance was determined by
the t test, according to the following equation:

= −
−

t r
n

r
2

1 2
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where r is the correlation coefficient and n is the number of
samples. The calculated value of t was compared to p values
for each degree of freedom to determine the significance of
the correlation. The margins of error for the linear regression
(Figure 7B)were calculated based on standard error for dependent
variable (SEy), and the t score associated with 95% level of
confidence. The SEy was calculated based on the following
equation:

∑=
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where n is the number of data, and x ̅ and y ̅ are the mean values for
independent and dependent variables, respectively. Confidence
interval for predicted y values (ΔyCI) was calculated by

Δ = αy
t y

n
CI

SEy,

3. RESULTS
3.1. Expression of Selected Genes in Naiv̈e and DOX-

Treated Cells. To investigate changes as a result of DOX
exposure, we performed a RT-PCR analysis of mediators in selec-
ted signaling pathways in the cell models (Supporting Figure 1).
As expected, our analysis revealed a significant increase in
P-glycoprotein mRNA levels (>1000- and >10-fold in MDA-
MB-435 andMDA-MB-231 cells, respectively) as a result of DOX
exposure. A similar overexpression of mRNA for the other
efflux protein Breast Cancer Resistant Protein (BCRP) was only
observed inMD-MB-231 cells. Mcl-1, survivin, and NFκB showed
significant overexpression in both cell lines. JUN, MYC, and
ACVR showed significant overexpression only in MDA-MB-231
cells, but not in MDA-MB-435 cells as a result of DOX exposure.
JAK2 showed a reverse trend in these two cell lines: it was down-
regulated in MD-MB-435 resistant cells (∼50% of naive cells)
and was overexpressed (∼2-fold compared to naive cells) in
MDA-MB-231 resistant cells. A similar down-regulation was
observed for FOS in MDA-MB-435 cells. Other variations in
the mRNA levels compared to naive cells, while occasionally
statistically significant (e.g., eIF4 overexpression in both cell
lines), did not seem to indicate a strong correlation with cell
response to drug exposure.
3.2. Silencing Individual Targets and Cell Viability.After

selection of targets from RT-PCR analysis, we evaluated the
effect of silencing individual protein mRNAs on the viability of
the naive and DOX-resistant cells. Naiv̈e and resistant cells were
exposed to three concentrations (9, 18, and 36 nM) of specific
siRNA/polymer complexes for 72 h. While the lowest siRNA con-
centration had no significant effect on cell viability (Figures 2A,B),
the 18 nM concentration effectively reduced the cell viability
in both resistant and naive MDA-MB-435 cells for siRNAs tar-
geting JAK, S6K, MYC, FOS, and JUN. The highest siRNA con-
centration (36 nM) created a significant drop in MDA-MB-435
cell viability for all selected siRNAs. However, this effect was only
statistically significant for the siRNAs that were not effective at
18 nM concentration (ACVR, NFκB, and eIF4E). JAK2 was the
most effective siRNA at 36 nM (Figures 2A,B). The siRNA
response of resistant and naive cells was similar, as evident by the
significant (p < 0.005) correlation between the cell viabilities
obtained in the two cell populations (R = 0.912; Figure 2C). The
MDA-MB-231 cells were less responsive to silencing of selected
targets, and similar experiments in naive and resistant cells did

not create significant drop in cell viability compared to the
scrambled siRNA (Supporting Figure 2). We noted a significant
effect of control treatment at high concentrations (36 nM), indi-
cating a general toxicity of the formulations at this concentration.

