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Abstract 

Objective: RNA interference holds tremendous potential in the treatment of malig-
nant tumors. However, efficient and biocompatible delivery methods are needed for 
systemic delivery of small interfering RNA (siRNA). In this study, we explored the deliv-
ery efficiency and therapy effect of si-UBB-5A2SC8 in ovarian cancer.

Methods and materials: Si-UBB-5A2SC8 nanoparticles were successfully prepared 
according to the established procedure and the characteristic of nanoparticles was 
determined by digital laser scanning. Flow cytometry and confocal analysis demon-
strated si-UBB was efficiently transfected to cell by the delivery of 5A2SC8 complexes. 
The in vitro gene knockdown efficiency of ubiquitin B was demonstrated by RT-qPCR 
and Western blot analysis, which was further verified by the inhibition of proliferation 
and migration of ovarian cancer cells. Accumulative efficiency of si-UBB-5A2SC8 nano-
particles was investigated in BALB/c mice bearing SKOV3-GFP tumor xenograft. In vivo 
imaging was adopted to test the accurate location of the nanoparticle in the tumor. 
The feature of the tumor and pivotal organ was determined. TUNEL and caspase-3 
expression was used to analyze the underling mechanism of the inhibition effect.

Results: The average size and the zeta potential of the si-UBB-5A2SC8 was (150 ± 11) 
nm and − (20 ± 4) mV, respectively. Transmission electronic microscopy showed the 
nanoparticle was near-spherical with the mean size of (100 ± 15) nm. Flow cytometry 
and confocal microscopic images demonstrated 5A2SC8 complex could successfully 
deliver Cy5.5-siRNA to the cytoplasm of ovarian cancer cells. qRT-PCR and western 
blot demonstrated the mRNA and protein expression of ubiquitin B was decreased to 
62.5% and 36.5% of the control group, which was accompanied with the decreased 
proliferation and migration ability in si-UBB-5A2SC8-transfected cells. Ex vivo fluo-
rescence imaging demonstrated 5A2SC8 complex could successfully carry siRNA to 
the tumor lesion and exert the inhibition effect, which was verified by the decreased 
tumor weight and increased apoptosis and caspase-3 expression in mice treated with 
si-UBB-5A2SC8.

Conclusions: 5A2SC8 complex was a safe and efficient gene delivery vehicle and 
ubiquitin B was a potential target for the ovarian cancer targeted therapy.
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Introduction
Epithelial ovarian cancer remains the most lethally gynecological malignancy due to 
its advanced stadge at diagnosis and the quick development of chemotherapy resist-
ance, which is the sixth leading cause of cancer-related death in women among entire 
world (Bray et al., 2018). Though many gynecological oncologists had improved sur-
gical techniques and made great advancement in chemotherapy, survival rate hardly 
increased in past decades. The major obstacle is that invisible metastases has occurred 
in the other part of the body, which cause incurable tumor relapse and underspin an 
imperative need for new therapeutic strategies (Alvero et al., 2017).

Gene target therapy has been developed over the past decades resulting from the 
comprehensive understanding of molecular and genetic alteration in cancer. RNA 
interferences (RNAi) mediated by short interfering RNA (siRNA) has enormous ther-
apeutic potential for the treatment of cancer owing to its effective downregulation of 
designated gene (Kim and Rossi, 2007). Genes regulating of proliferation or angio-
genesis are found to be mutated in cancer, which results to uncontrolled proliferation 
and these genes are a promising target for the gene silencing therapy. Ubiquitin-
B encoded by UBB gene is a member of ubiquitin/proteasome system, which accounts 
for extensive protein degradation and is considered as a regulator of many physiologi-
cal processes, such as signal transduction, DNA repair, chromosome maintenance, 
transcriptional activation, cell cycle progression and cell survival (Oh et  al., 2013). 
UBB is reported to be overexpressed in many solid tumor including ovarian cancer 
(Oh et al., 2013). Therefore, we inferred that UBB suppression via siRNA technique 
would provide effective anti-tumor role on human ovarian cancer. In fact, siRNA 
knockdown of the UBB gene has been reported to enhances the radio-sensitivity of 
human cervical squamous cell carcinoma by regulating DNA damage-binding protein 
2 (Zhou et al., 2020).

