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ARTICLE INFO ABSTRACT

Keywords: Combinatorial silencing of more than one protein via small interfering RNA (siRNA) is a new strategy that can
Combinatorial silencing enhance the effect of RNA interference on cell function. To explore this strategy, we selected JAK/STAT axis as a
JAK2 major signaling pathway that contributes to several mechanisms involved in cancer cell proliferation and sur-
STAT3 : o s . . 1s1s . opoe .
2p130 vival. We focused on four proteins involved in this pathway to explore the possibility of identifying a combi-

Breast cancer natorial targeting strategy (as the proof of concept) with enhanced efficiency: gp 130 (a co-receptor for IL6

siRNA cytokines), JAK2, STAT3, and importin a3 (the nuclear transporter reportedly involved in translocation of
activated STAT3 to nucleus). Selected proteins were targeted by siRNA in two selected Triple Negative Breast
Cancer cell lines (MDA-MB-231 and MDA-MB-468). The effect of individual and selected combinations of siRNAs
on selected downstream antiapoptotic proteins, pro-apoptosis proteins, and cell-cycle regulating proteins was
explored. Combinatorial silencing of JAK2/gp 130 enhanced the effect of RNA interference on downstream
proteins significantly, and demonstrated enhanced effect in reducing cell viability, cell migration, and the level of
activation of STAT3. In conclusion, the promising results of simultaneous targeting of JAK2 and gp 130 might be
an example for potential combinatorial silencing strategies in cancer treatment.

IL6ST interleukin 6 signal transducer

List of abbreviations JAK janus tyrosine kinase

Bel B-cell leukemia/lymphoma KPNA4  karyopherin subunit alpha 4
Bcl-XL  B-cell lymphoma-extra large LIF leukemia inhibitory factor
CCK cell counting kit Mcf7 Michigan Cancer Foundation-7
CDK cyclin-dependent kinase Mcl Myeloid cell leukemia

CNTF ciliary neurotrophic factor NT no treatn’lent

CT-1 cardiotrophin-1 OsM Oncostatin M .
CXCR4 C-X-C chemokine receptor type 4 PAGE polyacrylamide gel electrophoresis
DMEM  Dulbecco’s modified Eagle’s medium PCR polymerase chain reaction

EGFR epithelial growth factor receptor PR progesterone receptor

ER estrogen receptor PTEN phosphatase and tensin homolog

FBS fetal bovine serum PVDF polyvinylidene fluoride

FITC fluorescein isothiocyanate (FITG) RPMI Roswell Park Memorial Institute Medium
GAPDH glyceraldehyde 3-phosphate dehydrogenase RTK receptor tyrosine kinases

gp130  glycoprotein 130 SDS sodium dodecyl sulfate

HBSS  Hank’s Balanced Salt Solution siRNA  small interfering RNA

HER human epidermal growth factor receptor STAT  signal transducers and activators of transcription
IL interleukin TNBC triple-negative breast cancer
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Fig. 3. Individual and combinatorial silencing of the selected proteins in JAK/STAT pathway. The silencing efficiency was evaluated at mRNA level using Real-Time
PCR for individual silencing (combination of target-specific and scrambled siRNA) vs. selected combinations in MDA231 (A) and MDA468 cells (B). JAK2 siRNA
showed the lowest silencing efficiency in all study groups in MDA231 cells. Combination of JAK2 siRNA with other selected siRNAs (gp 130, STAT3, or importin a3)
did not increase the silencing efficiency on any of the selected targeted proteins. Bar graphs represent the mean values (n = 3), and the error bars show the stan-

dard deviation.

study the effect of combinatorial silencing we explored some of the
proteins that are regulated by STAT3.

3.3. Downstream proteins

As mentioned before, STATS3 is directly or indirectly involved in up-
or down-regulation of the expression level of a cascade of proteins
(Bousoik and Montazeri Aliabadi, 2018). Activation of STAT3 results in
overexpression of several antiapoptotic proteins, including Mcl-1 (Liu
et al., 2003), Bcl-2 (Gao et al., 2005), and Bcl-XL (Verma et al., 2010),
which contributes to survival of cancer cells and to their resistance to
chemotherapy. The effect of siRNA silencing of selected proteins in
JAK/STAT pathway on expression of these antiapoptotic proteins was
examined using Real-time PCR and Western blot and the results are
summarized in Fig. 4. PCR experiments were performed in selected
TNBC cell lines. In MDA231 cells, individual silencing of STAT3 did not
affect the expression of Bcl-2 or Bcl-XL at mRNA level (Fig. 4A and

