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Abstract 

Chemoresistance is one of the barriers for the development of bladder cancer treatments. 

Previously, we showed that glycoprotein-130 (GP130) is overexpressed in chemoresistant 

bladder cancer cells and that knocking down GP130 expression reduced cell viability. In our 

current work, we showed that down-regulation of GP130 sensitized bladder cancer cells to 

cisplatin-based chemotherapy by activating DNA repair signaling. We performed 

immunohistochemistry and demonstrated a positive correlation between the levels of Ku70, an 

initiator of canonical non-homologous end joining repair (c-NHEJ) and suppressor of apoptosis, 

and GP130 in human bladder cancer specimens. GP130 knockdown by SC144, a small molecule 

inhibitor, in combination with cisplatin, increased the number of DNA lesions, specifically DNA 

double-stranded breaks, with a subsequent increase in apoptosis and reduced cell viability. 

Furthermore, GP130 inhibition attenuated Ku70 expression in bladder and breast cancer cells as 

well as in transformed kidney cells. In addition, we fabricated a novel polymer-lipid hybrid delivery 

system to facilitate GP130 siRNA delivery that had a similar efficiency when compared with 

Lipofectamine, but induced less toxicity. 
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1. Introduction 

The standard first-line therapy for muscle invasive bladder cancer is neoadjuvant cisplatin-based 

chemotherapy followed by surgery [1]. Despite an initial response, cisplatin-based treatments 

often result in a chemotherapy refractory state, and therapeutic failure [2]. Cisplatin (Cisp) is a 

DNA damaging agent that causes inter-strand and intra-strand DNA crosslinks [2]. Augmenting 

DNA damage responses to cancer treatments has been shown to sensitize cancer cells to 

cisplatin-based treatments [3-6]. Double strand breaks (DSBs) are among the most lethal types 

of DNA damage, which directly cause cell death if left unrepaired, or can result in genome 

instability if repaired incorrectly [7]. DSBs are repaired by homologous recombination (HR) or 

canonical non-homologous end joining (c-NHEJ), a primary repair pathway in mammals [7, 8]. 

Ku70 (also known as XRCC6), a key component in c-NHEJ, plays a pivotal role in DNA lesion 

recognition [9]. The binding of the Ku70/Ku80 heterodimer to broken DNA ends activates a DNA-

dependent kinase complex, recruits other repair elements, and provides a central scaffold for the 

assembled repair complex [10, 11]. It has been shown that increases in Ku70 expression could 

lead to chemoresistance [12]. Therefore, Ku70 is a gatekeeper to c-NHEJ initiation. 

 

The interleukin 6 (IL-6) family of cytokines is upregulated in many cancers such as breast, lung, 

and bladder cancer [13-15], and this increase correlates with poor prognosis [16]. We previously 

demonstrated that glycoprotein 130 (GP130), a signal transducer for IL-6 family cytokines, was 

highly expressed in aggressive bladder cancer, and that silencing GP130 decreased tumor size 

by 70 % in a bladder cancer xenograft mouse model [17]. There is growing evidence that IL-

6/GP130 signaling plays a role in the DNA damage response in human colorectal and lung 

cancers [18-20]; however, its role in bladder cancer is unclear. Therefore, we hypothesized that 

inhibiting the glycoprotein signaling pathway will sensitize muscle invasive bladder cancer cells 

to cisplatin and that this may involve alterations in Ku70.  
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Obstacles in treating bladder tumors with intravesical instillations include short drug exposure due  

to voiding, low penetration of the bladder permeability barrier, and potential cytotoxicity [21, 22]. 

Therefore, we were interested in developing a system that could avoid the above caveats. Hence, 

we developed a delivery system for GP130 siRNA that has the potential to reduce vehicle toxicity, 

while improving gene-based drug bioavailability. We delivered GP130 siRNA with novel positively 

charged chitosan-lipid hybrid nanoparticles (EGCDNPs) consisting of the chitosan derivative, [N-

(2-ethylamino)-6-O-glycolchitosan] (EAGC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 

(DOPE) lipid that had been demonstrated to have mucoadhesive properties, to be biocompatible, 

and to effect gene transfer in in vitro bladder cells and in in vivo murine bladder models [23] [GL 

unpublished data]. The use of nanomedicine for altering cancer cell signaling will improve 

bioavailability and lead to better non-viral treatment options of bladder cancer. 

 

2. Materials and methods 

Patient tissue specimens: Thirty-nine deidentified specimens were collected from 30 patients 

who underwent transurethral resection of bladder tumor (TURBT) or cystectomy. The specimens 

were comprised of 39 low- and high-grade bladder cancers that were graded by a genitourinary 

pathologist using WHO 2016 criteria [24]. Two adjacent normal bladder specimens were used as 

negative controls. Paraffin-embedded sections were obtained from the Yale Genitourinary 

Biospecimen Repository, the Yale Pathology Tissue Services (YPTS), and US BioMax, Inc. The 

Yale tissue microarray (TMA) was constructed using 1.0 mm cores and the BioMax TMA was 

constructed using 1.5 mm cores. All patients provided informed consent and were offered 

enrollment into a biospecimen repository approved by the Yale University Institutional Review 

Board. 