However, RNAi therapeutics are still hindered by some issues for further appli-
cation in clinic, such as rapid degradation in systemic circulation and poor cellular 
uptake efficiency (Ozcan et al., 2015). Approaches to enhance the delivery of siRNA 
focus on finding a suitable delivery platform, which enables biocompatibility, a high 
loading capacity, protection of siRNA during transport and a high targeting ability. 
Thus, lipid or polymer-based nanocarrier has been used to wrapped RNAi to con-
quer these problems (Barata et al., 2016), especially for dendrimers-based lipid nano-
particles with chemical groups to bind small RNAs and nanoparticle (NP)-stabilizing 
hydrophobicity, which combine to encapsulate RNA molecules inside stable NPs and 
release small RNAs into the cytosol after endocytosis. Therefore, dendrimers-based 
lipid nanoparticles can reduce the non-specific distribution in normal tissue and tar-
get tumors through enhanced permeability and retention effect.

In the present study, we used modular degradable dendrimers as the gene delivery 
system to transfect ovarian cancer cell SKOV3 with siUBB nanoparticle. The feature 
of the complexes was characterized and anti-tumor potent of the complexes against 
human ovarian cancer was assessed both in vitro and in vivo. Our results suggested 
that the established siUBB nanoparticle has a potential application in ovarian cancer 
gene therapy.
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Materials and methods
Reagent

5A2SC8 which was the core component of the nanoparticle was synthesized and 
provide by Dr. Daniel Siegwart (the comprehensive cancer center, the Southwestern 
Medical Center of Texas University). 2-Dioleoyl-sn-glycero-3-phosphoethanola-
mine (DOPE), cholesterol and DMG-PEG2000 were purchased from Sigma-Aldrich. 
Caspase-3(Asp175) antibody was purchased from Cell Signal. Cy5.5-labeled siRNA 
(Cy5.5-siRNA) was supplied by Suzhou Ribo Life Science Co., Ltd. Ubiquitin-B siRNA 
(siUBB) and control siRNA were purchased from Sigma-Aldrich. The sequences for 
Control siRNA, si-UBB and Cy5.5-siRNA are following: Control siRNA sense: 5’-TTC 
TCC GAA CGT GTC ACGT-3’, anti-sense: 3’-ACG TGA CAC GTT CGG AGAA-5’. 
si-UBB sense: 5’-GUA UGC AGA UCU UCG UGA A-3’, anti-sense: 3’-CAU ACG UCU 
AGA AGC ACUU-5’. Cy5.5-siRNA sense:5’-UUC UCC G AACG UGU CAC GU-3’, anti-
sense:3’- ACG UGA CAC GUU CGG AGAA -5’.

Cell lines and animal

Human ovarian carcinoma SKOV3 cells stably transfected with GFP was kindly pro-
vided Dr. Daniel Siegwart and cultured in DMEM supplemented with 0.1% gentamy-
cin (Sigma-Aldrich) and 10% FBS (Gibco) in a humidified atmosphere containing 5% 
 CO2 at 37 ℃. We bought 20 female BALB/c nude mice (average weight 20 g) with the 
age of 5–6 weeks from Shanghai SLAC Laboratory Animal Co., Ltd, and all the mice 
were kept under specific pathogen-free conditions. The mice experienced treatment 
and were monitored health and behavior twice a week, after 8 times of treatment, the 
mice were killed by cervical dislocation. The animal experiments were assessed and 
approved by the Ethics Committee of Jinan University with the registration number of 
IACUC-20181231–02.