Supplementary Table 3). However, the mRNA level of Mcl-1 was
decreased to 58% compared to no treatment (NT) group. This was
somewhat unexpected as a reduction in expression of Bcl-2 levels has
been previously reported in Hep2 cells (Gao et al., 2005). While we
expected a downregulation in Bcl-2 and Bcl-XL mRNA levels as well, a
similar pattern was observed for silencing of importin «3. Individual
silencing of Jak2 showed minimal effect on expression of the selected
antiapoptotic proteins and silencing gp130 alone showed a moderate
effect on all three mRNA levels (63, 77, and 76% mRNA levels compared
to NT group for Bcl-2, Bcl-XL, and Mcl-1, respectively). More interest-
ingly, while combination of JAK2 siRNA with STAT3 or importin a3 did
not show any effect in lowering the mRNA level of either of the anti-
apoptotic proteins in this cell line, JAK2/gp130 silencing showed a
significant downregulation in mRNA level of all three selected proteins
(44, 33, and 44% mRNA levels for Bcl-2, Bel-XL, and Mcl-1, respectively;
Fig. 4A and Supplementary Table 3).

Similar experiment in MDA468 cells showed a more significant

Fig. 4. The effect of Individual and combinatorial silencing of selected proteins in JAK/STAT pathway on expression of selected antiapoptotic proteins (Bcl-2, Bcl-XL,
and Mcl-1). The mRNA expression was determined using RT-PCR in MDA 231 (A) and MDA 468 cells (B). In both cell lines, the drop in mRNA level of all three
antiapoptotic proteins was significantly higher in cells exposed to JAK2/gp130 siRNA combination. Bar graphs represent the mean values (n = 3), and the error bars
show the standard deviation. The effect of single and combinational silencing of gp130 and JAK2 on Bcl2 and Mcl-1 at protein level was confirmed by western
blotting (C) in MDA 231 cells. p-actin served as endogenous protein. A similar trend was noted at the protein level (D). Expression of antiapoptotic related molecules
was normalized to untreated cells (NT). Bar graph represents the mean values (n = 3), and the error bars show the standard deviation. Asterisks indicates significant
difference compared to all other study groups (one-way ANOVA, Tukey post-hoc test; p < 0.05).
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response overall (Fig. 4B and Supplementary Table 4); however, a
similar trend was noted, with a few exceptions. Silencing STAT3 indi-
vidually showed a moderate effect on mRNA level of all three selected
antiapoptotic proteins (~ 40% decrease for three proteins). Silencing
importin a3, however, showed a significant drop in mRNA level of all
three proteins (19, 31, 40% mRNA levels compared to NT group for Bcl-
1, Bcl-XL, and Mcl-1, respectively). This could be due to a decrease in p-
STATS3 translocation to the nucleus, which is required for the over-
expression of these downstream proteins. Silencing JAK2 and gp 130
also showed significant downregulating effect on a sub-set of the
selected antiapoptotic proteins: targeting gp 130 reduced mRNA levels
of Bcl-2 and Bcl-XL to 40 and 61% of NT group, respectively, with no
effect on Mcl-1 expression; and silencing JAK2 decreased mRNA level of
Bcl-XL to ~30% of not treated cells and showed a mild effect (~22%
decrease) on the expression of the other two selected proteins (Fig. 4B
and Supplementary Table 4). In both cell lines, the drop in mRNA level
of all three antiapoptotic proteins was most significant in cells exposed
to JAK2/gp130 siRNA combination one-way ANOVA, Tukey post-hoc
test; p < 0.05). To confirm our observation at protein level, we also
performed a Western blot experiment on Bcl-2 and Mcl-1 expression
levels in MDA231 cells (Fig. 4C). Again, JAK2 silencing did not show any
decrease in the expression of either of the selected antiapoptotic pro-
teins, and gp 130 silencing showed a moderate effect. However, the
combination of JAK2 and gp 130 siRNAs showed a significant down-
regulation of both proteins (Fig. 4D and Supplementary Table 5).
Inversely, STAT3 can also downregulate expression of pro-apoptosis
proteins that play a role in apoptosis induction or progression. These
proteins include Fas (Kunigal et al., 2009), BAX (Liang et al., 2011), and
P53 (Niu et al., 2005). It has also been reported that STAT3 activates
miRNA-21, which downregulates PTEN (among other proteins), which
is a tumor suppressor (Iliopoulos et al., 2010; Yang et al., 2010).
Therefore, expression of PTEN and P53 was also examined as a result of
individual and combinatorial silencing of the selected targets. Again,
real-time PCR was used to quantify mRNA levels of PTEN and P53 in
both TNBC cell lines (Fig. 5A and B, respectively and Supplementary
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Tables 6 and 7). Individual silencing of STAT3 did not increase the
mRNA levels of PTEN significantly in MDA231 cells; however, the
mRNA level for P53 was increased 1.8-folds. Silencing JAK2 did not
affect the expression of either of the two mRNAs; however, targeting
gp130 or importin a3 individually increased the expression of both
mRNA levels in a range of 1.6- to 2-folds (Fig. 5A and Supplementary
Table 6). While combining JAK2 siRNA with STAT3 or importin a3 did
not enhance the observed effect on upregulation of PTEN or P53,
JAK2/gp130 combinatorial silencing did increase mRNA levels ~2.2-
and 3.2-folds for PTEN and P53, respectively.

