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Abstract: Background: The aim of this study was to observe the effects of SENP1 silencing on the in vitro migra-
tion capacity of human breast cancer SK-BR-3 cells. Methods: They were transfected with chitosan nanoparticles 
(NPs) carrying SUMO-specific protease 1 small-interfering RNA (SENP1 siRNA). Chitosan-siRNA NPs were prepared 
by ionotropic gelation. Cells were transfected and divided into a chitosan-SENP1 siRNA NP (experimental) group, a 
Lipofectamine TM 2000 and SENP1 siRNA (positive control) group, a chitosan-siRNA NP (negative control) group 
and an empty chitosan NP (blank) group. The expressions of SENP1 in SK-BR-3 cells were detected by one-step 
reverse transcription-polymerase chain reaction and Western blot. The effects of SENP1 siRNA on in vitro migra-
tion capacity were evaluated by Transwell assay. One-way ANOVA and K-WH rank sum test were used for statistical 
analysis. Results: Spherical chitosan-siRNA NPs sized about 100 nm was successfully prepared. In the experimental 
group, SENP1 mRNA and protein expressions as well as in vitro cell migration were significantly inhibited compared 
with those in negative control and blank groups (P<0.01). Conclusion: Chitosan NP-mediated SENP1 siRNA effec-
tively inhibited SENP1 expression in human breast cancer SK-BR-3 cells and their in vitro migration.
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Introduction

During treatment, invasion, metastasis and 
recurrence of breast cancer dominantly control 
clinical outcomes and survival rates. To control 
tumor invasion and metastasis, related genes 
have been used as RNA interference (RNAi)-
based molecular targets to specifically block 
their expressions [1]. Novel nanoparticles 
(NPs), as valuable drug carriers, have attracted 
wide attention. RNAi genotherapy using NPs as 
carriers is a promising strategy for treating 
tumors.

Small ubiquitin-like modifier (SUMO), which 
functions for post-translational modification, 
can regulate protein activities and functions 
[2]. As an SUMO-specific protease, SUMO-
specific protease 1 (SENP1) catalyzes deSU-
MOylation of numerous SUMO proteins. Hy- 
poxia-inducible factor-1α (HIF-1α) plays impor-

tant roles in the proliferation, angiogenesis, 
growth, invasion and metastasis of breast can-
cer cells [3]. In the hypoxia-HIF-1α signaling 
pathway, HIF-1α promotes generation of tumor 
tissues and blood vessels by activating the 
transcription of vascular endothelial growth fac-
tor (VEGF). Since SENP1 essentially regulates 
the maintenance of HIF-1α activity under hypox-
ic conditions [4], it directly or indirectly regu-
lates formation of blood vessels as well as inva-
sion and metastasis of tissues in tumors [4, 5]. 
The SENP1 positive rate of breast cancer tis-
sues is higher than that in normal tissues, 
especially in the patients with lymphatic metas-
tasis [6]. Therefore, efficient inhibition by using 
SENP1 as the target may be able to suppress 
the invasion and metastasis of breast cancer. 
In this study, human breast cancer SK-BR-3 
cells were transfected with chitosan NPs carry-
ing SENP1 small interfering RNA (siRNA) to 
observe the effects of SENP1 silencing on in 
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vitro migration capacity. The results provide 
experimental evidence for genotherapy of 
breast cancer.

Materials and methods

Reagents

Chitosan (87% degree of deacetylation) was 
purchased from Sigma-Aldrich. Sodium tripoly-
phosphate was bought from Fluka. Human 
breast cancer cell line SK-BR-3 was obtained 
from Stem Cell Bank, Chinese Academy of 
Sciences. α-MEM culture medium was pur-
chased from Gibco. LipofectamineTM 2000 
and TRIzol kits were bought from Life Tech- 
nologies. Transwell chambers were obtained 
from Corning. Fibronectin (FN) was purchased 
from Chemicon. One-step reverse transcrip-
tion-polymerase chain reaction (RT-PCR) kit 
was bought from Qiangen. Mouse anti-human 
β-actin and SENP1 monoclonal antibodies as 
well as electrochemiluminescence (ECL) kit 
were obtained from Santa Cruz. PCR primers 
were designed by our group and synthesized by 
BGI Biotechnology (Shenzhen) Co., Ltd. 

