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An enhanced RRM2 siRNA delivery to rheumatoid
arthritis fibroblast-like synoviocytes through
a liposome-protamine-DNA-siRNA complex
with cell permeable peptides
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Abstract. Rheumatoid arthritis (RA) is considered to be a
systemic autoimmune disease that induces systemic complica-
tions and progressive disability. It affects a large number of
people. RA fibroblast-like synoviocytes (RA-FLS) promote
the progression of RA through the secretion of proinflam-
matory cytokines and increasing invasiveness into the
extracellular matrix. Therefore, targeting RA-FLS represents
a potential approach for the treatment of RA. Ribonucleotide
reductase M2 (RRM2), a critical protein for DNA synthesis
and repair, may promote the proliferation of cells and inhibit
cellular apoptosis. In previous studies it has been confirmed
that the suppression of RRM2 markedly suppressed the
proliferation of liver cancer cells. In the present study, a cell
permeable peptide-conjugated liposome-polycation-DNA
(LPD) complex loaded with RRM2 small interfering RNA
(siRNA) (CCP-LPDR) was developed, aiming to increase the
levels of apoptosis and inhibit the proliferation of RA-FLS.
CCP-LPDR is a small-sized molecule (~130 nm) with high
encapsulation efficiency of siRNA (>90%) and high stability.
Furthermore, it was verified that CCP-LPDR markedly
suppressed RRM2 gene and protein expression by ~80%.
Notably, CCP-LPDR efficiently targeted RA-FLS, resulting in
a marked decrease in the proliferation and increase in the level
of apoptosis in RA-FLS. In addition, the levels of proinflam-
matory cytokines tumor necrosis factor-a and interleukin-6
were markedly decreased in RA-FLS following CCP-LPDR

Correspondence to: Dr Shiou Fu, The Second Department
of Pain, Qingdao Municipal Hospital, 1 Jiaozhou Road, Qingdao,
Shandong 266011, P.R. China

E-mail: bhyxouou@163.com

Key words: ribonucleotide reductase M2, fibroblast-like
synoviocytes, small interfering RNA, liposomes, rheumatoid arthritis

treatment. Therefore, CCP-LPDR may efficiently deliver
RRM2 to RA-FLS and represent a potential treatment for RA.

Introduction

The prevalence of rheumatoid arthritis (RA), a systemic
autoimmune disease that induces systemic complications and
progressive disability, is rising steadily (1,2). Generally, the
prevalence of RA worldwide is ~1% of the total adult popula-
tion (1,2). The characteristics of RA include progressive joint
destruction and disability, and it is associated with high preva-
lence rates of comorbidities including cardiovascular diseases
and other extra-articular and systemic diseases (3). Compared
with the normal population, a decreased life expectancy in
patients with RA has been demonstrated (4). Therefore, the
development of an effective treatment for RA is critical for
the improvement of the health of these patients. The aims of
the treatments of RA include the suppression of inflammation,
remission of severe symptoms, prevention of organ and joint
damage and improvement of physical function (4,5). However,
RA treatment is costly with respect to the surgical procedures,
medications including biologics and indirect costs (5). For
example, at present the approaches for the treatment of RA
include the use of anti-rheumatic drugs, but a good response
has only been observed in a minority of patients (5). Therefore,
itis necessary to optimize the treatment strategies to ameliorate
the clinical and socioeconomic effects of RA.

Although the exact immunological mechanism of RA
remains unclear, genetic and environmental factors have been
demonstrated to contribute to the pathogenesis of RA (6,7).
Several previous studies have suggested that RA fibroblast-like
synoviocytes (RA-FLS) serve a vital role in RA development
by various mechanisms (6-8). Firstly, RA-FLS produce proin-
flammatory cytokines, including interleukin-6 (IL-6) and
tumor necrosis factor-o. (TNF-a), achieving a perpetual state
of inflammation and cartilage destruction (1-3). Secondly, as
a uniquely aggressive phenotype, RA-FLS exhibit significant
levels of invasiveness into the extracellular matrix and exac-
erbate joint damage (8). The excessively proliferated RA-FLS
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increase oxygen consumption and hypoxia in the local
microenvironment, resulting in a series of events including
proinflammatory cell infiltration, synovium inflammation and
degradation of cartilage (9). These processes occur simulta-
neously, and develop a positive feedback loop, resulting in
the promotion of RA progression (9,10). Therefore, targeting
RA-FLS may improve the clinical outcomes of RA treatment,
and the induction of proliferation inhibition and apoptosis of
RA-FLS represents a promising approach in the treatment of
RA (8,10).