3.3. Gene Expression Profiles in Response to Individual
Silencing. The silencing efficiency of targeted protein mRNAs
was evaluated by RT-PCR, in addition to a panel of nontargeted
protein mRNAs selected from the same or parallel signaling
pathways. RT-PCR analysis was initially performed at two
different time-points (24 and 48 h after siRNA treatment) to
determine silencing kinetics (Figure 3). Naiv̈e andDOX-resistant
MDA-MB-435 cells showed an early response to siRNA silencing
after 24 h. In fact, S6K siRNA was the only siRNA that did
not result in >30% drop in mRNA level of targeted proteins
(Figure 3A). The siRNAs targeting NFκB and STAT3 led to the
most significant drop in the mRNA level of respective proteins.
After 24 h, the effect of siRNA silencing on nontargeted protein
mRNAs was relatively less, and expression levels of Mcl-1, S6K,

Figure 2. Effect of individual silencing of selected targets in naive
(A) and DOX-resistant (B) MDA-MB-435 cells: Cells were exposed to
different siRNA concentrations delivered as polymer/siRNA complexes
with w/w ratio of 8:1, and the MTT assay was performed after 72 h.
Asterisks and ‡ indicate significant difference in cell viability compared
to exposure to 9 and 18 nM siRNA concentrations, respectively.
(C) The correlation in cell viability between the siRNA treated naive and
DOX-resistant cells. A significant correlation (p < 0.005) was observed.
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and JAK2 seemed to be most affected by silencing the other
protein mRNAs.
The 48-h analysis ofMDA-MB-435 cells revealed amore signifi-

cant response (Figure 3B). The mRNA levels of all targeted

proteins were less than 50% compared to cells treated with
scrambled siRNA. The most significant drop was again observed
for STAT3 (∼7.5% of scrambled siRNA levels). Greater numbers
of protein mRNAs were affected by specifically targeting other

Figure 3. Real-time PCR analysis of mRNA levels of selected proteins after individual silencing: Protein expression profile at the mRNA level was
analyzed in naive and DOX-resistant MDA-MB-435 cells at 24-h (A) and 48-h (B) exposure to 18 nM siRNA concentration delivered by
polymer:siRNA complexes at w/w ratio of 8:1. The rows represent the specific siRNA delivered, while the columns indicate the protein mRNAs that
were analyzed in this experiment. The individual numbers indicate the fraction of the remaining mRNA level relative to scrambled siRNA treated cells.
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protein mRNAs at this time point. For example, 48 h after
silencing STAT3, the mRNA level of all selected proteins showed
at least 25% decrease, while some showed >50% decrease.
Consistent with the cell viability data, MDA-MB-231 cells were
less responsive at the mRNA level. Even after 48 h, few siRNAs
were capable of lowering themRNA level of the targeted proteins
(e.g., NFκB, S6K, and Mcl-1 in DOX-resistant cells and S6K and
MYC in naive cells (Supporting Figure 3)). In addition, only a
few nontargeted protein mRNAs showed any response to siRNA
silencing of other protein mRNAs. The mRNA levels of S6K in
naive cells and NFκB in DOX-resistant cells were most sensitive
to silencing of other protein mRNAs.
In MDA-MB-435 cells, the obtained silencing efficacies also

showed a significant correlation between the naive and DOX-
resistant cells (R of 0.74 and 0.79 for 24- and 48-h time-points,
respectively; p < 0.01 and 0.005, respectively; Figure 4A,B).
However, a closer inspection of the RT-PCR results, especially
at the 48-h time-point (where most points are above the 1:1
correlation line shown as dashed line), indicated that naive
MDA-MB-435 cells were slightly more responsive with most
targeted protein mRNAs. However, while the numbers of
nontargeted protein mRNAs affected by individual silencing
seemed to be higher in naive cells (see heat maps in Figure 3),

a significant correlation in silencing of nontargeted protein
mRNAs was observed in MDA-MB-435 naive vs resistant cells
at both time points (Figure 4C,D). We also investigated a
correlation between the changes in mRNA level of each protein
as a response to silencing other targets in naive and DOX-
resistant cells. At 24-h time-point, the mRNA levels of selected
proteins showed different patterns. While some protein mRNAs
(i.e., S6K, STAT3, NFκB, and Mcl-1) showed strong corre-
lations, others (i.e., MYC, JUN, and FOS) responded differently
to silencing of other protein mRNAs in naive and DOX-resistant
cells (Figure 5A). After 48 h, mRNA levels of STAT3, Mcl-1, and
NFκB showed similarly strong correlations, while JUN and FOS
followed a pattern similar to the earlier time-point (Figure 5B).
The correlation coefficient did not change drastically for JAK2,
ACVR, and eIF4 from 24 to 48 h after silencing (0.5−0.6 for all
three). Despite the strong correlations seen for silencing
response between the naive and resistant cell lines, no significant
correlation was observed between the initial expression level
of the protein (indicated by CT for the targeted mRNA in
“No treatment” group) and the silencing efficiency (based on RQ
of the mRNA after silencing; Supporting Figure 4). In fact, a
correlation between cell viability after silencing of individual