 

Immunohistochemistry: Immunohistochemistry was carried out on formalin fixed, paraffin‐

embedded (FFPE) TMAs as previously described (16). In brief, the paraffin-embedded sections 
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were deparaffinized in xylene and rehydrated with graded ethanol before undergoing heat-

induced antigen retrieval. GP130 antibody (NBP2-15776, Novus Biologicals), Ku70 antibody (A-

9, Cell Signaling) or no antibody (negative control) were used before being developed using a 

DAB (3,3’-diaminobenzidine) substrate kit, and counterstained with hematoxylin. Paraffin-

embedded human UM-UC-3 cell pellets were used as positive controls. GP130 and Ku70 staining 

intensity was evaluated using 0, no signal; 1+, light brown on high magnification (400X); 3+, dark 

brown on low magnification (100X); or 2+, between low and high signal. A blind staining evaluation 

was performed by SH and DTM before the pathological grading was revealed. 

 

Cell lines and reagents: Human invasive bladder cancer cells UM-UC-3 and TCCSUP, were 

purchased from American Type Culture Collection, and breast cancer cells (MCF-7) and 

transformed embryonic kidney cells (HEK-293T) were gifts from Drs. Elias Theodorou and Brian 

Shuch, respectively. The derived drug resistant UM-UC-3 (UM-UC-3R) cells were established by 

continuous exposure to gemcitabine and cisplatin [25]. UM-UC-3, UM-UC-3R, and TCCSUP cells 

were cultured with Minimum Essential Medium Eagle (MEME) (Sigma-Aldrich), whereas MCF-7 

and HEK-293T cells were cultured with Dulbecco’s Modified Eagle’s Medium (DMEM; Corning). 

All cells were supplemented with 10 % fetal bovine serum (FBS) (Sigma Aldrich), 1 % glutamine 

and placed in a humidified atmosphere containing 5 % CO2 in air. Prior to the start of the 

experiments, all cells were reauthenticated for quality control using short tandem repeat DNA 

profiles (The Yale University DNA Analysis Facility, New Haven, CT). In addition, all cells were 

routinely tested for mycoplasma (MycoAlert™, Lonza Biologics Inc.). UM-UC-3 and UM-UC-3R 

cells were treated with 3.5 µM SC144 (GP130 inhibitor; Sigma Aldrich) for 24 h followed by 48 h 

incubation with cisplatin (Santa Cruz) at concentrations of 0.3 µg/mL and 11.2 µg/mL, respectively. 

TCCSUP, MCF-7, and HEK-293T, cells were treated with 5 µM SC144 for 24 h followed by 48 h 

recovery.  
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Crystal Violet staining: To analyze cell survival, crystal violet was applied with a modified 

protocol as previously described [17]. Briefly, adherent cells were washed with PBS and fixed with 

4 % paraformaldehyde for 10 mins, stained with 0.5 % crystal violet dye for 10 mins, and washed 

with dH2O thrice for 5 mins. Images were acquired with a biological microscope (Olympus), and 

viable cells were counted and recorded.  

 

Alkaline Comet Assay: DNA strand breaks were evaluated by an alkaline single cell gel 

electrophoresis assay. The comet assay was performed according to the manufacturer’s protocol 

(Trevigen). Briefly, after specific treatments, cells were mixed with low melting point agarose, 

lysed, and DNA unwinding was performed before undergoing electrophoresis. For positive 

controls, UM-UC-3/UM-UC-3R cells were treated with 100 µM H2O2 for 20 min at 4 °C, as 

recommended by the manufacturer’s instructions (Trevigen, USA). Strand breaks cause 

increased migration of DNA and form a comet-like shape after electrophoresis. Slides were 

neutralized, fixed, and stained with SYBRTM Safe (Invitrogen) before images were acquired with 

a fluorescent microscope (Zeiss Axio Observer Z1). At least 100 randomly selected nuclei were 

analyzed for tail percent DNA on each treatment using Comet Score analysis (TriTek Corp). 

Percent DNA in tails was calculated by total intensity of tail divided by total intensity of comet × 

100 %. 

 

Western Blot: Proteins were quantified using the Bradford Protein Assay (Bio-Rad, Laboratories, 

Inc., CA, USA) before being separated on SDS-PAGE gels and transferred to PVDF membranes. 

Primary antibodies were used against GP130 (NBP2-15776, Novus Biologicals), γH2AX (p-Ser 

139), Ku70 (A-9), vinculin (7F9) (Santa Cruz), cleaved caspase-3 (D175), p-ATM (S1981), beta-

actin (13E5), and GAPDH (14C10) (Cell Signaling). A chemiluminescence system (Thermo 

Scientific, Rockford IL) was used to detect protein signal. Samples were normalized based on 
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house-keeping protein quantification, and band density was determined using ImageJ software 

(NIH) [17]. 

 

Nanoparticle material and synthesis: [N-(2-ethylamino)-6-O-glycolchitosan)] EAGC (Mw = 83.0 

kDa, polydispersity indices (PDI) = 1.016) was previously synthesized with an ethylamino mole 

substitution of 28.0 % (GL unpublished data). DOPE lipid (1, 2-dioleoyl-sn-glycero-3-

phosphoethanolamine) was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). 