Ribonucleotide reductase M2 (RRM2) is a crucial protein
that regulates the formation of deoxyribonucleotides; there-
fore, it is important for the repair and synthesis of DNA (11).
Inhibition of RRM2 significantly inhibits cellular proliferation
and induces cell apoptosis (12,13). A previous study suggested
that changes in RRM2 expression levels may exhibit a marked
effect on tumor metastasis and progression, making it a prom-
ising cancer therapeutic target (14). Gemcitabine and GTI-2040
are 2 RRM2 inhibitors and have undergone a clinical trial for
cancer therapy (trial no. NCT00078962) (13). Gao et al (14)
confirmed that the expression of RRM2 has been identified
to be significantly increased in liver cancer compared with in
non-liver cancer tissue, and RRM?2 suppression may signifi-
cantly inhibit the proliferation and migration of liver cancer
cells, suggesting that RRM2 is a promising target in the therapy
of liver cancer. As RRM2 suppression has been validated to
decrease the levels of cellular proliferation and induce cellular
apoptosis (14), we hypothesized that the inhibited expression
of RRM2 in RA-FLS may markedly suppress the proliferation
and increase apoptosis in RA-FLS. Nevertheless, to the best
of our knowledge, there has been limited data on the effect of
RRM2 suppression in RA until now.

Genetic therapy, also termed gene therapy, which is the
removal or alteration of genes in cells for therapeutic purposes,
represents a promising method for treating various diseases,
including RA (15,16). For the treatment of RA, the gene therapy
approach may confer potential effects through the specific
delivery of various gene products. At present, a number of
studies have been performed to investigate the therapeutic effi-
cacy of gene therapy in animal models (15,16). Tomita et al (16)
demonstrated that the treatment of rats with collagen-induced
arthritis with nuclear factor kappa-light-chain-enhancer
of activated B cells decoy oligodeoxynucleotides-loaded
liposomes led to an amelioration of arthritis. Notably, gene
therapy using small interfering RNA (siRNA) represents
an elegant approach with great promise for the treatment of
various diseases, and is also a promising alternative to chemo-
therapy, which is associated with several side effects (17-20).
As siRNA molecules alone cannot cross cellular barriers
to reach the targets inside the cells, formulations based on
nanoparticles have been demonstrated to significantly increase
the cellular delivery of siRNA and facilitate siRNA-based
therapy in clinical settings (17-20). In previous studies, we
successfully constructed a targeted liposome-polycation-DNA
complex (LPD) conjugated with the epidermal growth factor
receptor antibody to deliver siRNA efficiently to cancer cells
and observed marked gene silencing activity and anticancer
efficacy (17-19).

Cell permeable peptides (CPP), also termed protein
transduction domains, are a diverse class of peptides with
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dozens of amino acids that enhance the cellular uptake of
various substances including nanoparticles (21,22). CyLoP-1
is a cationic CPP rich in cysteine and has been demonstrated
by Jha er al (23) to exhibit the efficient cellular delivery of
various agents. In order to efficiently deliver RRM2 siRNA
to RA-FLS and inhibit their proliferation, the present
study developed a cell permeable peptide-conjugated lipo-
some/protamine/DNA/RRM?2 siRNA complex (CCP-LPDR)
as a nanoparticle-based drug delivery system for RA-FLS.
We hypothesize that CCP-LPDR may deliver RRM2 siRNA
to RA-FLS effectively; achieving increased therapeutic effect
in RA-FLS. The in vitro targeting, gene silencing activity
and cellular apoptosis-inducing activity of CCP-LPDR in
RA-FLS were then examined by the flow cytometry and
reverse transcription quantitative polymerase chain reaction
(RT-gqPCR). The present study demonstrated that CCP-LPDR
efficiently delivered RRM2 siRNA to RA-FLS and achieved
an improved therapeutic efficacy against RA-FLS compared
with the non-targeted control.

Materials and methods

Reagents. Grade X protamine, calf thymus DNA and choles-
terol were purchased from Sigma-Aldrich; Merck KGaA
(Darmstadt, Germany). The following reagents were
purchased from Avanti Polar Lipids (Alabaster, AL, USA):
1,2-dioleoyl-3-trimethylammonium-propane (DOTAP,
a cationic lipid); functional PEGylated lipids with a
maleimide group, 1,2-distearoyl-sn-glycero-3-phospho-
ethanolamine-N-[maleimide (polyethylene glycol)-2000]
(DSPE-PEG-Mal); and, 1,2-dioleoyl-sn-glycero-3-phosphoeth-
anolamine-N-carboxyfluorescein (CFPE, a fluorescent lipid).
GL Biochem (Shanghai) Ltd., (Shanghai, China) synthesized
the cell permeable peptides, CRWRWKCCKK (CyLoP-1 CCP).
Shanghai GenePharma Co. Ltd. (Shanghai, China) synthesized
and provided the following siRNAs: Negative control (NC)
siRNA, fluorescent siRNA (FAM-siRNA) and RRM2 siRNA.
The sequences of siRNAs are summarized in Table I. Dojindo
Molecular Technologies, Inc. (Kumamoto, Japan) provided
the cellular proliferation kit Cell Counting Kit-8 (CCK-8),
and the Reverse Transcription System kit was provided by
Promega Corporation (Madison, WI, USA). Thermo Fisher
Scientific, Inc. (Waltham, MA, USA) provided the TRIzol®
reagent and SYBR™-Green PCR Master Mix. R&D Systems,
Inc. (Minneapolis, MN, USA) provided the ELISA kits to
measure the concentration of TNF-a (cat. no. DTAO0C) and
IL-6 (cat. no. D6050). Ultra-4 centrifugal filter devices were
purchased from EMD Millipore (Billerica, MA, USA).