Figure 4. Correlation in silencing efficiency between the naive and DOX-resistant cells (data presented in Figure 3): expression levels of targeted
proteins (expressed as relative quantity or RQ compared to cells treated with scrambled siRNA) were used after 24 (A) and 48 h (B) of silencing.
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targets, and the silencing efficiency (mRNA level after 48 h) was
not observed (Supporting Figure 5).
3.4. Expression of Selected Genes in Original and

Survivor Cells after Individual Silencing. In order to

characterize gene expression profile in surviving cells, we selected
four targets (Mcl-1, JAK2, STAT3, and JUN) and treated cells
with individual siRNAs at 27 and 54 nM concentrations. The latter
siRNA dose was capable of eliminating the majority of the cells.

Figure 5. Correlations in cell response to individual target silencing: The mRNA levels for selected set of nontargeted proteins was evaluated in naive
and DOX-resistant MDA-MB-435 cells (data presented in Figure 3). In order to compare the impact of individual silencing of selected targets on
nontargeted protein mRNAs, the RQ of nontargeted protein mRNAs were correlated for each delivered siRNAs after 24 (A) and 48 h (B) of silencing.
NS: not significant.
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The analysis was conducted after 24 h (before cell loss) and 72 h
(only the survivor population remaining) (Figure 6). With 27 nM
siRNA treatment, the mRNA levels of the targeted pro-
teins were <40% for all cells after 24 h of silencing. The mRNA
levels of nontargeted proteins demonstrated different patterns
at this time point; for instance, while STAT3 silencing showed
almost no effect on nontargeted protein mRNAs (Mcl-1, JAK2,
and JUN), JUN silencing affected all other protein mRNAs
(Mcl-1, JAK2, and STAT3) to some extent (Figure 6A). Control
siRNA treatment initially (24 h) gave some changes in the levels
of analyzed protein mRNAs, which was restored by the 72-h
analysis point.
Upon analyzing the survivor cells after 72 h, we observed a

similar down-regulation of Mcl-1, JAK2, and STAT3 mRNA
levels as in earlier time point (in both 27 and 54 nM doses).
Upon JUN siRNA treatment, however, the mRNA levels in
survivor cells was significantly higher than the population at the
earlier time-point. However, even in this population, the level
of JUN mRNA was lower than NT and scrambled siRNA
(C-siRNA) groups. The mRNA level of nontargeted proteins,
however, was significantly different than the earlier time-point;
for example, the mRNA levels of all three nontargeted pro-
teins after 72 h of JUN silencing were higher than the initial 24-h
time-point (equivalent to scrambled siRNA treatment). In fact,
the mRNA levels of Mcl-1 and STAT3 were even higher than
nontreated cells, but not significantly different from the scrambled

siRNA group (Figure 6B). The higher dose of 54 nM did not
significantly improve the silencing efficiency in targeted protein
mRNAs at both time-points (Figure 6C). Also, the survivors
showed a higher mRNA level at 72 h for JUN in JAK siRNA-
treated cells and STAT3 in JUN siRNA-treated cells (Figure 6D).
A similar pattern was observed for JUN expression in cells treated
with JUN siRNA.
In order to analyze longer term responses, cells treated with

54 nM siRNAwere cultured up to 14 days (Supporting Figure 6).
After 7 days, most mRNA levels returned to normal levels
(i.e., equivalent to NT group); however, targeted STAT3 and
nontargeted Mcl-1 and JAK2 mRNA levels were still significantly
down-regulated compared to the NT group. After 14 days, these
mRNAs showed a tendency to return to the nontreated levels of
expression.