 

Characterization of EAGC-DOPE lipid hybrid nanoparticles (EGCDNPs) loaded with GP130 

siRNA (siGP130) 

(i) Preparation of EGCDNPs and siGP130 – EGCDNPs complexes 

The film evaporation technique was employed to fabricate EAGC-DOPE hybrid nanoparticles 

(EGCDNPs). Briefly, chloroform solution containing DOPE lipid (1 mL, 2 mg/mL) was placed on 

a rotary evaporator for 20 min under reduced pressure to remove the solvent and form a thin film. 

EAGC solution [1 mL, 2 mg/mL in 2 mM phosphate buffer (PB), pH = 6] was then added to form 

the EGCDNPs under vigorous vortex. The siRNA (in RNase free water) was complexed with 

EGCDNPs in PB buffer (2 mM, pH = 6) at EGCDNPs, siRNA mass ratios of 1:1, 5:1 or 20:1 

(siRNA final concentration of 8 µg/mL). The complexes were allowed to incubate at room 

temperature (RT) for 75 mins before use. 

(ii) Dye exclusion assay 

To assess the siRNA binding, EGCDNPs – siRNA complexes (containing 8 µg/mL of siRNA, 80 

μL) at EGCDNPs, siRNA mass ratios of 1:1, 5:1 and 20:1 (F0) or naked siRNA controls (Ft) were 

added into wells of a 96-well microplate followed by incubation with equal volumes of PicoGreen 

solution (80 μL in 2 mM PB buffer, pH = 6). The fluorescence of free siRNA was determined by 

exciting the complex with Picogreen at 485 nm and reading the fluorescence at 520 nm under a 
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fluorescence plate reader (PHERAstar, BMG Labtech). The fluorescence values were normalized 

to wells containing only siRNA and PicoGreen (Ft - Fo / Ft).  

(iii) Size, zeta potential, and stability of siGP130 – EGCDNPs/EGCDNPs 

siGP130 – EGCDNPs complexes or EGCDNPs alone were characterized by assessing their size, 

surface charge, and morphology. Size was measured by Dynamic Light Scattering (DLS, Nano 

ZS, Malvern) using a He-Ne laser at 633 nm of wavelength. The zeta potential of the NPs was 

measured by Zetasizer Nano ZS (Malvern). To check the in vitro stability of polymer-lipid siRNA 

NPs, the siRNA NPs were stored at 4 °C for two days and their particle size, zeta potential and 

PDI measured. The above-mentioned naked GP130 siRNA and EGCDNPs-siGP130 complexes 

also were subjected to electrophoresis (60 V for 40 min) in a 4 % (w/v) agarose gel, stained with 

SYBRTM Safe. The results were imaged on a ChemiDocTM MP System (Bio Rad) to visualise the 

SYBRTM Safe – stained free siRNA in the gels. Last, for TEM (Transmission Electron Microscopy), 

EGCDNPs loaded with siGP130 were stained with 1 % uranyl acetate and imaged using a JEOL 

1400 Plus microscope (JEOL Ltd). 

 

siRNA transfection: For RNA interference, UM-UC-3 and UM-UC-3R cells were transfected with 

a pre-designed siGP130 sequence [17], and with a scrambled sequence (siSC) control (universal 

negative control#1) in a six well plate using Lipofectamine RNAiMAX Transfection Reagent 

(Invitrogen) (4 µg GP130/well) as well as EAGC-DOPE lipid hybrid nanoparticles (EGCDNPs) (4 

µg GP130 siRNA/well). siGP130 and siSC were purchased from Sigma-Aldrich. 

 

Cell viability of bladder cancer cells upon the treatment of EGCDNPs: Briefly, human bladder 

cancer cell lines (UM-UC-3, UM-UC-3R) were seeded at a density of 5 × 103 cells per well in a 96 

well plate followed by 24 h of recovery. EGCDNPs/Lipofectamine 2000 were applied to the cells 

for a duration of 6 h, after which the treatments were removed and replenished with fresh medium 
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for a further 48 h recovery. The cell viability of EGCDNPs- and Lipofectamine 2000-treated cells 

was evaluated using the WST-1 assay (Clontech Laboratories) as previously described [26].   

 

Statistical analysis: Data are expressed as mean ± SEM based on three to six independent 

experiments unless otherwise noted. Data were analyzed using Student’s t-test, one-way or two-

way ANOVA with post hoc comparison, where appropriate. Categorical variables were analyzed 

by Chi square test. All statistical tests were considered to be statistically significant in which * 

represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001, and **** represents p < 

0.0001 unless indicated differently. Statistical analysis was carried out using the GraphPad 

Prism 8.0 (GraphPad Software, Inc). 

 

3. Results 

3.1 GP130 and Ku70 expression in bladder cancer tissue microarrays (TMAs) and whole 

bladder sections.  