Cell culture of human RA-FLS. The RIKEN BioResource
Center (Tsukuba, Japan) provided the human RA-FLS MH7A
cell line. The cells were maintained in 10 cm cultured dishes at
37°C in an incubator with a humidified atmosphere of 5% CO,.
The medium used for cell culture was Dulbecco's modified
Eagle's medium with 10% fetal bovine serum (Thermo Fisher
Scientific, Inc.). Cells in the exponential phase of growth were
used for subsequent experiments.

Fabrication of LPD complex. The development of lipo-
somes was performed using a protocol as previously
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A, qPCR primer sequences

Gene name Forward (5'-3") Reverse (5'-3") Product size, bp
[B-actin CGTGGACATCCGTAAAGACC ACATCTGCTGGAAGGTGGAC 209
RRM2 TCTATGGCTTCCAAATTGCC GACACAAGGCATCGTTTCAA 128
TNF-a CACCACTTCGAAACCTGGGA TGTAGGCCCCAGTGAGTTCT 105
IL-6 CTCAATATTAGAGTCTCAACCCCCA GAGAAGGCAACTGGACCGAA 163

B, siRNA sequences

Gene name Forward (5'-3") Reverse (5'-3") Product size, bp
NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT -
RRM2 GAUUUAGCCAAGAAGUUCAGA UGAACUUCUUGGCUAAAUCGC -

gPCR, Quantitative polymerase chain reaction; siRNA, small interfering RNA; RRM2, ribonucleotide reductase M2; TNF-a, tumor necrosis

factor a; IL-6, interleukin-6; NC, negative control.

described (Fig. 1) (11,15,16). Briefly, cationic liposomes (the
concentration of liposomes was 10 mM with a 1:1 molar ratio
of DOTAP and cholesterol) were developed by a thin film
method based on hydration. The fluorescent liposomes with
CFPE was constructed by initially adding 1% CFPE (molar
ratio) to the lipid mixture composed of cholesterol and DOTAP.
Multi-layer liposomes (MLL) were formed following the
hydration of the lipid film with deionized water. Subsequent to
hydration, MLL were then extruded to form single-layer lipo-
somes composed of DOTAP/cholesterol. To prepare the LPD,
the initially prepared DOTAP/cholesterol liposomes (125 ul)
were mixed with 1 mg/ml protamine (30 ul) to produce ‘solu-
tion I’. At total of 24 ug calf thymus DNA and 24 pg siRNA
(20 uM) were also mixed together to form ‘solution II’. To form
LPD, solutions I and II were then mixed together. At 50°C, the
LPD complex was mixed with 40 1 DSPE-PEG-Mal micelles
(10 mg/ml). For peptide conjugation, 80 yg CCP was mixed
with the DSPE-PEG-Mal-modified LPD complex at 25°C for
6 h.

Similar to CCP-LPDR, non-targeted LPD complexes
without CCP were developed without conjugation of any
peptides. The abbreviations used were follows: CCP-LPDR;
LPDR; CCP-conjugated LPD complex loaded with negative
control siRNA (CCP-LPDN); and LPD complex loaded with
negative control siRNA (LPDN).

Size, encapsulation efficacy and stability of cationic liposomes.
The cationic liposomes (10 u1) were diluted with 1 ml deionized
water, and the characteristics, including size, polydispersity
index (PDI) and zeta (C) potential of the liposomes were deter-
mined with the Zeta sizer Nano S (Malvern Instruments, Ltd.,
Malvern, UK). The siRNA encapsulation efficiency of the
liposomes was examined by an ultrafiltration-based approach:
Following the addition of the FAM-siRNA-loaded liposomes
in the Ultra-4 centrifugal filter devices, the centrifugation of
the filter devices was performed for 30 min at 3,500 x g and

25°C to remove the unloaded siRNA. Following centrifugation,
deionized water was added. Subsequent to repeated ultrafiltra-
tion four times, the unloaded FAM-siRNA were collected and
quantified using the calibration curve of FAM-siRNA with
Microsoft Excel 2010 (Microsoft Corporation, Redmond, WA,
USA). The fluorescence for FAM-siRNA was examined with
the Synergy™ 4 (Biotek Instruments, Inc., Winooski, VT,
USA) at an excitation wavelength of 495 nm and emission
wavelength of 525 nm. The siRNA encapsulation efficiency,
expressed as percentage, was calculated using the following
formula = [(The mass of total siRNA - the mass of unloaded
siRNA)/the mass of total sSiRNA] x 100.