Again, the magnitude of change in mRNA levels was more significant
in MDA468; however, there were also some discrepancies noted be-
tween the two cell lines. For example, silencing gp130 or Importin a3
individually did not increase the mRNA level of either PTEN or P53,
significantly. Also, combination of JAK2 with importin a3 did not show
any enhanced changes in the mRNA levels. STAT3 individual silencing
increased PTEN and P53 mRNA levels ~ 1.3- and 3.7-folds, respectively,
which was a more significant upregulation compared to the effect
observed in MDA231 cells. Most remarkably, the mRNA levels of PTEN
and P53 increased ~6.4- and 4.8-folds as a result of JAK2/gp130
simultaneous silencing (Fig. 5B and Supplementary Table 7). Overall,
the mRNA levels of both PTEN and P53 proteins showed the most sig-
nificant increase in both cell lines after simultaneous silencing of JAK2/
gp130 (one-way ANOVA, Tukey post-hoc test; p < 0.05). We also per-
formed Western Blot analysis of the two selected pro-apoptosis proteins
in MDA231 cells, and the results are presented in Fig. 5C. The over-
expression of PTEN and P53 proteins was more significant at protein
level compared to our observation in PCR assays. Both PTEN and P53
proteins were overexpressed in cells treated with JAK2 siRNA (~ 2- and
4-folds, respectively) or gp 130 siRNA (~ 3- and 5-folds, respectively);
however, the overexpression was at ~ 6- and 8-folds for the two selected
proteins, respectively, for the cells exposed to JAK2/gp 130 siRNA
mixture (Fig. 5D and Supplementary Table 8). It is noteworthy that a
similar trend was observed in both experiments: P53 seemed to show
more overexpression in different study groups overall, and the
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Fig. 5. The effect of Individual and combinatorial silencing of selected proteins in JAK/STAT pathway on expression of selected pro-apoptotic proteins (PTEN and
p53). The mRNA expression of the pro-apoptotic proteins was determined using RT-PCR in MDA-MB-231 (A) and MDA-MB-468 cells (B). The mRNA levels of both
PTEN and P53 proteins showed the most significant increase in both cell lines after simultaneous silencing of JAK2/gp 130. Bar graphs represent the mean values (n
= 3), and the error bars show the standard deviation. Th effect of single and silencing of gp130 and JAK2 on PTEN and P53 at protein level was confirmed by western
blotting in MDA 231 cells (C). B-actin served as endogenous protein. A similar trend was noted at the protein level (D). Expression of pro-apoptosis proteins was
normalized to untreated cells (NT). Bar graph represents the mean values (n = 3), and the error bars show the standard deviation. Asterisks indicates significant
difference compared to all other study groups (one-way ANOVA, Tukey post-hoc test; p < 0.05).
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combination of JAK2/gp 130 enhanced the effect of silencing on these
downstream proteins compared to individual silencings.