Immunohistochemistry was performed on TMAs to assess GP130 and Ku70 expression in 

bladder cancer specimens (Fig. 1A). Thirty-seven out of 39 bladder cancer TMA specimens (95 %) 

were both GP130 and Ku70 positive (Fig. 1B) whereas minimal expression of GP130 and Ku70 

was found in normal bladder tissues (Fig. S1). A strong association was found between GP130 

and Ku70 staining intensity (Fig. 1B, p < 0.0001). In addition, we found a significant correlation 

between bladder cancer grades and GP130 levels (p < 0.05; Fig. 1C), whereas a significant 

correlation was not found between bladder cancer grade and Ku70 levels (p = 0.068; Fig. 1D).  
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Fig. 1. GP130 and Ku70 levels of expression in human bladder cancer specimens. 

Immunohistochemistry was performed on low- and high-grade bladder cancer specimens for 

GP130 and Ku70. Representative IHC and H & E staining are shown (A). The number in each 

box represents the percent correlation between GP130 (y-axis) and Ku70 (x-axis) for a particular 

staining intensity (B). The staining intensity (0, 1+, 2+, or 3+) of GP130 and Ku70 were 

fractionated based on tumor grade (C, D). Scale bars = 5 µm.  

 

3.2 Reduced cell growth upon SC144 and cisplatin treatment of invasive bladder cancer 

cells.  

To investigate if a combination of GP130 inhibition and a DNA damaging agent will have a 

synergistic effect on cell growth, we treated UM-UC-3 and UM-UC-3R bladder cancer cells with 

SC144 and cisplatin. UM-UC-3R cells previously have been shown to be more aggressive than 

UM-UC-3 cells [25]. Crystal violet staining demonstrated that the combination of cisplatin and 

SC144 reduced cell growth more effectively than SC144 or cisplatin treatment, alone (Fig. 2A, C). 

In UM-UC-3 cells, a combination of SC144 and cisplatin significantly decreased the number of 
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cells compared to a single treatment with either SC144 (by 39.10 ± 9.13 %, p < 0.05) or cisplatin 

(by 42.61 ± 9.13 %, p < 0.01) alone (Fig. 2B). Similarly, a combination of SC144 and cisplatin 

significantly decreased the number of drug-resistant UM-UC-3R cells compared to a single 

treatment of SC144 (by 33.36 ± 3.58 %, p < 0.0001) or cisplatin (by 19.22 ± 3.58 %, p < 0.01) 

alone (Fig. 2D).  

 

 

Fig. 2. GP130 inhibition sensitized invasive bladder cancer cells to cisplatin treatment and 

reduced cell viability. UM-UC-3 (A, B) and UM-UC-3R (C, D) cells were treated with SC144 for 

24 h followed by 48 h incubation in cisplatin (Cisp) at 0.3 µg/mL and 11.2 µg/mL, respectively. 

Representative crystal violet staining shows cell morphology in UM-UC-3 (A) and UM-UC-3R (C) 

bladder cancer cells. Quantification of inhibitory effects of SC144, cisplatin, or a combination of 

cisplatin and SC144 on cell growth in UM-UC-3 (B) and UM-UC-3R (D) bladder cancer cells. 

Scale bars = 100 µm. * represents p < 0.05, ** represents p < 0.01, and **** p < 0.0001. 
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3.3 Inhibition of GP130 expression by SC144 sensitizes bladder cancer cells to cisplatin 

by inducing DNA lesions, down-regulating Ku70 expression, and promoting apoptosis.  

To investigate whether the synergistic effect of SC144 and cisplatin had an impact on DNA 

damage, an alkaline comet assay was performed. In UM-UC-3 cells, a shift towards a higher 

percent tail DNA was observed in the co-treatment group (14.06 ± 1.00 %) compared to untreated 

controls (5.26 ± 0.50 %, p < 0.0001), SC144 treatment alone (6.25 ± 0.47 %, p < 0.0001) or 

cisplatin treatment alone (8.16 ± 0.77 %, p < 0.0001) groups (Fig. 3A, B). A higher percentage of 

tail DNA also was observed in UM-UC-3R cells with co-treatment (52.05 ± 2.58 %) when 

compared to untreated controls (8.91 ± 1.31 %, p < 0.0001), SC144 treatment alone (12.78 ± 

1.48 %, p < 0.0001) or cisplatin treatment alone (19.39 ± 1.61 %, p < 0.0001) groups (Fig. 3C, D).  
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Fig. 3. Co-treatment with SC144 followed by cisplatin produced more DNA lesions than 

SC144 or cisplatin, alone in UM-UC-3 and UM-UC-3R cells. Alkaline single cell electrophoresis 

was performed to determine DNA strand breaks. Representative images are shown to illustrate 

the length of the comet tails in response to treatment (A, C). Scale bars = 50 µm. Quantification 

of mean tail moments from an average of more than 100 randomly selected nuclei are shown (B, 

D). Dunn’s multiple comparisons test was performed. Data are shown as mean ± SEM. * 

represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001, and **** p < 0.0001.  