The evaluation of the stability of the liposomes was
performed as follows: Firstly, the liposomes were suspended
in various DMEM media, including PBS, 10% FBS or PBS
with 20% FBS. Then the solution was incubated at 25°C for
5 days. Each day, an aliquot of liposomes was removed for the
analysis of the change in size of the cationic liposomes. An
aliquot of liposomes (10 pl) were diluted with 1 ml deionized
water and the sizes of the liposomes were determined with
the Zetasizer Nano S (Malvern Instruments, Ltd.) using the
in-built software.

In vitro binding of liposomes with RA-FLS. RA-FLS were
plated in 48-well plates overnight. The density of RA-FLS
was 6x10* cells/well. Following this, the old medium was
discarded, and fresh medium was added to the cell culture
plates. The fresh medium contained the fluorescent lipo-
somes (FAM-siRNA loaded liposomes: Final FAM-siRNA
concentration, 200 nM; CFPE labeled liposomes: Final CFPE
concentration, 20 ng/ml). Subsequent to treatment with lipo-
somes for different lengths of times (1, 2,4, 6, 12, 18 and 24 h),
the cells were washed with PBS, trypsinized, washed again,
suspended in PBS (0.3 ml) and examined using a flow cytom-
eter (BD Biosciences, San Jose, CA, USA). Data was analyzed
using FlowJo (version 10; FlowJo LLC, Ashland, OR, USA).
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RT-gPCR. Using TRIzol® reagent (Thermo Fisher Scientific,
Inc.), the extraction of RNA from the RA-FLS was performed
following the manufacturer's protocol. The synthesis of
the first-strand cDNA was performed with the Reverse
Transcription System kit according to the manufacturer's
protocol. The PCR was performed with SYBR™ Green PCR
Master Mix in a Roche Light Cycler (Roche Diagnostics
GmbH, Mannheim, Germany). The PCR thermocycler condi-
tions were described as follows: Denaturation for 2 min at 95°C,
then 40 cycles of denaturation at 95°C for 3 sec, annealing at
55°C for 10 sec and extension at 72°C for 25 sec. The 244¢4
method was used to quantify the expression of Mrna (24). The
sequences of primers used for B-actin, RRM2, TNF-a and
IL-6 are summarized in Table I.

Western blot analysis. The extraction of proteins from the
cells was performed using radioimmunoprecipitation assay
lysis buffer (Beyotime Institute of Biotechnology, Haimen,
China). The protein concentration was determined by the
Pierce BCA Protein Assay kit (Thermo Fisher Scientific, Inc.).
Each lane of 10% SDS-PAGE was loaded with 50 pg protein.
Proteins were then transferred onto polyvinylidene fluoride
membranes. The membranes were blocked with 10% bovine
serum albumin (Thermo Fisher Scientific, Inc.) at 95°C over-
night. Following the transfer of the proteins to the membrane,
the following antibodies were added to the membrane: The
primary antibody was the mouse anti-human RRM2 mAb
(1:1,000 dilution; cat. no. ab57653; Abcam, Cambridge,
MA, USA). The secondary antibody was the horseradish
peroxidase-conjugated goat anti-mouse IgG (1:1,500 dilu-
tion; ab97023; Abcam). The control antibody was GAPDH
(cat. no. ab9484; 1:1,000 dilution; Abcam). The visualization
of the bands was performed by the Amersham™ ECL Plus™
kit (GE Healthcare, Chicago, IL, USA) and the Bio-Rad
ChemiDoc XRS system with Quantity One 1-D analysis soft-
ware (version 4.6.8; Bio-Rad Laboratories, Inc., Hercules, CA,
USA).

Cell viability and apoptosis assays. The cell viability of
RA-FLS following treatment with liposomes was examined
using a CCK-8 assay. RA-FLS were plated for 16 h in 96-well
cell culture plates. The density of cells was 1x10* cells/well.
Following incubation overnight at 37°C, the old medium was
removed, and the cells were exposed to fresh medium containing
liposomes (200 nM siRNA) for 6 h at 37°C. Following this
treatment, the drugs were discarded, and medium was replaced
by fresh medium. A total of 60 h later, the cell viability of
RA-FLS was measured following the protocol of the manufac-
turer of the CCK-8 kit. The cell apoptosis assay was performed
using the Alexa Fluor® 488 Annexin V Apoptosis kit (Thermo
Fisher Scientific, Inc.), following the manufacturer's protocol.
RA-FLS were plated in 12-well cell culture plates overnight.
The density of RA-FLS was 2x10° cells/well. Following
incubation at 37°C, the cells were then treated with liposomes
(200 nM siRNA) for 6 h at 37°C. After 6 h, the drugs were
removed, and medium was replaced. A total of 60 h later, the
cells were collected using trypsinization and washed twice.
Subsequent to washing, the collected cells were re-suspended
in an annexin-binding buffer. Then, 5 ul propidium iodide
(PI) and 5 ul Alexa Fluor® 488 Annexin V were added. After
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15 min, 400 ul annexin-binding buffer was added to the cells.
The analysis of the cells was performed with a flow cytometer
(BD Biosciences). Data was analyzed using FlowJo software
(version 10).