3.5. Response to Combinational Silencing. In order to
perform a comprehensive evaluation of combinational silencing,
all possible combinations of siRNAs targeting selected proteins
were investigated (see Supporting. Figure 7). A direct compar-
ison to individual silencings were included by using a combi-
nation of specific siRNA with scrambled siRNA. A combination
of 9 nM siRNAs was used for a total siRNA concentration of
18 nM. At this concentration, many of the selected siRNAs
showed no or minimum response when combined with scram-
bled siRNA. Only survivin siRNA showed >30% drop in cell
viability in both naive and DOX-resistant cells as a single siRNA

Figure 6. Protein expression profiles in the initial population and the survivors of individual siRNA treatments: The expression levels of selected proteins
were evaluated in naive MDA-MB-435 cells after 24 h (A and C; representing the whole population) and 72 h of silencing (B and D; representing the
survivors of siRNA treatment after removal of cell debris) using 27 (A,B) and 54 nM (C,D) siRNA delivered by polymer/siRNA complexes at w/w ratio
of 8:1. Asterisks indicate significant difference compared to the whole population (24-h time point).

Molecular Pharmaceutics Article

DOI: 10.1021/acs.molpharmaceut.6b00711
Mol. Pharmaceutics 2016, 13, 4116−4128

4123

http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.6b00711/suppl_file/mp6b00711_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.6b00711/suppl_file/mp6b00711_si_002.pdf
http://dx.doi.org/10.1021/acs.molpharmaceut.6b00711


therapy. However, many of the investigated combinations showed
significant efficacy in both cell types (Figure 7A). In general,
ACVR showed to be a poor candidate for combinational silencing
in naive MDA-MB-435 cells. It performed slightly better in
resistant cells, where ACVR/STAT3 combination decreased the

viability to <50%. While ACVR/survivin siRNA combination
created a similar result, it was not superior to the survivin siRNA
treatment. JAK2 and STAT3 siRNAs seemed more effective as
they generated significant drops in cell viability in most of their
combinations. The most efficient combination, however, was the

Figure 7. (A) Effect of simultaneous silencing (multiple siRNA treatment) on cell viability: Naiv̈e (upper panel) and DOX-resistant (lower panel)
MDA-MB-435 cells were exposed to all possible combinations of selected siRNAs (including scrambled siRNA for single silencing; 9 nM each) and the
cell viability (as a percentage of “No Treatment” group) is presented as a heat map. (B) Correlation in cell viability between the naive and DOX-
resistance cells for all treatment groups (p < 0005). The mRNA levels of selected proteins after combinational silencing: Protein expression profiles at
the mRNA level were analyzed in the whole population of naive MDA-MB-435 cells at 24-h (C) and the survivors of combinational silencing at 72-h
(D) time points after exposure to 18 nM of total siRNA concentration delivered by polymer/siRNA complexes at w/w ratio of 8:1, and the results are
presented as heat maps. All siRNAs, including scrambled siRNA for single silencing, were combined at a 1:1 ratio (9 nM for each siRNA).
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Mcl-1/RPS6KA5 combination, which diminished the viability of
naive and DOX-resistant MDA-MB-435 cells to 39.7 and 17.9%,
respectively (Figure 7A). The consistency of the results in both
naive and drug-resistant phenotypes was reflected in the signifi-
cant correlation (R = 0.83; p < 0.0005) observed for the entire set
of data created in this study (Figure 7B). Confidence intervals
were also built based on 95% confidence level, to signify the
combinations with significantly higher efficiency in either of the
cell phenotypes (see Discussion).
3.6. Expression of Selected Genes in Original and