Synthesis of siRNA fragment

siRNA sequences were synthesized by Shang- 
hai GenePharma Co., Ltd. Sense strand for 
SENP1: 5’-AACTACATCTTCGTGTACCTC-3’, anti-
sense strand: 5’-CTAAACCATCTGAATTGGCTC-3’; 
sense strand for negative control: 5’-UUCU- 
CCGAACGUGUCACGUTT-3’, anti-sense strand: 
5’-ACGUGACACGUUCGGAGAATT-3’.

Preparation of chitosan-siRNA NPs

By using ionotropic gelation, 3.5 μl of siRNA 
solution (50 μmol/L) was added into 1 ml of 
sodium tripolyphosphate solution (1 mg/ml), 
which was mixed under magnetic stirring, 
dropped into 3 ml solution of chitosan in acetic 
acid (2 mg/ml), magnetically stirred, and incu-
bated at room temperature for 30 min, giving 
encapsulated chitosan-siRNA NPs. Meanwhile, 
siRNA-free chitosan NPs were prepared as 
blank control.

Morphological observation of chitosan-siRNA 
NPs

NP suspension (1 μl) was 1:5 diluted by 30 
mmol/L Na2SO4, and dropped onto clean mica 

sheets and blown dry with nitrogen to observe 
the morphology of NPs under an atomic force 
microscope.

Cell culture

SK-BR-3 cells were cultured in α-MEM culture 
medium, incubated at 37°C in 5% CO2 atmo-
sphere after adding 10% fetal bovine serum, 
100 U/ml penicillin and 100 μg/ml streptomy-
cin, digested with 0.25% trypsin and passaged. 
The cells in the logarithmic growth phase were 
selected for subsequent experiments. 

Experimental grouping and cell transfection

One day before transfection, SK-BR-3 cells 
were inoculated onto 6-well plates and divided 
into four groups after 80% confluence. (1) 
Experimental group that was transfected with 
chitosan-SENP1 siRNA NPs; (2) Positive control 
group that was transfected with Lipofectamine 
TM 2000 and SENP1 siRNA; (3) Negative con-
trol group that was transfected with chitosan-
siRNA NPs; (4) Blank group that was transfect-
ed with empty chitosan NPs. The final concen-
trations of siRNA in groups (1)-(3) were all 100 
nmol/L.

Detection of SENP1 mRNA expression in SK-
BR-3 cells by RT-PCR

The supernatant was discarded 24 h after 
transfection, into which was added 1 ml of 
TRIzol reagent to extract total RNA according  
to the kit’s instructions. Upstream primer for 
SENP1: 5’-TTGGCCAGAGTGCAAATGG-3’, down-
stream primer: 5’-TCGGCTGTTTCTTGATTTTTG- 
TAA-3’; upstream primer for β-actin as internal 
reference: 5’-GACGTGGACATCCGCAAAGAC-3’, 
downstream primer: 5’-TAGTTGCGTTACACCCT- 
TCTTG-3’. RT-PCR reaction system was pre-
pared according to the kit’s instructions. 
Reaction parameters: Reverse transcription at 
50°C for 30 min and reaction at 95°C for 15 
min, after which cycling was initiated, including 
denaturation at 94°C for 30 s, annealing at 
57°C for 30 s and extension at 72°C for 30 s, 
30 cycles in total. Finally, the reaction was per-
formed by extension at 72°C for 10 min. PCR 
products were subjected to agarose gel electro-
phoresis and photographed. The absorbances 
of DNA bands were analyzed, and the absor-
bance ratios of SENP1/β-actin were used as 
relation mRNA expression levels.
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Detection of SENP1 protein expression in SK-
BR-3 cells by Western blot

The supernatant was discarded 48 h after 
transfection, into which was added pre-cooled 
lysate [50 mmol/L Tris-HCl, 150 mmol/L NaCl, 
0.02% sodium azide, 0.1% sodium dodecyl sul-
fonate (SDS), 1% octylphenoxypolyethoxyetha-
nol (NP-40), 0.5% deoxysodium cholate, 100 
μg/ml phenylmethylsulfonyl fluoride (PMSF), 
and 1 μg/ml (aprotinin)]. The mixture was then 
reacted in ice bath for 20 min and centrifuged 
at 4°C and 12000×g for 15 min. The superna-
tant was then subjected to 10% SDS-polya- 
crylamide gel electrophoresis (PAGE), electroni-
cally transferred to a nitrocellulose (NC) mem-
brane, blocked in blocking solution at room 
temperature for 2 h, incubated overnight with 
β-actin and SENP1 antibodies that had been 
diluted by blocking solution at room tempera-
ture, incubated with horseradish peroxidase-
labeled secondary antibodies at room tempera-
ture for 2 h, color-developed by using ECL kit, 
exposed by X-ray, developed and fixed. After 
absorbance scan and image analysis, the 
absorbance ratios of SENP1/β-actin were used 
as relative protein expression levels.