Analysis of proinflammatory cytokines in RA-FLS following
liposome treatment. RA-FLS were plated in 12-well cell
culture plates overnight. The density was 2x10° cells/well.
Then, the RA-FLS were treated with liposomes (200 nM
siRNA) for 6 h. The drugs were removed 6 h later, and medium
was replaced. A total of 60 h later, the protein and mRNA
levels of cytokines were measured using the IL-6 and TNF-a
ELISA kits and RT-qPCR, respectively. The samples (200 ul)
were added to the ELISA plates and incubated for 2 h at 37°C.
The sample was then aspirated and washed with PBS. Then,
200 pl conjugate was added to the plate and incubated for
4 h at 37°C. The substrate solution was then added, followed
by the stop solution. Finally, the absorbance of the wells at
450/540 nm was examined with a microplate reader (Biotech
ELx800 Universal; BioTek Instruments, Inc.). The protein and
mRNA levels of cytokines were expressed as the percentage of
the protein and mRNA levels of the treated groups normalized
to the untreated group.

Statistical analysis. The data was analyzed using SPSS
(version 13; SPSS, Inc., Chicago, IL, USA). A Student's
unpaired t-test was used to examine the differences between
two groups, and a one-way analysis of variance with a
Student-Newman-Keuls post hoc test was performed to
examine the differences among = three groups. P<0.05 was
considered to indicate a statistically significant difference.
Unless otherwise stated, all data in the present study are
presented as the mean + standard deviation.

Results

Production and properties of the prepared liposomes.
Fig. 1 indicates that the DOTAP/cholesterol liposomes were
synthesized by hydrating a lipid-film composed of DOTAP
and cholesterol. Then, the DOTAP/cholesterol liposomes
were conjugated with RRM2 siRNA, calf thymus DNA and
protamine to form LPDR. The LPDR were then modified with
DSPE-PEG-Mal to prolong their circulation times. The grafted
PEG of DSPE-PEG-Mal was able to cover the surface of lipo-
somes efficiently and prevent the opsonization of liposomes.
The CCP were conjugated to the DSPE-PEG-Mal-modified
LPDR to construct CCP-LPDR, to increase the uptake of
liposomes in RA-FLS.

The characteristics, including size, distribution, ¢ poten-
tial, polydispersity index (PDI) and encapsulation efficiency
of liposomes are summarized in Table II. LPDR and LPDN
were ~100 nm in size. Conjugation with CPP did not have
a significant effect on the liposome size, as observed by the
similar sizes of LPDR and CCP-LPDR, and those of LPDN
and CCP-LPDN. The low PDI (<0.2) of all the liposomes
indicated that the prepared liposomes had good homogeneity.
All the liposomes exhibited positive T potential of ~20 mV.
The siRNA encapsulation efficiency of LPD, CCP-LPDN and
CCP-LPDR was >90% (Table II), indicating that the prepared
LPD complex was an efficient drug delivery system for siRNA.
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Figure 1. Development of cationic liposomes. (A) The development of cationic liposomes comprising DOTAP and cholesterol was performed using the
thin film-based hydration approach. DOTAP/cholesterol liposomes were formed following hydration with water. Then, the LPDR was formed by mixing
DOTAP/cholesterol liposomes, RRM2 siRNA, protamine and calf thymus DNA. (B) LPDR was inserted with the DSPE-PEG-Mal micelles, and CCP were
conjugated with the DSPE-PEG-Mal modified LPDR to form CCP-LPDR. siRNA, small interfering RNA; CCP, cell permeable peptides; RRM2, ribo-
nucleotide reductase M2; DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane; DSPE-PEG-Mal, functional PEGylated lipids with a maleimide group,
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide (polyethylene glycol)-2000]; LPDR, liposome/protamine/DNA/RRM2 siRNA complex.

Table II. Characteristics of liposome-protamine-DNA-siRNA complex.

Liposomes Size, nm Zeta potential, mv Polydispersity index Encapsulation efficiency, %
CCP-LPDR 135.32+9.35 18.92+7.54 0.15+0.06 93.45+2.87
LPDR 133.75+£7.52 22.63+7.36 0.17+0.05 94.29+1.34
CCP-LPDN 142.82+8.13 21.93+6.27 0.18+0.03 92.63+3.18
LPDN 136.91+5.63 20.34+5.63 0.19+0.07 90.98+5.25