Survivor Cells after Combinational Silencing. In order to
further analyze the efficacy of combinational silencing, we
compared the mRNA levels of the surviving MDA-MB-435 cell
population after 72 h to the initial cell population (evaluated at
24 h; Figure 7C,D). As expected, themRNAs of targeted proteins
were significantly down-regulated (RQ < 0.5, with the exception
of JUN) at early time point. Simultaneous treatment with two
siRNAs showed mixed effects on the silencing efficiency. In some
cases, the silencing efficacywas significantly increased (e.g., STAT3:
Individual silencing RQ = 0.47; in combination with JAK2 RQ =
0.31; p < 0.05), but in other cases, it was unchanged or decreased
(e.g., Mcl-1: Individual silencing RQ = 0.39; in combination with
STAT3 RQ≈ 0.5; Figure 7C). The effect of simultaneous siRNA
treatments on the mRNA levels of nontargeted proteins also
varied. For example, individual JAK2 and STAT3 siRNAs showed
little effect on the mRNA level of NFκB (RQ of 0.87 and 1.11,
respectively); however, with JAK/STAT3 siRNA combination,
a RQ of 0.67 was observed for NFκB. However, while JAK2 and
JUN individual silencing had a significant down-regulating effect
on nontargeted ACVR (RQ of 0.75 and 0.60, respectively), the
JAK/JUN siRNA combination failed to show the same effect
(RQ of AVCR = 0.84; Figure 7C).
The gene expression profile of the selected proteins at 72 h

time-point showed distinct findings. The population of survivor
cells consistently showed a more significant down-regulation of
the targeted protein mRNAs. For example, the STAT3/Mcl-1
combination down-regulated the mRNA of targeted proteins
to RQs of 0.41 and 0.50 in the whole population after 24 h,
respectively, the same combination created RQs of 0.19 and
0.30 for STAT3 and Mcl-1 in the survivor population, respec-
tively. More importantly, the survivor population showed a higher
expression of a few proteins than the untreated MDA-MB-435
cells (Figure 7D). Survivin demonstrated RQs of over 1.0 inmost
of the treatment groups; however, it was more frequently
up-regulated in the combinational silencing (2 out of 4 in indi-
vidual siRNA treatments and 5 out of 6 in combinational siRNA
treatments). ACVR was another protein that showed an over-
expression in half of the study groups (with similar frequency in
individual and combinational silencing), but the absolute change
was relatively minor and considered not significant in most cases.
Perhaps, the most significant overexpression belonged to JUN,
which showed decreased mRNA levels in most of the study
groups, even as a nontargeted protein (e.g., RQ = 0.65 in cells
treated with JAK2 siRNA). However, the RQ of 1.39 in cells
surviving JAK2/STAT3 silencing was noticeable (Figure 7D).

4. DISCUSSION
This study investigated the effect of silencing specific genes
involved in cell proliferation and survival on the expression of
other proteins that are components of the same or parallel
signaling pathways. Expression profile immediately following
siRNA treatment as well as after surviving the treatment was
explored. The ultimate objective was to identify potential targets

for simultaneous silencing as a therapeutic strategy in cancer
treatment since silencing multiple mediators of cell survival is
more likely to lead to more effective therapies as compared to
silencing single targets. In order to select the relevant targets,
we (i) identified key proteins involved in three major signaling
pathways based on literature (Figure 1), (ii) elucidated the link-
ages of the signaling proteins to antiapoptotic molecules, and
(iii) analyzed the changes in gene expression profile as a result
of resistance induction against DOX (Supporting Figure 1). In
our PCR analysis of DOX-resistant cells, overexpression of
P-glycoprotein was overwhelming, which is consistent withmultiple
reports and P-glycoprotein’s role as a DOX efflux pump.43−45

Significant overexpression of Mcl-1, survivin, JUN, MYC, S6K,
NFκB, and JAK2 in one or both cell lines was additional evidence
for importance of these targets in enhanced survival of cancer
cells, making them potential candidates for subsequent targeting.
While targeting individual protein mRNAs using specific

siRNAs (Figure 2), significant down-regulation of Mcl-1 and
RPS6KA5 was shown at mRNA level with 9 nM siRNA,29 but
this concentration proved ineffective in diminishing cell viability.
The extent of down-regulation at this concentration presumably
did not reach the threshold required for a phenotypical effect.
Increasing the siRNA concentration to 36 nM did not further
increase the efficacy of the siRNAs that were effective in decreasing
cell viability at 18 nM, indicating a robust effect of siRNAs even
at the low 18 nM concentration. The only exception to this
observation was JAK2, which showed a progressive increase in
efficacy with the increased concentration and demonstrated the
most significant drop in cell viability in MDA-MB-435 cells.
We previously reported siRNA delivery efficiency in both MDA-
MB-231 andMDA-MB-435 cells using the same delivery system,29