 

The effectiveness of GP130 down-regulation by SC144 treatment also was examined. SC144 

knocked down GP130 levels in UM-UC-3 and UM-UC-3R cells by 54.01 ± 13.60 % (p < 0.01) and 

48.75 ± 12.99 % (p < 0.01), respectively whereas cisplatin treatment alone did not significantly 

impact GP130 levels (Fig. 4A, 4B). Upon co-treatment with SC144 and cisplatin, GP130 levels 

decreased by 61.15 ± 13.60 % (p < 0.01), and 53.43 ± 12.99 % (p < 0.01), in UM-UC-3 and UM-
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UC-3R, respectively (Fig. 4A, 4B). With respect to phosphorylated ataxia-telangiectasia mutated 

(pATM) levels (a key DNA damage response marker [27]), a significant increase was observed in 

UM-UC-3 cells with SC144 and cisplatin co-treatment compared with cisplatin (72.87 ± 10.72 %, 

p < 0.001) or SC144 (67.75 ± 10.72 %, p < 0.01), alone (Fig. 4A, 4C). Also, pATM was significantly 

increased in UM-UC-3R cells with SC144 and cisplatin co-treatment compared with SC144 (79.10 

± 15.60 %, p < 0.01), but not cisplatin alone (p = 0.21) (Fig. 4A, 4C). To further detect the DNA 

damage level, we performed western blots to determine γH2AX levels (a key marker for double 

strand breaks [28]) (Fig. 4A, 4D). In UM-UC-3 cells co-treatment with SC144 and cisplatin resulted 

in an upregulation of γH2AX expression, by 87.67 ± 6.51 % (p < 0.0001), 70.54 ± 6.51 % (p < 

0.0001), and 67.75 ± 6.51 % (p < 0.0001) when compared to untreated controls, SC144 treatment 

alone, or cisplatin treatment alone, respectively (Fig. 4A, 4D). The γH2AX expression in the co-

treatment group in UM-UC-3R cells was increased by 87.56 ± 8.71 % (p < 0.0001), 77.33 ± 8.71 % 

(p < 0.0001), and 29.53 ± 8.71 % (p < 0.05) compared with untreated controls, SC144 treatment 

alone, or cisplatin treatment alone, respectively (Fig. 4A, 4D). 

 

To further define how GP130 inhibition may affect DSB DNA repair, we investigated the 

expression of Ku70, a key initiator protein in c-NHEJ DNA repair [9], by western blot analysis (Fig. 

4A, 4E). In UM-UC-3 and UM-UC-3R cells, a significant down-regulation of Ku70 by 49.23 ± 

10.62 %, p < 0.01 and by 29.94 ± 4.95 %, p < 0.001, respectively was observed 48 h after SC144 

treatment (Fig. 4A, 4E). Co-treatment with SC144 and the DNA damaging agent cisplatin, resulted 

in a significant down-regulation of Ku70 in both UM-UC-3 cells by 43.41 ± 10.62 %, p < 0.01 and 

UM-UC-3R cells by 43.41 ± 4.95 %, p < 0.0001 (Fig. 4A, 4E). The level of apoptotic signaling, 

cleaved caspase-3, was increased upon co-treatment of cisplatin and SC144 compared to either 

cisplatin or SC144 treatment alone in UM-UC-3 cells by 74.73 ± 7.31 %, p < 0.0001 and by 90.86 

± 7.31 %, p < 0.0001, respectively, and in UM-UC-3R cells by 65.84 ± 13.14 %, p < 0.01 and by 
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83.37 ± 13.14 %, p < 0.001, respectively (Fig. 4A, 4F). SC144 treatment alone did not increase 

cleaved caspase-3 levels. 

 

 

Fig. 4. Inhibition of GP130 by SC144 attenuates Ku70 expression and promotes apoptosis 

in the presence of a DNA damaging agent. UM-UC-3 and UM-UC-3R cells were untreated, 

treated with SC144 alone, SC144 followed by cisplatin (Cisp), or cisplatin alone. Representative 

western blots are shown to illustrate protein levels of GP130, pATM, γH2AX, Ku70, and cleaved-

caspase3 (A). Protein levels were quantified for UM-UC-3 and UM-UC-3R cells (B–F). GAPDH 

and vinculin were used to show loading equivalency and protein integrity. Data are shown as 

mean ± SEM. * represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001, and **** p 

< 0.0001. 

 

We next determined if the association between GP130 signaling and the down-regulation of Ku70 

expression was cell line specific by western blot analysis (Fig. 5A). We used three additional cell 

lines, TCCSUP, a human muscle invasive bladder cancer cell line, MCF-7, a human hormone 
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positive breast cancer cell line, and HEK-293T, a transformed embryonic human kidney epithelial 

cell line. We found similar associations between GP130 inhibition with SC144 (Fig. 5B) and Ku70 

down-regulation with SC144 in all three cell types (Fig. 5C). SC144 decreased GP130 levels in 

TCCSUP, MCF-7, and HEK-293T cells (27.08 ± 7.26 %, p < 0.05; 53.96 ± 3.79 %, p < 0.01; and 

50.29 ± 3.87 %, p < 0.01, respectively) and Ku70 levels in TCCSUP, MCF-7, and HEK-293T cells 

(34.01 ± 8.31 %, p < 0.01; 29.46 ± 6.80 %, p < 0.01; and 35.13 ± 11.19 %, p < 0.05, respectively). 

