
Original Article
Feasibility of cRGD conjugation
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Small interfering RNAs (siRNAs) are widely studied for their
highly specific gene silencing activity. However, obstacles
remain to the clinical application of siRNAs. Attaching conju-
gates to siRNAs can improve their stability and broaden their
application, and most functional conjugates of siRNAs locate
at the 30-terminus of the sense or antisense strand. In this
work, we found that conjugating a group at the 50-terminus
of the antisense strand via phosphodiester was practicable,
especially when the group was a flexible moiety such as an alkyl
linker. When conjugating a bulky ligand, such as cRGD, the
length of the 50-phosphodiester linker between the ligand and
the 50-terminus of the antisense strand was the key in terms
of RNA interference (RNAi). With a relative longer linker,
the conjugates showed potency similar to siRNA. A highly effi-
cient transfection system composed of a neutral cytidinyl lipid
(DNCA) and a gemini-like cationic lipid (CLD) was employed
to deliver siRNAs or their conjugates. The cRGD conjugates
showed superior targeting delivery and antitumor efficacy
in vivo and also selective cellular uptake in vitro. This unity
of encapsulation and conjugation strategy may provide poten-
tial strategies for siRNA-based gene therapy.
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INTRODUCTION
Small interfering RNAs (siRNAs) are important gene silencing tools
that are widely studied for use in the treatment of rare diseases, meta-
bolic diseases, and tumors, because of their sequence specificity.
Natural siRNA is a 21–25-mer RNA, processed from long duplex
RNA by Dicer enzyme, with 50-phosphate and 30-hydroxyl group.1

The 50-hydroxyl of synthetic siRNAs can be rapidly phosphorylated
by cellular kinase hClp1.2 The 50-phosphorylation is essential for
siRNA incorporation into a RNA-induced silencing complex
(RISC) and is a mediating target of mRNA cleavage.3,4 Chen et al.5

used small groups of antisense strand 50-O-methyl-siRNA to show
that 50-phosphorylation status within duplex siRNA plays an impor-
tant role in strand incorporation into RISC. The stable phosphate
mimic 50-E-vinylphosphonate (E-VP) siRNA can also incorporate
into human Argonaute-2 (hAGO2) protein, with improved activity
through a better fitted stereochemistry.6,7 Moreover, other 50-modifi-
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cations at the 50-terminus, such as altritol-nucleotide (ANA), could
increase 50-exonuclease resistance but failed to silence the target
mRNA in most cases.8

It was previously supposed that 50-conjugates could block RNA inter-
ference (RNAi), and thus most conjugated ligands to date are at the
30-terminus of the sense strand.9 The second, third, and fourth siRNA
drugs, GIVLAARI, approved by the US Food and Drug Administra-
tion (FDA) in 2019, OXLUMO, approved in 2020, and Leqvio,
approved by the European Medicines Agency (EMA) in 2020, are
siRNA conjugates that contain a GalNAc (triantennary N-acetylga-
lactosamine carbohydrates) moiety at the 30-terminus of the sense
strand.10,11 Most siRNA drugs now in phase 3 clinical trials are Gal-
NAc conjugates.12,13 Thus, these GalNAc conjugates have acted as the
treatment for liver-related disorders.14 Conjugating various ligands,
such as lipids, aptamers, peptides, polymers, and other small mole-
cules, to siRNA is widely used in clinical and preclinical studies.15

These conjugation strategies significantly improve the stability, bio-
logical half-life, and targeting abilities of siRNA drugs and also pro-
vide potential methods for extrahepatic siRNA delivery.16

Introducing a large steric group at the 50-terminus of the antisense
strand via a cleavable linkage based on a phosphodiester bond can
control the function of the siRNA, since a bulky moiety blocks the
siRNA from loading into a RISC.17 Jain et al.18 designed light-sensi-
tive modifications (caging groups) of antisense strands at the 50-ter-
minus via a phosphodiester linker to block interaction of the duplex
with the cellular machinery responsible for RNAi. These caging
groups allowed RNAi modulation in space, time, and degree through
light-activated control. Ji et al.19 introduced both photolabile caging
groups and biology ligands onto the 50-terminus of antisense strands
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Figure 1. The structural outline of linker building blocks and 50-siRNA conjugates