which indicated a lower uptake level in MDA-MB-231 cells. This
could probably explain the lower siRNA response in the MDA-
MB-231 cells.
Our hypothesis was that silencing selected genes would

have an impact on related protein expressions in the same or
alternative pathways. To test this hypothesis, we analyzed
the mRNA levels of nontargeted as well as targeted proteins.
Overall, we had down-regulation in the mRNA levels of many
nontargeted proteins within the duration of experimental studies
(24−72 h). Mcl-1 was a critical protein, whose mRNA level was
affected by silencing multiple other protein mRNAs. A recent
report has demonstrated the role of JAK2/STAT3 signaling in
Mcl-1 expression,46 and our results firmly confirmed this effect.
After 48 h of STAT3 silencing, all of our selected proteins showed
down-regulation at mRNA level in the naive cells, highlighting
STAT3 as the most broadly connected target. In comparison to
Mcl-1, expression of survivin (other antiapoptotic protein in the
study) was generally less responsive to silencing of other protein
mRNAs. However, S6K mRNA levels were significantly affected
by silencing most of the other protein mRNAs in naive MDA-
MB-435 cells, while a similar effect was not observed in DOX-
resistant cells. Our PCR analysis (Supporting Figure 1) showed
a significant up-regulation of S6K mRNA in DOX-resistant
cells, which might explain lower response in the resistant MDA-
MB-435 cells. JUN and MYC expression was not affected initially,
while both seemed more responsive to silencing other targets at
the later time-point. Some other observations are more difficult
to explain. For instance, JAK2 mRNA levels were decreased after
silencing of many targets at both time-points (especially in naive
cells). However, JAK2 directly interacts with cytokine receptors,
which makes it an upstream mediator relative to almost all
other selected proteins.47 Therefore, down-regulation of JAK as a
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response to FOS silencing (for instance) might be suggestive of
regulatory feedback and will require further analysis to elucidate.
In less-responsive MDA-MB-231 cells, S6K, MYC, and JUN
were more responsive in naive cells, as opposed to the JAK and
NFκB in the DOX-resistant cells. This is interesting since MYC
and JUN gave overexpression as a result of DOX resistance
induction in MDA-MB-231 cells, but not in the MDA-MB-435
cells.
Despite some differences in the response of naive and DOX-

resistant cells, there was a significant correlation in silencing
of selected genes (Figure 4A,B) in both phenotypes of MDA-
MB-435 cells. This is indicative of a similar siRNA response,
regardless of previous cellular exposure toDOX.However, a closer
inspection of the expression of nontargeted proteins revealed that
this conclusion cannot be extended to all proteins (Figure 5).
Individual silencing ofMcl-1, NFκB, S6K, and STAT3 (and ACVR
to some extent) seemed to create a similar response in the expres-
sion level of other selected proteins in naive and DOX-resistant
cells. However, the response to FOS, JUN, and MYC silencing
was not correlated between the naive and DOX-resistant cells.
A similar reaction of nontargeted protein mRNAs to siRNA
silencing could be interpreted as a higher involvement of targeted
proteins in cell survival and a wider connection to other effectors
of the signaling pathway. This could be a plausible explanation
for the differences against JAK2, STAT3, and NFκB silencing
as compared to FOS, JUN, and MYC. The former group of pro-
teins could be considered “upstream” compared to the latter.
STAT3 and JAK2, specifically, are among proteins known for
their vast connection to other proteins in different signaling
pathways.24−26 Also, a close cross-talk has been reported between
STAT3 andNFκB.48 A correlation between the expression level of
targeted proteins and the silencing efficiency did not reveal a
strong effect Supporting Figure 4), which is an indication that the
siRNA silencing efficiency did not depend on the abundance of
the target in cells. As expected, a strong correlation was not also
observed between the silencing efficiency and cell viability
(Supporting Figure 5) since not all proteins are equally crucial in
the survival of the investigated cells.
In addition to initial siRNA response, the mRNA levels of