Cell viability

SKOV3-GFP were plated in 96-well opaque plates with the density of 5000 cells per 
well. After 24 h, the cells were 80% confluence and transfected with various concen-
tration of siRNA-Ctrl-5A2SC8 or si-UBB-5A2SC8 for 72 h. The number of viable cells 
was calculated by quantifying ATP using CellTiter-Glo cell viability luminescent assay 
kit (Promega, Madison, WI). 100µL of CellTiter-Glo reagent was prepared according 
to the instruction of the manufacture and added to each plate. The plates were incu-
bated for 10 min in the dark, then we measured the luminescence using a FLUO star 
OPTIMA microplate reader.

Migration analysis

We seeded the cells in 6-well plates with the concentration of 2.5 ×  105/well. In the 
next day, when the cells reached approximately 90 percent of confluence, we trans-
fected the cells with si-UBB-5A2SC8 or siRNA-Ctrl-5A2SC8 at the siRNA concentra-
tion of 0.2 ng/ul. After transfection, the cells were artificially scratched with a pipette 
tip of 0.2 cm in width, and cultured in medium containing 1% FBS. At 0 h, 48 h and 
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72 h, images of the scratch wounds were captured. Cell migration was measured as 
the new scratched width relative to the original scratched width.

Real‑time quantitative RT‑PCR

Total RNA was extracted using RNA simple Total RNA Kit (TIANGEN, Haidian, 
Beijing, China), and was then reverse-transcribed by using a Prime Script™ RT rea-
gent Kit (TaKaRa, Dalian, Liaoning, China). The amount of cDNA was normalized to 
GAPDH (Sangon Biotech (Shanghai) Co., Ltd). The primes of the genes were shown 
as the following ubiquitin B, forward: 5’‐CTT TGT TGG GTG AGC TTG TTT GT‐3’, 
and reverse: 3’‐GAC CTG TTA GCG GAT ACC AGG AT‐5’. GAPDH forward, 5’‐
AGA AGG CTG GGG CTC ATTTG‐3’, and reverse: 3’- AGG GGC CAT CCA CAG 
TCTTC‐5’. All-in-One™ qPCR mix (GeneCopoeia, Inc., Rockville, MD, USA) was 
used to detect the expression level of UBB. The real-time RT-PCR conditions were 
following: 95  °C for 10 min followed by 40 cycles of 15 s at 95  °C, 15 s at 60  °C and 
30 s at 72 °C. Relative quantification of each gene was calculated by using the  2−ΔΔCT 
method and normalized to the control value to obtain percent fold changes.

Western blot analysis

The total protein was obtained using radioimmunoprecipitation assay lysis and extrac-
tion buffer (Pierce; Thermo Fisher Scientific, Inc.) and the concentration was determined 
by BCA protein assay kit (Pierce; ThermoFisher Scientific, Inc.). Equal amounts of the 
protein samples were separated by 10 ~ 12% SDS-PAGE. Membranes were incubated 
with primary antibodies against ubiquitin B (Cell Signaling Technology, P4D1, USA). 
Horseradish peroxidase-labeled anti-mouse antibody, β-actin was used as a secondary 
antibody (Beijing Zhong Shan Biotech Co., Ltd. Beijing, China). Membranes were visual-
ized using enhanced chemiluminescence (ECL; Millipore). The band of β-actin served as 
an internal control. Band density was quantified by Image J software.

Preparation of nanoparticles (NPs) and NPs/siRNA complexes

Nanoparticles were prepared as described previously (Cheng et  al., 2018). 5A2SC8, 
DOPE, cholesterol, and DMG-PEG2000 were dissolved in 100% ethanol with the con-
centration 50ug/ul, 10ug/ul, 5ug/ul and 10ug/ul, respectively. Then the nanoparticle 
was formed by mixing 5A2SC8, DOPE, cholesterol, and DMG-PEG2000 with the vol-
ume ratio 1:0.429:1.596:0.269. The NPs was stored at -20℃ for use. For the formula-
tion of NPs/siRNA complexes, according to the protocol determined by Dr. Daniel 
Siegwart, when the concentration of nanoparticle/siRNA was 1.65 ug/ul, the nano-
particle had the best effect. First, we calculated the needed siRNA according to the 
protocol of our experiment, then according to the concentration of 1.65 ug/ul, we got 
the amount of nanoparticles. Second, we diluted siRNA and nanoparticles with acid 
buffer (10 nM, pH4.0) when it was necessary, so we made the volume of siRNA was 
three times of nanoparticles. Last we mixed siRNA and nanoparticle by fast vortex 
and incubated for 15 min at room temperature.
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Characterization of particle sizes and zeta potential