Another protein known to be overexpressed as a result of STAT3
activation is Cyclin D1 protein (Yu et al., 2007; Sinibaldi et al., 2000),
which is a regulator of cell cycle (G1 to S phase progression) and is
linked to progression of cancer (Alao, 2007). Cyclin dependent kinase 4
(CDK4) is one of the binding partners of cyclin D1, which form active
complexes that promote cell cycle progression (Lundberg and Wein-
berg, 1998). Therefore, to explore the effect of interference with
JAK/STAT pathway on cell cycle progression, we explored the expres-
sion of cyclin D1 and CDK4 at mRNA level in the same study groups. In
MDA231 cells, expression of Cyclin D1 was unchanged or only slightly
affected in most of the study groups. Silencing gp 130 and combination
of JAK2 and STAT3 siRNAs reduced the mRNA level of Cyclin D1 to ~
60% compared to NT group. Again, combinatorial silencing of
JAK2/gp130 showed the most significant effect on Cyclin D1 expression
in this cell line by reducing the mRNA level to 45% (one-way ANOVA,
Tukey post-hoc test; p < 0.05; Fig. 6A and Supplementary Table 9).
Among the selected study groups, only individual silencing of importin
a3 and combinations of JAK2/gp 130 and JAK2/importin a3 had a
significant effect on expression of CDK4 mRNA. One-way ANOVA did
not show a significant advantage for JAK/gp 130 combination over the
other two study groups in reducing CDK4 mRNA levels.

Once again, a more significant response was observed in MDA468
cells, where all study groups showed a mild to strong effect on Cyclin D1
and CDK4 mRNA levels. However, the general trend was similar. For
Cyclin D1 expression, individual silencing of importin a3 and the three
selected combinations showed a more significant effect, and combina-
torial silencing of JAK2/gp130 showed the most significant effect (only
7% mRNA expression compared to NT group) as it was observed in
MDA231 cells (one-way ANOVA, Tukey post-hoc test; p < 0.05; Fig. 6B
and Supplementary Table 10). Individual silencing of gp 130 or importin
a3 and combinations of JAK2/gp 130 and JAK2/importin a3 had the
most significant effect on CDK4 mRNA level, and One-way ANOVA did
not reveal a significant difference between JAK/gp 130 combination and
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the other study groups. Overall, silencing JAK2/gp/130 combination
was again advantageous over other selected studies in terms of Cyclin
D1 expression. This distinction was not significant for CDK4 expression
level.

3.4. Cell viability

As discussed before, one of major roles for JAK/STAT pathway is the
effect on cell proliferation and survival. We, however, explored the ef-
fect of individual and combinational silencing of JAK2 and gp 130 on
cell viability in both selected cell lines using CCK-8 assay at different
time points (24, 48, and 72 h after exposure to siRNA). This method uses
a water-soluble tetrazolium salt, which eliminates the error introduced
in this type of assay due to necessity to remove the medium to quantify
the live cells (and therefore a sub-population of cells that are tempo-
rarily detached) and replace it with an organic solvent (e.g., DMSO).

Lipofectamine® has been reported to be quite toxic in specific cell
lines, e.g., HELA cells (Kulkarni et al., 2017). We previously reported a
less significant toxicity in breast cancer cells (~ 80, 77, and 70% in
MDA-MB-231, MDA-MB-468, and AU565 cells, respectively) (Mozaffari
et al., 2019). The cytotoxicity of the Lipofectamine/siRNA complexes in
MDA231 and MDA468 cell lines were consistent with those results. In
both cell lines, silencing JAK2 and/or gp 130 resulted in a significant
drop in cell viability compared to NT cells and cells exposed to Lip-
ofectamine/CsiRNA (Fig. 7).

In MDA231 cells and at 24 h time point, silencing gp 130 or com-
bination of JAK2 and gp 130 siRNAs showed a more enhanced effect on
cell viability compared to JAK2 silencing (32.6 and 29.4% viability,
respectively, compared to 48.2% for JAK2 silencing; all percentages are
normalized based on NT study group); however, there was no significant
difference between gp130 individual silencing and JAK2/gp 130 com-
bination at this time-point. Also, there was no significant difference in
the effect on cell viability among the three study groups included (JAK2,
gp 130, and JAK2/gp130 silencing) at 48 h time-point. After 72 h of
exposure to siRNA(s), the JAK2/gp 130 combinatorial silencing

Fig. 6. The effect of Individual and combinatorial silencing of
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