targeted proteins in the survivors of siRNA treatment were also
analyzed. We were interested to know whether cell survival was
due to failure of the silencing process in remaining cells, or
overexpression of alternative proteins saved them from the
effects of siRNA treatment. Among the four selected siRNAs in
this experiment, Mcl-1, JAK2, and STAT3 showed a similar
down-regulation in the initial population and the survivors
(Figure 6). This indicates that cell survival was not due to
silencing failure, and more likely explained by cells relying on
alternative pathways for survival at the time of silencing. Only
JUN mRNA level was significantly higher in the surviving cells,
which could be an indication of the up-regulation of this target
and its involvement in cell survival. The surviving cells showed an
overexpression of other protein mRNAs as well that might be
involved in their enhanced survival; for example, Mcl-1 in cells
that survived JAK2 and JUN siRNA treatment, and STAT3 in all
other treatment groups. Hence, no universal protein target
has emerged after survival with different siRNA treatments, and it
is likely that cells may rely on different proteins for survival
depending on the specific siRNA treatment.
Our logical next step was to evaluate the possibility of

enhancing the siRNA effect with a combinational approach.
We explored all possible combination for the selected targets by
using a 1:1 ratio for the combined siRNAs. Specific siRNAs

combined with scrambled siRNA (to imitate the individual
silencing, but with a similar total siRNA concentration) did not
show an overwhelming efficacy at the relatively low 18 nM con-
centration. The only exception was survivin targeting that led to
54.6% and 37.7% viability in the naive and DOX-resistant MDA-
MB-435 cells, respectively. Combination of Mcl-1 and RPS6KA5
was shown to be the most effective approach in reducing cell
viability, in line with our previous report.29 Among other
successful combinations were JAK2/STAT3, JUN/STAT3,
S6K/STAT3, and JAK2/Mcl-1 (only in naive cells). A greater
impact on cell viability was expected with silencing JAK2 and
STAT3 simultaneously, considering the direct activation of
STAT3 by JAK2. It was also reported that after internalization
into nucleus and binding to DNA, STAT3 would cooperate with
other transcription factors, such as JUN, to regulate gene expres-
sion,49 which could explain the efficiency of the JUN/STAT3
combination. A direct link between STAT3 and S6K is not
obvious in the literature; however, it has been reported that
STAT3 is interconnected to mTOR, which is also an upstream
factor and activator of S6K.50 Transcription of Mcl-1 by JAK2
activation is also documented, which could explain the efficacy
of JAK2/Mcl-1 siRNAs.46 The correlation coefficient for the
viability in naive vs DOX-resistant cells (R ≈ 0.83) was statis-
tically significant; however, considering the confidence intervals
(α = 0.05), many combinations were deemed significantly more
efficient in either naive or resistant cells. The overall trend was
skewed from the equal efficiency line (presented as dotted red line)
that was indicative of an overall higher efficiency in resistant
cells. Particularly, the siRNA combinations targeting STAT3/
RPS6KA5, STAT3/ACVR, Mcl-1/S6K, and Mcl-1/RPS6KA5
were specifically more efficient in DOX-resistant cells than naive
cells (42.5% vs 73.5%, 49.1% vs 76.7%, 58.6% vs 82.8%, and
17.9% vs 39.7% viability, respectively). The other significant
outlier (Mcl-1/ACVR combination with 81.9% vs 116.6% viability
in resistant and naive cells, respectively) could be ignored due to
the abnormal high viability (>100%) for naive cells, and lack of
significant change from the untreated cells. However, combina-
tions targeting MYC/JUN, MYC/JAK, and MYC/FOS seemed
more efficient on naive cells compared to DOX-resistant cells
(45.2% vs 67.3%, 52.1% vs 68.8%, and 60.6% vs 80.6% viability,
respectively). It is noteworthy that MYC was central in these
combinations, which could be interpreted as a sign of a less crucial
role for this protein in the survival of DOX-resistant cells. Further
experiments are required to evaluate this hypothesis.
We again analyzed the expression of selected protein target