The hydrodynamic diameter and zeta potential of siRNA-5A2SC8 nanoparticle were 
measured using a laser particle size analyzer (Zetasizer Nano ZS, Malvern, UK) at a 
wavelength of 633 nm with a constant angle of 173°. The morphology and particle size 
of siRNA-5A2SC8 NPs were determined by transmission electron microscopy images 
(H-6009IV; Hitachi Ltd., Tokyo, Japan).

Cell internalization studies using confocal images and flow cytometry

For confocal microscopic images, SKOV3-GFP were cultured overnight to reach 80% 
confluence. Then the cells were transfected with free fluorescent Cy5.5-siRNA or 
Cy5.5-siRNA loaded with 5A2SC8 (1 mg/ml) for 3 h. We washed each well three times 
with PBS, and then fixed the cells with paraformaldehyde for 10  min. 4,6-Diamid-
ino-2-phenylindole (DAPI) was added to the cells for nuclear staining. Cellular inter-
nalization of the fluorescent Cy5.5-siRNA-loaded 5A2SC8 NPs was determined with 
LSM710 laser-scanning confocal microscope (Carl Zeiss), which was equipped with 
405 nm and 514 nm laser for DAPI and Cy5.5, respectively. For flow cytometry analy-
sis, we first treated each cell line with the fluorescent Cy5.5-siRNA-loaded 5A2SC8 
NPs, then examined fluorescent density by Guava EasyCyte flow cytometer (Merck 
Millipore).

Tissue distribution of nanoparticles

To verify 5A2SC8 particle can deliver siRNA to tumor tissue, PBS, free Cy5.5-siRNA 
and Cy5.5-siRNA loaded with 5A2SC8 nanoparticles were injected into BALB/c mice 
with the dose of siRNA 1 mg/kg. For the ex vivo imaging, the tumor tissue and major 
organs of mice were collected after 24 h of intraperitoneal injection. Excised organs 
were imaged by using a Bio-Real in vivo imaging system (Bio-Real Quick View 3000; 
Geneway International, Salzburg, Austria). Cy5.5 molecules were excited by a 675-
nm pulsed laser diode. The fluorescence emission at 710 nm collected was applied to 
assess the distribution of nanoparticles.

In vivo orthotopic model of ovarian cancer and tissue processing

Female BALB/c nude mice were kept in a specific pathogen-free housing facility. To pro-
duce tumors, SKOV3-GFP cells with 5 ×  106 in 100ul PBS were injected into the peri-
toneal cavity of the mice. First, we used 3 mice to test whether 5A2SC8 nanoparticle 
could deliver siRNA to tumor lesions. Next the tumor-bearing mice were randomly 
divided into three groups. Treatment began one week after the inoculation of cells. We 
treated the mice by ip injection of PBS, siRNA-Ctrl-5A2SC8, siUBB-5A2SC8 at the dose 
of siRNA 1 mg/kg every 3 days. After 8 times of treatment, the mice were killed. Tumors 
tissue or important organs were obtained and fixed in 4% paraformaldehyde or frozen in 
liquid nitrogen immediately. Weight of the tumor and mice was recorded.

Histological analysis and TUNEL staining

Slides (5um) were made from tumor tissue and pivotal organs. Hematoxylin 
and eosin (H&E) staining was performed according to standard procedure. For 
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immunohistochemistry analysis, slides were blocked with 3%  H2O2 for 15  min at 
room temperature, incubated with goat serum for 1 h at room temperature, and sub-
sequently incubated with rabbit anti-mouse caspase-3 antibodies at 4℃ overnight. 
After washing with PBS for three times, the appropriate secondary antibody conju-
gated to horseradish peroxidase (HRP) was added. The slices were washed and coun-
ter stained with hematoxylin for 20 s. All images were recorded in 5 random fields for 
each slide. Tissues were stained by terminal deoxynucleotidyl transferase-mediated 
deoxyuridine triphosphate nick-end labeling (TUNEL; green; Promega, Madison, 
WI). An apoptotic body was represented by green fluorescence. To calculate apop-
totic cells, TUNEL-positive cells were determined in 10 random fields from five sepa-
rate slides per group.