Data are presented as mean + standard deviation (n=5). CCP, cell permeable peptide; LPD, liposome-polycation-DNA complex; RRM2,
ribonucleotide reductase M2; siRNA, small interfering RNA; CCP-LPDR, CCP-conjugated LPD loaded with RRM2 siRNA; LPDR, LPD
loaded with RRM2 siRNA; CCP-LPDN, CCP-conjugated LPD loaded with negative control siRNA; LPDN, LPD loaded with negative control
siRNA.
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liposomes were incubated with RA-FLS. Fig. 3A indicates that  Figure 2. Stability of liposomes in different media. The liposomes were
FAM-siRNA CCP-LPDN exhibited a significantly increased  suspended in various media, including PBS, PBS with 10% FBS, or PBS
transfection efﬁciency Compared with FAM-siRNA LPDN with 20% FBS. Then, the solutions were incubated at 25°C for 5 days. On
in RA-FLS in the stability assay (P<0 05). With increases each day, an aliquot of liposomes was removed for analysis of the change in
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Figure 3. In vitro binding of liposomes in RA-FLS. RA-FLS were incubated with florescent liposomes (200 nM siRNA). Subsequently, the cells were washed
to discard the liposomes. Finally, RA-FLS were trypsinized, washed and suspended in PBS. The analysis of the fluorescence was performed by flow cytometry.
(A) FAM-siRNA loaded liposomes; (B) CFPE-labeled liposomes. "P<0.05; “P<0.01. Data are presented as mean + standard deviation (n=3). RA-FLS, rheu-
matoid arthritis fibroblast-like synoviocytes; CFPE, fluorescent lipid, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-carboxyfluorescein; siRNA, small
interfering RNA; FMA-siRNA, fluorescent siRNA; CCP, cell permeable peptides; LPD, liposome-polycation-DNA complex; LPDN, LPD loaded with negative
control siRNA; CCP-LPDN, CCP-conjugated LPD loaded with negative control siRNA.
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Figure 4. RT-qPCR-based analysis of RRM2 silencing. rheumatoid arthritis fibroblast-like synoviocytes were incubated with liposomes (200 nM siRNA) for
6 h, and RT-qPCR was performed to analyze the RRM2 expression at (A) 48 and (B) 72 h. The expression of RRM2 was normalized to -actin. One-way
analysis of variance with Student-Newman-Keuls post hoc test was used to compare the means among > three groups. ““P<0.001. Data are presented as
mean =+ standard deviation (n=3). RT-qPCR, reverse transcription quantitative polymerase chain reaction; RRM2, ribonucleotide reductase M2; siRNA, small
interfering RNA; LPD, liposome-polycation-DNA complex; LPDN, LPD loaded with negative control siRNA; CCP, cell permeable peptides; LPDR, LPD

loaded with RRM2 siRNA.

LPDN also increased, and plateaued at 18 h. Consistent with
the FAM-siRNA assay, the in vitro binding of RA-FLS with
CFPE-labeled liposomes exhibited similar results (Fig. 3B).
CFPE CCP-LPND exhibited markedly increased transfection
efficiency compared with CFPE LPND with RA-FLS (P<0.05).
Again, with increase in time intervals, the transfection effi-
ciency of CFPE CCP-LPND increased, and at 18 h reached a
plateau.

Gene and protein silencing activity of RRM?2 by liposomes
in RA-FLS. The gene and protein silencing activity of RRM2
by liposomes was evaluated, and results are presented in
Figs. 4 and 5. In the absence of RRM2 siRNA, LPDN and
CCP-LPDN barely affected RRM2 gene expression (Fig. 4).
LPDR exhibited poor gene silencing activity and inhibited
the gene expression of RRM2 by only ~25%. On the contrary,
CCP-LPDR remarkably suppressed the RRM2 gene expres-
sion by ~80%, indicating an improved gene silencing activity
compared with that exhibited by LPDR (P<0.001). The

analysis of the expression of RRM2 protein obtained similar
results, as demonstrated in Fig. 5. CCP-LPDR inhibited the
expression of RRM?2 protein by ~80%, whereas LPDR inhib-
ited the expression of RRM2 protein by ~20% (P<0.001),
indicating that the RRM2 suppression by CCP-LPDR
was more efficient in comparison with LPDR. Therefore,
it was confirmed that CCP-LPDR exhibited improved
RRM2 suppression activity in RA-FLS in comparison with
LPDR.

Activity of liposomes on the cellular proliferation and
apoptosis in RA-FLS. The effect of liposomes on the levels of
proliferation of RA-FLS was investigated using the CCK-8
assay (Fig. 6A). As demonstrated in Fig. 6A, LPDN and
CCP-LPDN did not affect the proliferation of RA-FLS. It is
noteworthy that CCP-LPDR exhibited significant inhibition
of proliferation of RA-FLS compared with LPDR (P<0.001).
Similarly, LPDN and CCP-LPDN did not induce significant
apoptosis in RA-FLS, as reflected by the fact that apoptotic
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Figure 5. Western blot analysis. Rheumatoid arthritis fibroblast-like synovio-
cytes were incubated with liposomes (200 nM siRNA) for 6 h and the analysis
of RRM2 expression was performed at 72 h. (A) One representative result
of the western blot analysis. (B) The quantitative analysis of the western
blot result. The RRM2 expression of the untreated group was normalized
to its GAPDH expression, and the quantity of the RRM2 expression of
the untreated group was defined as 1.0. One-way analysis of variance with
Student-Newman-Keuls post hoc test was performed to compare the means
among > three groups. ““P<0.001. Data are presented as mean + standard
deviation (n=3). RRM2, ribonucleotide reductase M2; siRNA, small inter-
fering RNA; LPD, liposome-polycation-DNA complex; LPDN, LPD loaded
with negative control siRNA; CCP, cell permeable peptides; LPDR, LPD
loaded with RRM2 siRNA.