 

Fig. 5. GP130 inhibition by SC144 attenuates Ku70 expression. TCCSUP, MCF-7, and HEK-

293T cells were treated with SC144 for 24 h and recovered for 48 h. GP130 and Ku70 expression 

was assessed by western blot (A) and quantified for GP130 (B) and Ku70 (C). GP130 protein 

levels were measured and normalized against beta-actin. Data are shown as mean ± SEM. * 

represents p < 0.05, and ** represents p < 0.01.  

 

3.4 A novel cationic EGCDNPs that encapsulated GP130 siRNA facilitated the down 

regulation of GP130 signaling while decreasing cytotoxicity.  
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To seek out the ratio that can form a stable complex between EGCDNPs and siGP130 we tested 

EGCDNPs:siGP130 at mass ratios of 1:1, 5:1 and 20:1 by using PicoGreen dye exclusion and 

gel retardation assays. PicoGreen fluorescence increases significantly (~ 230-fold) on 

intercalation with GP130 siRNA compared to unbound (or free) PicoGreen. The electrostatic 

interaction between the anionic siRNA and the cationic EGCDNPs on formation of the complex 

condenses the siRNA and reduces the number of PicoGreen binding sites, ultimately reducing 

the fluorescence intensity of the PicoGreen solution. EGCDNPs:siRNA mass ratios of 5:1 and 

20:1 significantly bound more siRNA when compared to an EGCDNPs:siRNA mass ratio of 1:1 

(p < 0.0001; Fig. 6A). Although no binding difference was observed with the EGCDNPs:siRNA 

mass ratios of 5:1 and 20:1, data from the agarose gel electrophoresis experiment showed that 

at an EGCDNPs:siRNA mass ratio of 20:1, EGCDNPs could more effectively complex siGP130 

compared to the corresponding 5:1 ratio (Fig. 6B). Based on these observations, 

EGCDNPs:siGP130 with a mass ratio of 20:1 was used for further studies. EGCDNPs alone 

presented as positive charged (+ 23.5 mV) NPs with a mean size of 278 ± 52 nm; EGCDNPs, 

siRNA at a mass ratio of 20:1, were positively charged complexes with a mean size of 184 ± 5 

nm (Fig. 6C, E, F). No significant differences of size and PDI for the complex were observed when 

compared to EGCDNPs alone (Fig. 6E, F) at day 0. However, the zeta potential of the EGCDNPs 

alone was significantly more positive than that of the complex, indicating that the complexation of 

the cationic charge of the EGCDNPs and the anionic charge of the siRNAs effectively neutralizes 

the positive charge of the EGCDNPs (Fig. 6F; p < 0.0001). Over a two-day period, the EGCDNPs 

complex maintains a positive charge (Fig. 6G, p < 0.01). 

 

EGCDNPs alone were stable over two days and had no appreciable change in size and zeta 

potential (Fig. 6E–G). Meanwhile, there was no difference in the PDI for the complex at day 0 and 

day 2, indicating that EGCDNPs form a stable complex with anionic siGP130 (Fig. 6F, G). 

Likewise, the gel electrophoresis (Fig. 6B, D) indicated that EGCDNPs – siRNA complexed at an 
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EGCDNPs, siRNA mass ratio of 20:1 was stable over two days without leaking free siRNA, 

corroborating the result obtained in single peak distribution (Fig. 6C). Additionally, using TEM we 

showed that at an EGCDNPs:siRNA mass ratio of 20:1, EGCDNPs interact with anionic siGP130 

to form condensed and spherical particles (Fig. 6H). 

 

EGCDNPs alone were significantly less toxic than Lipofectamine alone in both UM-UC-3 and UM-

UC-3R cell lines (Fig. 7A–B, p < 0.001). EGCDNPs maintained over 85 % and 99 % cell viability 

in UM-UC-3 and UM-UC-3R cells, respectively, at the IC50 of Lipofectamine 3.71 µg/mL (UM-UC-

3) and 2.51 µg/mL (UM-UC-3R). We then confirmed that EGCDNPs alone did not cause 

appreciable alterations in GP130 levels. EGCDNPs caused no significant change in GP130 levels 

in UM-UC-3 cells (p = 0.6072) (Fig. 7C) or in UM-UC-3R cells (Fig. 7D) (p = 0.4493). Next, we 

examined the efficiency of the EGCDNPs in delivering siRNA to UM-UC-3 and UM-UC-3R cells. 