Effects of SENP 1 siRNA on in vitro migration 
capacity of SK-BR-3 cells

Cells were transfected in 6-well plates, collect-
ed after 48 h, counted and adjusted to the den-
sity of 1×106/ml. Outer surface of filter mem-
brane in Transwell chamber was coated with 10 

were counted under a ×400 light microscope. 
Five visual fields were randomly selected for 
each membrane, and four samples were set for 
each group.

Statistical analysis

All data were analyzed by SPSS11.0. SENP1/β-
actin mRNA expressions between groups were 
compared by one-way ANOVA. Pairwise com-
parisons were performed by using LSD test. 
K-WH rank sum test was employed to compare 
SENP1/β-actin protein expressions between 
groups and effects of SENP1 siRNA on cell 
migration. Pairwise comparisons were conduct-
ed by the Bonferroni method. P<0.01 was con-
sidered statistically significant.

Results

Inhibitory effects of SENP1 siRNA on SENP1 
mRNA expression in SK-BR-3 cells

Total RNA was extracted from each group and 
subjected to RT-PCR. The SENP1 mRNA expres-
sion levels of the negative control and blank 
groups were similar 24 h after transfection 
(P>0.05), which were significantly higher than 
those of the positive control and experimental 
groups (P<0.01) (Figure 1).

Inhibitory effects of SENP1 siRNA on SENP1 
protein expression in SK-BR-3 cells

Western blot showed that 48 h after trans- 
fection, SENP1 protein expression levels de- 

Figure 1. SENP1/β-actin mRNA expressions in SK-BR-3 cells detected by RT-
PCR. Compared with blank and negative control groups, ##P<0.01.

μg FN and air-dried. α-MEM 
culture medium containing 
0.1% bovine serum albumin 
was added in 24-well plates, 
into which were added the 
Transwell chambers. Cell 
suspension (100 μl) was 
then added into each cham-
ber, followed by 6 h of cul-
ture at 37°C in 5% CO2. 
Afterwards, the chambers 
were taken out, and the fil-
ter membrane was fixed in 
methanol for 1 min and sub-
jected to HE staining. After 
unpenetrated cells on the 
inner surface of the filter 
membrane were wiped off, 
the membrane was sealed 
for microscopic observa-
tion. The penetrating cells 
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creased in the experimental and positive con-
trol groups (Figure 2A). Absorbance integration 
analysis showed that the inhibition rates of 
SENP1 protein expression in the two groups 
were 47.9% and 51.2% respectively, which 
were significantly different from those of the 
blank and negative control groups (P<0.01) 
(Figure 2B).

Effects of SENP1 siRNA on in vitro migration 
capacity of SK-BR-3 cells

Under the ×400 light microscope (Figure 3), the 
cells counts of the experimental and positive 
control groups differed significantly from those 
of the negative control and blank groups 
(P<0.01) (Table 1), suggesting that SENP1 
siRNA obviously inhibited the migration of 
SK-BR-3 cells.

Discussion

SUMOylation mainly regulates the interactions 
between modified proteins, protein transport 

to the onset, progression, invasion and metas-
tasis of breast cancer, predicting poor progno-
sis as well [11]. The SENP1 positive rate of 
breast cancer tissues remarkably surpasses 
that in normal tissues, particularly in the pati- 
ents with lymphatic metastasis [6]. Hypoxia-
induced HIF-1α expression is evidently reduced 
in the cells of mice depleted of SENP1, with  
significantly shorter half-life of HIF-1α protein 
than that of wild-type mice. In the meantime, 
hypoxia-induced VEGF expression is also dra-
matically decreased in the embryonic fibro-
blasts of these mice, indicating that SENP1  
predominantly regulates tumor angiogenesis 
[4]. Increase of SENP1 protein allows deSU-
MOylation of bound SUMO proteins. As a result, 
the inhibitory effects of SUMOylation are 
relieved, which enhances the transcriptional 
activity of HIF-1α protein and significantly 
increases induced expression of VEGF. There- 
fore, SENP1 is indeed involved in angiogenesis 
of tumors [3]. Since tumor invasion and metas-
tasis are closely related with angiogenesis, 

Figure 2. SENP1 protein expressions in SK-BR-3 cells detected by Western 
blot. A: Western blot results; B: relative grayscales. Compared with blank 
and negative control groups, ##P<0.01.

between cell nucleus and cyto-
plasm, protein location and  
transcriptional activity, as well 
as antagonizes ubiquitination 
[7]. SUMO-modified reverse re- 
action, also known as deSU-
MOylation, is completed by a 
group of SENPs [8]. SENPs in 
mammalian cells included six 
members, i.e. SENP1, SENP2, 
SENP3, SENP5, SENP6 and 
SENP7. SENP1 can modify a 
wide range of substrates and 
catalyze the deSUMOylation of 
numerous SUMO proteins as a 
nuclear protease [9].