cells constituted only ~5% of the total population of cells
following their treatment, which was comparable to that
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observed in the untreated control group (Fig. 6B and C).
However, the percentage of apoptotic cells was noticeably
increased, and reached ~15%, following LPDR treatment,
and CCP-LPDR treatment induced an even higher percentage
of apoptotic cells (~30%) compared with LPDR (P<0.001),
suggesting that CCP-LPDR exhibited the highest efficiency
in inducing apoptosis in RA-FLS.

Analysis of proinflammatory cytokines in RA-FLS following
liposome treatment. IL-6 and TNF-a are potent proin-
flammatory cytokines secreted by RA-FLS, and they are
pleiotropic cytokines with pivotal roles in the pathophysi-
ology of RA (25,26). They are used as valuable indexes to
evaluate the efficacy of treatment of RA (25,26). As indicated
in Fig. 7, the levels of IL-6 and TNF-a in the treated group
were measured as the percentage of their mRNA and protein
levels normalized to the untreated group (Fig. 7). LPDN and
CCP-LPDN affected RRM?2 expression levels minimally,
whereas LPDR and CCP-LPDR significantly inhibited
its expression in RA-FLS at mRNA and protein levels. As
demonstrated in Fig. 7A, CCP-LPDR induced a more effi-
cient inhibition of the TNF-a mRNA expression compared
with CCP-LPDN (P<0.001) and LPDR (P<0.01). Similarly,
CCP-LPDR was also more effective in inhibiting IL-6
mRNA expression compared with CCP-LPDN (P<0.001) and
LPDR (P<0.01) (Fig. 7B). With respect to the TNF-a and IL-6
protein levels, similar results were achieved (Fig. 7C and D).
CCP-LPDR was more effective in inhibiting the TNF-a
and IL-6 protein levels compared with CCP-LPDN and
LPDR (P<0.001), whereas LPDN and CCP-LPDN minimally
affected the protein levels of TNF-a and IL-6 in RA-FLS.
Taken together, the expression levels of TNF-a and IL-6,
the proinflammatory cytokines, were markedly decreased in
RA-FLS following CCP-LPDR treatment.
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Figure 6. Analysis of cell viability and apoptosis. (A) Cell Counting Kit-8 assay. (B) Apoptosis was analyzed by the Alexa Fluor® 488 Annexin V assay.
One-way analysis of variance with Student-Newman-Keuls post hoc test was performed to compare the means among > three groups. ““P<0.001. Data
are presented as mean + standard deviation (n=3). (C) One representative image of the apoptosis assay is presented. siRNA, small interfering RNA; LPD,
liposome-polycation-DNA complex; LPDN, LPD loaded with negative control siRNA; CCP, cell permeable peptides; LPDR, LPD loaded with ribonucleotide
reductase M2 siRNA; NEG, negative.
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Figure 7. Analysis of proinflammatory cytokines in rheumatoid arthritis fibroblast-like synoviocytes following liposome treatment. (A) The relative TNF-a
mRNA level. (B) The relative IL-6 mRNA level. (C) The relative TNF-a protein level. (D) The relative IL-6 protein level. The mRNA and protein levels of
cytokines were expressed as the percentage of the protein of the treated groups normalized to the untreated group. “P<0.01; ““P<0.001. Data are presented
as mean =+ standard deviation (n=3). TNF-o, tumor necrosis factor a; IL-6, interleukin-6; siRNA, small interfering RNA; LPD, liposome-polycation-DNA
complex; LPDN, LPD loaded with negative control siRNA; CCP, cell permeable peptides; LPDR, LPD loaded with ribonucleotide reductase M2 siRNA.
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Figure 8. Mechanism underlying the anti-RA activity of LPDR. LPDR efficiently targeted RA-FLS, resulting in the proliferation inhibition and increased
apoptosis of RA-FLS. LPDR also decreased the production of TNF-a and IL-6 in RA-FLS. RA-FLS, rheumatoid arthritis fibroblast-like synoviocytes; TNF-a.,
tumor necrosis factor a; IL-6, interleukin-6; CCP, cell permeable peptides; LPD, liposome-polycation-DNA complex; LPDR, LPD loaded with ribonucleotide
reductase M2 small interfering RNA.