Cells were exposed to EGCDNPs–siGP130 (4 µg/well siRNA) or 4 µg/well scrambled siRNA (siSC) 

loaded EGCDNPs. The silencing results showed that the siGP130–EGCDNPs performed equally 

as well as siGP130 – Lipofectamine RNAiMAX in knocking down GP130 levels in the UM-UC-3 

cells (p = 0.1919) and in UM-UC-3R cells (p = 0.6857; Fig. 8A–D).   
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Fig. 6.  Characterization of siGP130 EGCDNPs/EGCDNPs. siRNA binding to EGCDNPs was 

determined by measuring the reduction of PicoGreen fluorescence. Total fluorescence emitted 

by PicoGreen-bound siRNA alone (Ft) minus fluorescence emitted by PicoGreen incubated with 

EGCDNPs – siRNA complexes at EGCNDPs, siRNA mass ratios of 1:1, 5:1 and 20:1 (F0), divided 

by the fluorescence emitted by PicoGreen-bound siRNA alone (Ft) (A). Agarose gel retardation 

data from EGCDNPs and EGCDNPs siGP130 complexes with mass ratios ranging from 1:1, 5:1 

and 20:1 at day 0 (B), and at a mass ratio of 20:1 at day 2 (D). Stability of EGCDNPs/EGCDNPs 
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complexes between day 0 and day 2 determined by DLS (C, E). Zeta potential and PDI of the 

EGCDNPs and the EGCDNPs siGP130 complexes were determined by DLS at day 0 and day 2 

indicating their stability (F, G). The morphology of siGP130 EGCDNPs at a mass ratio of 20:1 was 

determined by TEM (H). Two-way ANOVA and Sidak’s multiple comparison tests were performed. 

Data are shown as mean ± SEM. ** represents p < 0.01 and **** p < 0.0001. 

 

 

Fig. 7. EGCDNPs caused less toxicity than Lipofectamine and did not alter GP130 

expression in bladder cancer cells. UM-UC-3 (A) and UM-UC-3R (B) bladder cancer cells were 

incubated with Lipofectamine 2000 or EGCDNPs and percent viability measured. UM-UC-3 (C) 

and UM-UC-3R (D) bladder cancer cells were incubated with EGCDNPs (40 µg/mL) and GP130 

protein levels were measured and normalized against beta-actin. Data are shown as mean ± 

SEM. *** represents p < 0.001. 
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Fig. 8. siGP130 knockdown of GP130 protein using Lipofectamine and EGCDNPs delivery 

vehicles. The knockdown efficiency of the siGP130 EGCDNPs was compared with that of 

siGP130 Lipofectamine RNAiMAX by western blot in UM-UC-3 (A, C) and UM-UC-3R (B, D) cells. 

GP130 protein levels were measured and normalized against beta-actin. Data are shown as mean 

± SEM. * represents p < 0.05, ** represents p < 0.01, and *** represents p < 0.001. 

 

 

4. Discussion 

Multiple reports have revealed that IL-6/GP130 pathways influence cell survival and proliferation 

[29-33]. Modulating IL-6/GP130 protein levels mediates cell death [34, 35]. Previously, we showed 

that inhibiting GP130 decreased cell proliferation and cell viability [17]. In this study, we observed 

that the decrease in cell viability was potentiated by combining GP130 protein knocked down with 

cisplatin, a DNA damaging agent (Fig. 2). Similar to our observations, others have reported that 

blocking other targets of the IL-6/GP130 pathway potentiates the actions of chemotherapeutic 
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agents. Long et al. showed in pancreatic ductal adenocarcinoma that IL-6R blockade in 

combination with chemotherapy potentiated apoptosis [36]. In addition, MEDI5117, an anti-IL-6 

antibody, inhibited the expression of IL-6, leading to an enhanced in vitro killing of TF-1 human 

erythroleukemic cells, and in combination with chemotherapy enhanced anti-tumor activity in 

breast cancer [37]. Therefore, our goal was to demonstrate that, in addition to IL-6 and IL-6R, 

GP130 signaling also may play a role in apoptosis and DNA damage responses.  

 

DNA damage was observed in our bladder cancer models subsequent to cisplatin treatment as 

shown by the increase in the number of DNA lesions. There was a significant increase in the 

number of DNA lesions with SC144 plus cisplatin co-treatment. This observation was more 

notable in the chemoresistant bladder cancer cells (i.e., UM-UC-3R) compared to the parental 

bladder cancer cells (i.e., UM-UC-3; Fig 3), suggesting a role of inhibiting GP130 signaling in 

sensitizing the resistant bladder cancer.  

 

DSBs from cisplatin treatment results in the activation of the ATM signaling pathway [38, 39]. 

Specifically, the DSBs are followed by ATM recruitment, autophosphorylation, and 

phosphorylation of γH2AX [38, 40]. The detection of γH2AX is widely regarded as an indicator of 

the incidence of DSBs. In parental UM-UC-3 bladder cancer cells, a significant activation of pATM 

was observed upon sequential treatment with SC144 plus cisplatin whereas little effect was seen 

with either SC144 or cisplatin, alone (Fig. 4). The levels of γH2AX and pATM did not significantly 

change in parental and resistance cells upon SC144 treatment alone. Although cisplatin treatment 

alone altered the expression of pATM and γH2AX, the greatest changes in the levels of pATM 

and γH2AX occurred upon SC144 plus cisplatin co-treatment. The activation of pATM indicated 

that DNA damage was identified in parental and resistant cells. 
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Additionally, we suggest that another important DNA repair factor, Ku70, is involved in DSBs in 

bladder cancer. We have demonstrated for the first time that there is a significant correlation 

between GP130 and Ku70 protein levels in human bladder cancer tissues. Furthermore, using in 

vitro cancer cell models, we showed that down-regulating GP130 levels with SC144 resulted in 

the reduction of Ku70 protein levels (Fig. 4). SC144, a GP130 inhibitor, is a quinoxalinhydrazide 

derivative developed as a small molecular inhibitor that suppresses STAT3 signaling by inducing 