Statistical analysis

All assays were conducted three times and found to be reproducible. Data were assessed 
using software packages SPSS version 16.0. Data were expressed as the mean ± SD. 
Comparisons among all groups were performed with the one‐way analysis of variance 
test and the post hoc test with S–N–K (Student–Newman–Keuls) was used to deter-
mine the difference between two groups. P < 0 0.05 was considered significant.

Results
Preparation and characterization of siRNA‑loaded nanoparticles

The particle size and zeta potential of the nanoparticle were analyzed by dynamic light 
scattering (Zetasizer 3000, Malvern Instruments, Malvern, England). As shown in Fig. 1, 
the average size of the particle was (150 ± 11) nm, the zeta potential was − (20 ± 4) 
mV. Transmission electronic microscopy by measurements of each nanoparticle and at 

Fig. 1 Scheme and characterization of si-UBB-5A2SC8 nanoparticles. Preparation of NPs/siRNA complexes 
(a). The representative hydrodynamic size distribution (b), (b) and zeta potential (d) analyzed on dynamic 
light scattering. c Transmission electron microscopy images of si-UBB-5A2SC8 nanoparticles. Scale bar: 0.2um
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least 100 microcapsules per sample was determined, which has been adopted by many 
researchers (Pinho et al., 2010; Lees et al., 2013) was adopted to observe the morphology 
of the nanoparticle, it appeared near-spherical with the mean size of (100 ± 15) nm.

Cellular uptake of Cy5.5‑siRNA loaded with 5A2SC8

To assess the cellular uptake of 5A2SC8 particle, the fluorescent Cy5.5-siRNA-loaded 
5A2SC8 nanoparticles were treated to SKOV3-GFP cells. Flow cytometry analysis dem-
onstrated that the increased fluorescent intensities in Cy5.5-siRNA-loaded 5A2SC8 
treated cell lines indicated that 5A2SC8 NPs efficiently delivered the encapsulated 
Cy5.5-siRNA into ovarian cancer cell lines (Fig.  2a). The confocal microscopic images 
showed that Cy5.5-siRNA-5A2SC8 nanoparticles treated cells exhibited the intracellular 
fluorescence signals in the cytoplasm compartment, whereas there was little or no fluo-
rescence in the nucleus (Fig. 2b). All these data demonstrate that siRNA-5A2SC8 nano-
particles can be substantially internalized into ovarian cancer cells, which guaranteed 
the downregulation effect of siRNA in cells.

Suppression of si‑UBB‑loaded nanoparticles on ovarian cancer cells

The downregulation efficiency of siUBB-5A2SC8 nanoparticles was investigated in 
ovarian cancer cells both in mRNA level and protein level. After 72 h of treatment with 
nanoparticle complexes, cell lysates were obtained. qRT-PCR and western blot was per-
formed to determine the inhibition efficiency of siUBB-5A2SC8. As shown in Fig.  3a, 
compared with the PBS and si-Ctrl nanoparticle treatment group, the level of ubiquitin 
B mRNA was significantly downregulated, it was 62.5% less than the si-Ctrl nanoparticle 
treatment group. Meanwhile, the protein of ubiquitin B was significantly suppressed in 
si-UBB-5A2SC8 nanoparticle treatment group, which was decreased to 36.5% of the si-
Ctrl nanoparticle treatment group (Fig. 3b, c). What’s more, irrespective of the mRNA 
level and protein level, there was no significant difference between PBS and siRNA-Ctrl 
treatment group.