Hypoxia often plays key roles in 
regulating tumor angiogenesis, 
survival and spread, mainly 
coordinated by HIF-1α. SENP1 is 
a critical regulatory factor for 
maintenance of HIF-1α activity 
under hypoxic condition [4]. In 
the hypoxia-HIF-1α signaling 
pathway, HIF-1α further acti-
vates the transcription of VEGF 
and thus facilitates the forma-
tion of blood vessels in tumors 
[10]. It has previously been 
reported that high HIF-1α and 
VEGF expressions are important 
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SENP1-targeted therapy may be applicable to 
inhibition of breast cancer migration. In this 
study, breast cancer cells transfected with 
SENP1 siRNA significantly inhibited SENP1 
mRNA and protein expressions as well as the 
resulting strong tendency to in vitro migration. 
In contrast, the cells transfected with negative 

sharing homologous sequences, specifically 
silencing gene expressions eventually [12]. 
Compared to other gene silencing technologies 
such as antisense gene silencing, RNAi can 
exert effects with gene substances at low con-
centrations. In this study, the cells transfected 
with SENP1 RNA expressed significantly less 

Figure 3. Effects of SENP1 siRNA on migration of SK-BR-3 cells (light microscope, HE staining, ×400). A: Blank 
group; B: Negative control group; C: Positive control group; D: Experimental group.

Table 1. Effects of SENP1 siRNA on migration of SK-BR-3 cells

Group Sample 
(n)

Cell count in each visual 
field [M (QR)] Z value P 

value
Blank group 4 110.00 (96.50-111.75) 11.712 0.007
Negative control groupa 4 98.50 (94.50-108.25)
Positive control groupb 4 38.50 (35.50-42.50)
Experimental groupc 4 36.50 (32.75-38.00)
The data not conforming to the normal distribution were compared by K-WH rank 
sum test. Pairwise comparisons were conducted by the Bonferroni method. a: 
Compared with blank group, P>0.05; b: compared with negative control and blank 
groups, P<0.01; c: compared with negative control and blank groups, P<0.01, com-
pared with positive control group, P>0.05. M (QR): Median (quartile range).

control siRNA were free from 
inhibition, which can be 
attributed to dependence of 
SENP1 siRNA on the speci-
ficity of target sequence.

As one of the crucial mecha-
nisms for post-transcription-
al silencing, RNAi cleaves 
double-stranded RNA into 
19~25 nt fragments through 
nucleases and forms siRNA 
silencing complexes that re- 
cognize and degrade mRNA 
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SENP1 mRNA and protein than the blank group 
did. On the other hand, non-viral gene carriers 
have attracted global attention due to safety 
concern. Therefore, an eligible gene nanocarri-
er, chitosan, was selected herein to perform 
RNAi, to ensure effective cellular absorption of 
siRNA and the carrier and to prevent degrada-
tion. As the sole natural biodegradable, cation-
ic group-containing polysaccharide, chitosan 
has biocompatibility, non-cytotoxicity and non-
immunogenicity, being capable of protecting 
nucleic acid complexes from degradation in the 
blood [13]. Given that particle size and shape 
play key roles in gene transfection, NPs are pre-
ferred to others owing to higher cellular absorp-
tion rates [14]. By controlling reaction parame-
ters, we herein prepared chitosan NPs uniform-
ly sized approximately 100 nm, which were suit-
able for carrying gene. Compared with the posi-
tive control group that utilized cationic lipo-
some, the experimental group using chitosan 
NPs expressed similar levels of SENP1 mRNA 
and protein, i.e. these NPs were comparatively 
capable of gene transfer.

In conclusion, we managed to silence SENP1 
gene in human breast cancer SK-BR-3 cells 
through mediation of chitosan NPs carrying 
synthesized siRNA, thereby reducing the in vitro 
migration capacity of these cells.
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