GP130 phosphorylation and by down-tuning GP130 glycosylation [41]. SC144 has anticancer 

activity in in vitro and in in vivo models of ovarian [41], pancreatic [42], bladder [17], prostate, 

breast, and lung cancers independent of p53, HER-2, or hormonal receptor status [43]. Our study 

shows that SC144 alone can down-regulate Ku70 expression in multiple cell types, including 

invasive bladder cancer cells (TCCSUP), breast cancer cells (MCF-7), and transformed 

embryonic kidney cells (HEK-293T), indicating that the GP130-regulated Ku70 down-regulation 

is shared by other tumor/cell types. The decreased Ku70 protein levels suggest that reduced c-

NHEJ repair, may be mediated through GP130 inhibition, and may allow for improved responses 

to bladder cancer treatment. Similarly, Banerjee et al. reported enhanced c-NHEJ repair as a 

mechanism for induced chemoresistance in head and neck cancer [44]. In addition to the role of 

Ku70 in the initiation of the c-NHEJ repair pathway, several studies have demonstrated that Ku70 

blocks Bax pro-apoptotic activity, and reduction/depletion of Ku70 levels promote cell death in 

human osteosarcoma and neuroblastoma [45, 46]. Free Bax, dissociated from the Ku70, 

translocates to the mitochondria, and initiates apoptotic cascades [47].  

 

Although cisplatin alone did not alter the expression of Ku70 levels, a DNA damaging agent such 

as cisplatin was required to initiate apoptosis as was shown by the levels of cleaved caspase-3 

expression (an apoptosis marker [48]). Higher levels of cleaved caspase-3 were observed 

following combined SC144 and cisplatin treatment than SC144 alone (Fig. 4A, 4F). SC144 alone 
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was unable to induce apoptosis above untreated conditions. Therefore, targeting Ku70 may be a 

feasible treatment modality in the presence of DNA damaging agents in bladder cancer.  

 

The ultimate goal of our research is to develop potent and safe medicine to treat bladder cancer. 

We have incorporated nanoparticle technology to enhance the safety and delivery of cargo for 

intravesical administration to the bladder. In the past, we have used biocompatible materials such 

as poly(lactic-co-glycolic acid) (PLGA) or chitosan to deliver siRNA and found that PLGA, when 

coated with chitosan, achieved urothelium penetration in mouse bladders and human ureter [49]. 

Additionally, PLGA coated with chitosan induced potent siRNA gene silencing in mouse bladder 

models [17]. In the current study, we were interested in further enhancing intravesical delivery of 

genes and siRNAs to the bladder by devising a novel self-assembled approach in which a DOPE 

lipid was added into the positively charged chitosan derivative [N-(2-ethylamino)-6-O-

glycolchitosan] EAGC to produce lipid-polymer hybrid nanoparticles (EGCDNPs). We revealed 

that an EGCDNP delivery system achieved an approximate 6-fold higher siRNA loading, when 

compared with the earlier study of chitosan-functionalized PLGA loaded with siGP130 [17]. 

Furthermore, data from TEM (Fig. 6H) showed that at an EGCDNPs:siRNA mass ratio of 20:1, 

EGCDNPs interact with anionic siGP130 to form condensed and spherical particles. The 

EGCDNPs–siRNA complex was stable over a two-day period without leaking free siRNA, 

indicating that EGCDNPs may be used as an effective carrier system for gene delivery. We also 

showed that this hybrid system is as efficacious as the commercial transfection agent–

Lipofectamine in silencing GP130 protein, without the attendant cytotoxicity. In fact, numerous 

vectors such as Lipofectamine alone trigger alterations in signaling pathways [50], whereas our 

hybrid NPs are relatively non-toxic, allowing us to directly focus on cell signaling targets such as, 

GP130. Based on this investigation, we propose a new application for the utilization of this hybrid 

system; the exploration of the mechanism of GP130-enabled chemo-sensitization.  
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Our work suggests that GP130 elicits tumor progression [17], and may impact tumor 

heterogeneity by promoting low fidelity DNA NHEJ repair. We demonstrate an association of 

inhibition of GP130 signaling and Ku70 attenuation in various cancer cell models. Also, we 

generated a novel EAGC–DOPE hybrid lipid NP system that produces less toxicity than the 

traditional Lipofectamine vehicle, while still achieving similar levels of knockdown with GP130 

siRNA. Ultimately, down-regulating GP130 sensitizes muscle invasive bladder cancer to cisplatin 

treatment by attenuating Ku70 expression and promoting apoptosis. 
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Supplementary Data 

 

 

Fig. S1. GP130 and Ku70 levels of expression in normal human bladder specimens. 

Immunohistochemistry was performed on normal bladder tissue (cancer adjacent) for GP130 (A) 

and Ku70 (B). Scale bar = 10 µm. Insets are positive control bladder cancer specimens.  

 

 

 