Fig. 2 Efficient cellular internalization of si-UBB-5A2SC8 nanoparticles in SKOV3-GFP ovarian cancer cells. 
a Flow cytometry was used to quantify the fluorescence intensity. The results showed the nanoparticle 
5A2SC8 could efficiently deliver Cy5.5-siRNA to cytoplasm. Scale bar: 20um. b SKOV3-GFP cell were treated 
with free Cy5.5-siRNA or Cy5.5-siRNA loaded with 5A2SC8 for 3 h, confocal microscope was used to analyze 
the fluorescence signal. GFP, Cy5.5-siRNA and DAPI dyes are represented by green, red and blue, respectively. 
Scale bar: 20 μm
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Fig. 3 Knockdown of ubiquitin B expression in SKOV3-GFP cells. a si-UBB loaded with 5A2SC8 could 
significantly inhibit mRNA expression, which decreased to 62.5% of the PBS and si-Ctrl nanoparticle 
treatment group. b, c si-UBB loaded with 5A2SC8 significantly inhibited the protein expression of UBB, which 
decreased to 36.5% of the control. *P < 0.05

Fig. 4 Knockdown of ubiquitin B expression in SKOV3-GFP cells inhibited ovarian cancer cell proliferation 
and migration. a Downregulation of UBB significantly inhibited the proliferation of cells, meanwhile, 
nanoparticle 5A2SC8 had little toxicity to cell. The viability of cells was above 90% when cells were 
treated with 5A2SC8 alone or Ctrl-5A2SC8. b, c The migration of cells was decreased when treated with 
si-UBB-5A2SC8 for 48 h or 72 h, the width of wound was significantly enlarged when compared with PBS and 
si-Ctrl-5A2SC8. *P < 0.05. Scale bar: 50 μm
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si‑UBB‑loaded nanoparticles inhibit ovarian cancer cell proliferation and migration

When we treated ovarian cancer cells only with 5A2SC8 particle and without any siRNA 
for 72 h, we found the cell viability was above 90%, which meant that the particle had 
minimal toxicity to cell (Fig. 4a). We treated ovarian cancer cells with si-UBB-5A2SC8 
for 72  h, the proliferation of SKOV3-GFP was significantly decreased compared with 
si-Ctrl-5A2SC8-treated group. Meanwhile, the inhibitory role was becoming more 
prominent with the increased concentration of si-UBB-5A2SC8. We also found the cell 
proliferation in si-UBB-5A2SC8 group and si-UBB group were comparable, which mean 
free si-UBB was not degraded in 72  h. 48  h and 72  h after scratching, a wound-heal-
ing assay showed si-UBB-5A2SC8 transfected groups displayed a significantly reduced 
wound closure compared with si-Ctrl-5A2SC8 and PBS groups. Meanwhile, there 
was no significantly difference in the wound closure between si-Ctrl-5A2SC8 and PBS 
groups (Fig. 4b, c).

Ex vivo fluorescence imaging

Once nanoparticle wrapped with siRNA reached the tumor site, siRNA can exert anti-
tumor effect. To testify the hypothesis, we adopted Cy5.5-siRNA-5A2SC8 to examine 
the distribution of nanoparticle complexes. Because the surface of the nanoparticles has 
fluorescent Cy5.5, when the nanoparticles were administrated into the tumor-bearing 
mice, it was easy to track their distribution in vivo. As seen in the ex vivo fluorescence 
images, GFP fluorescence was detected to confirm the tumor lesions (Fig. 5a). The red 
fluorescence demonstrated the distribution of the nanoparticles. The mice treated with 
PBS, there was no red fluorescent signal. In free Cy5.5-siRNA and Cy5.5-siRNA-5A2SC8 
treated group, the red fluorescent signals were also detected in the liver, kidney and 