after combinational siRNA treatment, comparing the response of
whole population shortly after silencing treatment to those of
survivors after 72 h. We did not expect to see any overexpression
initially as a result of silencing, which is confirmed by the results
in Figure 7C. A widespread down-regulating effect on non-
targeted protein mRNAs was also evident, which seemed to be
more significant in the combinational silencing groups.
Inspection of the mRNA level of targeted proteins demonstrated
that the survival of the cells was not due to silencing failure, as
none of the mRNA level of targeted proteins was higher in
the survivor cells. This is encouraging since it indicates the
reliability of our silencing strategy (i.e., its ability to silence a wide
range of targets). It also confirms the hypothesis that survival of a
subset of breast cancer cells might be due to inherent hetero-
geneity in the cell population and availability of alternative
pathways for survival. The more important finding was the
overexpression of survivin in surviving cells in most of the
treatment groups, as well as JUN in JAK2/STAT3 combinational
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silencing. This indicates a more important role of these proteins
in the survival of these cells in spite of efficient silencing of
targeted proteins.
Finally, certain shortcomings of the reported experiments

must be highlighted. MDA-MB-435 cells were the main cell
model used in this study; we restricted the studies mostly to one
cell model since it is likely that the signaling cascades could be
significantly different among different cell models. With the large
number of protein mRNAs analyzed in this study, employing
multiple cell models would have made the scope of this study
unpractically large. Now that we identified specific targets
especially for combinational silencing, it will be appropriate to
assess how universally applicable they will be in multiple cell
models. We note that control treatments under some conditions
(usually high dose and at initial time points) did affect cell
viability and transcript levels of targets were affected. We, how-
ever, reached our conclusions based on treatments where the
control effect was minimal and/or compared the effect of specific
siRNAs to control treatment, and made our conclusions accord-
ingly. We note that we relied heavily on RT-PCR analysis of gene
transcript (mRNA) levels, and it is possible that there might be
some deviations from the actual protein levels. Our assumption
has been that there is a good relationship between the transcript
and protein levels, which might not be universally valid. We anti-
cipate to further address this issue with select set of targeted
proteins in future studies.We finally note that some of the changes
observed after siRNA treatment might be due to nonspecific
effects. For example, even control siRNA treatment gave changes
in targeted protein mRNA levels after 24 h of treatment. Such
effects diminished after 72 h, which was considered a more
reliable time point for the changes investigated. However, it is not
possible to totally rule out any interference of the employed
siRNAs on the mRNA of nontargeted proteins (e.g., by non-
specific binding between the leading strand of siRNA andmRNA
sequence of a nontargeted protein). Future studies focusing on a
handful of targets might be pursued with multiple siRNA species
(different sequences designed for binding to different regions
of target mRNAs) to determine if nontargeted changes are
universally observed.

5. CONCLUSION
This study investigated silencing of a panel of well-selected genes
in breast cancer cells at themRNA level and their impact on other
protein mRNAs in interconnected signaling pathways, which
could serve as a rationale for combinational siRNA therapy. Our
data confirms interconnectivity of the selected mediators as early
as 24 h after silencing. We here demonstrate a widespread effect
of silencing individual effectors of pathways involved in cell
proliferation and survival, whereby other nontargeted protein
mRNAs in the same and/or parallel signaling pathways are
altered as a result of silencing other protein mRNAs. Our data
show a widespread effect of STAT3 silencing on the nontargeted
genes, which indicates a “nodal” role for this protein. However,
further studies are required to confirm our findings especially on
protein levels of the highlighted targets. We also confirmed the
potential benefit of simultaneous silencing of selected targets
in suppression of cancer cell viability. The polymeric delivery
system described here was capable of undertaking combinational
delivery of wide ranging protein targets with successful silencing
efficiency. Our study indicates that one possible explanation for
the innate resistance to molecularly targeted drugs (and possibly
to siRNA silencing) is the ability of a malignant cell population to
alter other signaling pathways to compensate the expression of

silenced proteins. Further exploration of the proteins that could
potentially create such resistance could introduce more options
for simultaneous targeting of the genes involved in aberrant
cancer cell survival.
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