Discussion suggested that RA-FLS serve a key role in the progression

of RA by promoting the production of proteases (6-8). The
RA incurs high costs of treatment with respect to surgical present study developed CCP-LPDR, which efficiently
procedures, medications including biologics and indirect delivered RRM2 siRNA to RA-FLS, achieving an improved
costs. Therefore, optimized treatments are required for therapeutic efficacy against RA-FLS compared with the
the effective treatment of RA. Accumulating evidence has  non-targeted control.
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The choice of target in gene therapy is crucial in lipo-
some-based gene therapy. In the present study, RRM2 was
selected as it is a crucial protein involved in DNA repair and
synthesis (11,12). Due to the substantial effect of RRM2 on the
development and metastasis of tumors, RRM?2 inhibitors (for
example, GTI-2040 and gemcitabine) have been recruited for
clinical trials for various types of cancer (13). Our previous
study validated that RRM2 is a superior target for the treat-
ment of liver cancer, and following RRM?2 suppression, the
levels of migration and proliferation of liver cancer cells were
significantly inhibited (14). The progression of RA is similar to
benign tumors, and the proliferation of RA-FLS and abnormal
synovium promote the progression of RA (6). Therefore, the
inhibition of RA-FLS proliferation was hypothesized to be a
potential treatment for RA. Considering that RRM2 serves
a crucial role in proliferation of RA-FLS, the present study
aimed to inhibit their proliferation by suppressing RRM2
expression in RA-FLS. To the best of our knowledge, the
present study is the first to demonstrate that, following RRM2
suppression in RA-FLS by CCP-LPDR, the proliferation of
RA-FLS was significantly inhibited by ~80% compared with
the untreated control, and the level of apoptosis observed
was ~30% (Fig. 6). It is also the first study to confirm that,
by RRM2 suppression via CCP-LPDR, significant inhibition
of cellular proliferation and promotion in cellular apoptosis
of RA-FLS may be induced, suggesting that RRM2 is a good
therapeutic target for RA.

Developing improved siRNA-loaded nanoparticles is a
critical step for the translation of siRNA-based therapies into
clinical settings (24). Cationic liposomes serve as potential
nanocarriers for siRNA delivery, however, they are prone
to fast clearance following uptake by reticuloendothelial
system (RES) (24). The attachment of opsonins to cationic
liposomes is the primary reason for a high affinity of RES
for unprotected cationic liposomes (25). Stealth liposomes
with surface grafted PEG is a practical approach to decrease
the RES uptake, by shielding the charge on the surface of the
liposomes (26). In our previous studies investigating breast
and liver cancer, the LPD complexes prepared were advanced
PEGylated cationic liposomes, which exhibited a long circu-
lation time in vivo and accumulation in the body (17-19).
Therefore, the CCP-LPDR in the present study was expected
to avoid RES uptake in vivo. It was demonstrated that the
presence of CCP contributed significantly to the uptake of
CCP-LPDR in RA-FLS. The present study indicated that the
transfection efficiency of CCP-LPDR was markedly increased
in comparison with LPDN, achieving marked inhibition of
RRM?2 gene and protein expression in RA-FLS. Subsequent
to cell binding, CCP-LPDR induced an increased inhibi-
tion of proliferation and promotion of apoptosis in RA-FLS
compared with LPDR, suggesting that CCP may significantly
improve the targeting and treatment efficacy of CCP-LPDR in
RA-FLS.

RA-FLS secrete IL-6 and TNF-a, which are potent
proinflammatory cytokines that promote the progression of
RA (27,28). It is noteworthy that the CCP-LPDR method was
more effective in the inhibition of the TNF-a and IL-6 protein
levels in comparison with CCP-LPDN and LPDR, whereas
LPDN and CCP-LPDN barely affected the protein levels of
TNF-a and IL-6 in RA-FLS. Therefore, TNF-o and IL-6,
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the proinflammatory cytokines, were markedly decreased in
RA-FLS following CCP-LPDR treatment.

As FLS are required to be obtained by primary culture
from rats, a universal protocol of the culturing of primary FLS
from rats has not been successfully established. Therefore, the
effect of the treatment on normal FLS has not been assessed at
present. Nevertheless, examining the effect of the treatment on
normal FLS is important and will be incorporated into future
study if possible.

Taken together, the present study suggested the mechanism
of treatment efficacy of CCP-LPDR in RA (Fig. 8). Firstly,
CCP-LPDR was targeted to and internalized by RA-FLS. In
the cytoplasm, CCP-LPDR released RRM?2 siRNA, achieving
a combined therapeutic efficacy by increasing the inhibi-
tion of proliferation and promoting apoptosis in RA-FLS.
Furthermore, the levels of proinflammatory cytokines TNF-a
and IL-6 were also markedly decreased by the treatment with
CCP-LPDR in RA-FLS.

The establishment of a potential treatment for RA-FLS
cells is a viable approach for the treatment of RA. In the
present study, a CCP-LPDR system was developed, which
efficiently delivered RRM2 siRNA to RA-FLS, obtaining
increased therapeutic efficacy with RA-FLS by increasing
the levels of apoptosis and inhibition of cellular proliferation
and proinflammatory cytokines. In conclusion, CCP-LPDR
offered the possibility of suppressing RA-FLS and therefore
provided a potential therapeutic approach for RA.
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