Fig. 5 Intraperitoneal ovarian tumor localization of Cy5.5 fluorescently labeled siRNA after administration 
of 5A2SC8 carrier. BLAB/c mice were injected intraperitoneally with SKOV3-GFP. Two weeks after tumor 
cell injection, mice were peritoneally injected with phosphate buffered saline (PBS), free Cy 5.5-siRNA or 
Cy5.5-siRNA-5A2SC8 nanoparticle with the dose of siRNA 1 mg/kg. Twenty-four hours later, mice were 
euthanized, and organs (heart, lungs, liver, spleen, kidneys, tumor) were removed. Tissues were imaged 
ex vivo for a GFP signal to identify luciferase expressing tumor cells and b Cy5.5 fluorescence to visualize the 
biodistribution of siRNA-containing nanoparticles, respectively. Scale bar: 1 cm
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tumor. The fluorescent signal of the kidney was stronger in free Cy5.5-siRNA treated 
group compared with that in Cy5.5-siRNA-5A2SC8 treated group (Fig.  5b). All those 
results demonstrated that free Cy5.5-siRNA can be easily eliminated through kidney, 
and 5A2SC8 particle could protect Cy5.5-siRNA again degradation during in vivo circu-
lation, which guaranteed the execution of our following experiment.

Antitumor effects of si‑UBB‑loaded nanoparticles in vivo

To verify the anti-tumor effects of nanoparticle complexes in  vivo, a xenograft model 
of human ovarian cancer cells was constructed in female BALB/c nude mice. One week 
after inoculation with ovarian cancer cells, the volume of tumor was  100mm3, then the 
mice received a peritoneal administration of si-UBB- 5A2SC8, si-Ctrl-5A2SC8 or PBS 
twice a week, and we measured the volume of mice every week(length*width*width/2). 8 
times of administration, the tumor tissue and pivotal organ were taken out. As shown in 
Fig. 6, the average tumor volume was significantly decreased in si-UBB-5A2SC8 treated 
group (Fig.  6d). Tumor weight in si-UBB-5A2SC8, si-Ctrl-5A2SC8 or PBS treatment 
group was 0.42 ± 0.09  g, 0.65 ± 0.11  g and 0.66 ± 0.12  g, respectively (Fig.  6a, c). The 
weight of tumor in si-UBB-5A2SC8-treated group was significantly decreased compared 
with si-Ctrl-5A2SC8 and PBS group. No significant body weight changes were observed 
in the three groups (Fig. 6b). Meanwhile, there were no obvious histopathological abnor-
malities or lesions in the heart, live, lung, or kidney tissues observed for any of the treat-
ment (Fig. 6e).

Effect of si‑UBB‑5A2SC8 nanoparticle on ovarian tumor cell apoptosis

To investigate the underlying mechanism for the reduced tumor growth in si-UBB-
5A2SC8-treated group, TUNEL assay and immunohistochemistry were performed to 
analyze whether si-UBB-5A2SC8 complex could induce apoptosis in tumor cells. As 
shown in Fig. 7, cells with bright green fluorescent staining (identified as apoptotic cells) 
could be observed in tumor tissue in si-UBB-5A2SC8-treated group, whereas the green 
fluorescent staining was rare in PBS or si-Ctrl-5A2SC8 treated group. Meanwhile, we 
detected the caspase-3 expression, we found the expression of caspase-3 was increased 
in si-UBB-5A2SC8-treated group compared with that in PBS or si-Ctrl-5A2SC8 treated 
group. All these results suggested that si-UBB-5A2SC8 complexes can prevent tumor 
progression by induction of apoptosis.

Discussion
RNAi-based therapy is an attractive method, but we must improve the delivery effi-
ciency of siRNA in vivo (Aagaard and Rossi, 2007). For delivery efficiency of free siRNA 
without a vector is quite low, and most of the free siRNA is rapidly degraded when intra-
venous injection (Dragoni et al., 2016). In order to conquer these limitations, NP system 
with low toxicity and immunogenicity was widely adopted to deliver the siRNA (Castillo 
et al., 2018). As reported by Zhou et al. (2016), a lead dendrimer, 5A2SC8 could provide 
a broad therapeutic window and well tolerated in separate toxicity studies to provide a 
pronounced survival benefit in mice bearing MYC-driven tumors. In this work, we fur-
ther validated its ability to deliver siRNA in ovarian cancer. Studies involving titration of 
phospholipid into cationic lipid formulations clearly showed that phospholipid was not 
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necessary for siRNA delivery but was required for mRNA deliver. Therefore, we used 
5A2-SC8, DOPE, cholesterol and DMG-PEG2000 to construct nanoparticles.

In our study, 5A2SC8-based nanocarrier was successfully synthesized and was used 
to transfer siUBB to ovarian cancer cell SKOV3-GFP. The 5A2SC8 nanoparticle is 

Fig. 6 Downregulation of UBB expression inhibited the tumorigenesis of SKOV3-GFP. After 8 times of 
treatment, the orthotopic tumors were resected, the results showed the formation of tumor was significantly 
inhibited in si-UBB-5A2SC8 treated group (a, d) and the weight of the tumor was lowest in si-UBB-5A2SC8 
treated group (c). There was no significant difference in the weight of the mice (b) and the organizational 
structure of pivotal organ (e), which means the nanoparticle had low toxicity in vivo. Scale bar: 50 μm
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non-toxic, which was demonstrated by 90% of cell viability. With the suitable zeta 
potential and ideal size, the nanoparticle can be efficiently uptaken by SKOV3-GFP 
cell and precisely deliver siRNA to the target location.

Polyubiquitin B is a member of the ubiquitin–proteasome pathway (UPP), which 
exerts a pivotal effect on homeostasis maintenance by regulation of proteolysis and 
misfolded proteins (Portilho et  al., 2019). Cancer cells can produce proteins, which 
promote cell proliferation and inhibit cell death. UPP inhibition has been exploited 
as an anticancer strategy to balance protein synthesis and degradation (Kedves et al., 
2017). It was reported that ubiquitin-conjugating enzyme E2B involved in naso-
pharyngeal carcinoma sensitivity to chemotherapy by mediating the ubiquitination of 
DNA methyltransferase (Hsu et al., 2018), and ubiquitin specific peptidase 1 regulates 
cellular autophagy by targeting unc-51 like autophagy activating kinase 1 (Raimondi 
et al., 2019). Meanwhile, deubiquitinase inhibitors were reported to have the poten-
tial to treat breast cancer, which was resistant to hormonal therapy (Xia et al., 2018). 
So we inferred downregulation of ubiquitin B may exert anti-tumor effect in ovarian 
cancer.

When we transfected SKOV3-GFP cell with si-UBB-5A2SC8, endogenous ubiqui-
tin-B expression both in mRNA and protein level were inhibited, which was accom-
panied with arrest of cell migration and proliferation in  vitro. In  vivo distribution 
analysis demonstrated 5A2SC8 could efficiently deliver siRNA to tumor site and 
exhibited good anti-tumor activity via inducing apoptosis. Unfortunately, we did 
not add another group of free si-UBB to further verify the delivery effect of 5A2SC8 

Fig. 7 Downregulation of UBB expression induced apoptosis in tumor-beard mice. TUNEL assay (a) and 
cleaved caspase-3 expression (b) were adopted to analyze the rate of apoptosis. In si-UBB-5A2SC8 treated 
group, the apoptosis was significantly increased, which means downregulation of UBB expression inhibited 
the tumorigenesis by inducing apoptosis. a: Scale bar 10 μm, b: scale bar 20 μm
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nanoparticle in vivo study. Collectively, our study suggested that 5A2SC8 delivery of 
si-UBB could be a potential therapeutic strategy for ovarian cancer.

Our findings provide a solid theoretical foundation for 5A2SC8 delivery of siRNA to 
treat tumor therapy. Meanwhile, we demonstrated that ubiquitin-B was an underlying 
therapeutic target for anti-tumor therapy. Herein, we conclude 5A2SC8-based nanopar-
ticle targeting ubiquitin-B  is an innovative and promising method to conquer ovarian 
cancer. In our future study, we will use more models to further explore the high delivery 
efficiency of 5A2SC8 nanoparticles.
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