Table 1. The characteristics of siRNA/DNCA/CLD nanocomplexes

Name
Average particle
size (nm)

Polymer dispersity
index

Zeta
potential (mV)
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to block siRNA activities by increasing the steric hindrance between
ligands and their corresponding binding receptor. However, recent
research indicates that caging groups only partially block the silencing
activities of siRNAs before irradiation,20 even when stability is
increased by incorporating phosphorothioate groups at the terminus
of siRNA strands.21 These results suggest that either the conjugated
group does not completely prevent binding between the 50-terminus
and RISC or it can be cleaved by nuclease in cells. This has led us to
consider the tolerance of gene silencing when bulky group conjugated
at the 50-terminus of antisense strands with a flexible phosphodiester
linker.

The cyclo(Arg-Gly-Asp-D-Phe-Lys) peptide (cRGD) acts as a tumor-
target group by recognizing the av class of integrins upregulated in tu-
mors,22 usually covalently conjugating to siRNA,23 and is also a bulky
group that can block RNAi when conjugated at the 50-terminus of the
antisense strand.24 In this study, cRGD-siRNA conjugates at the 50-
terminus antisense strand via phosphodiester linkage have been re-
ported, which were encapsulated with neutral cytidinyl lipid DNCA
and the gemini-like cationic lipid CLD, both developed by our group
(Figure S1).25–30 DNCA could provide hydrogen bond and p-p
stacking with siRNA.31 Overall, with a relative longer flexible linker,
the siRNA conjugates effectively silenced the target mRNA in vitro
and inhibited tumor proliferation in vivo.
1 DNCA 246 ± 15.7 0.126 5.56 ± 0.99

2 CLD 151 ± 10.3 0.259 33.0 ± 0.72

3 DNCA/CLD 316 ± 70.5 0.414 14.8 ± 2.98

4 DNCA/CLD+As/S 116 ± 3.71 0.462 �6.39 ± 3.26

5
DNCA/CLD+
RL0As/S

195 ± 43.8 0.371 �3.69 ± 0.51

6
DNCA/CLD+
RL1As/S

91.6 ± 0.99 0.377 �20.0 ± 2.86

7
DNCA/CLD+
RL2As/S

298 ± 9.59 0.139 1.02 ± 2.48

8
DNCA/CLD+
RL3As/S

158 ± 9.49 0.205 12.8 ± 1.83

9
DNCA/CLD+
RL4As/S

154 ± 1.42 0.185 11.6 ± 0.89
RESULTS
Design, synthesis, and characterization of different linker

lengths between the target moiety and 50-terminus of antisense

strand of siMB3

Experiments were carried out using the siRNA siMB3, which targets
the mRNA of mutant BRAF (v-raf murine sarcoma viral oncogene
homolog B1) protein. Modified siMB3s were synthesized by inserting
two alkyl linkers (L0PA and L1PA; Supplemental information, Exper-
imental section) and the cRGD peptide onto the 50-terminus of the
siMB3 antisense strand with a solid-phase synthesizer. These two
alkyl linkers were synthesized as previously reported.20 In brief,
L0PA was designed for the conjugation with the amino group of
the cRGD. L1PAwas prepared for the cRGD 50-conjugates to increase
the linker amounts between cRGD and the terminus of the antisense
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strand. Thus, the cRGD-conjugated-siMB3s with different linker
lengths (RLnAs, where n = 0–4, Figure 1) were created by inserting
L0PA and different numbers of L1PA phosphoramidites. To evaluate
the effect of cRGDmodification on RNAi, seven RNA oligonucleotide
strands were synthesized for further investigation (Table S1).
Sizes and zeta potentials of DNCA/CLD-encapsulated cRGD-

siMB3 nanocomplexes

Nanoparticles were prepared using siMB3 or siMB3 conjugates with
DNCA/CLD (8/3 mol/mol) encapsulation; the nanoparticles ranged
in size from�90- to 300-nm diameter (Table 1). Because of the usage
of CLD with a cationic charge, oligonucleotides with an anionic
charge, and DNCA with nearly neutral charge, the zeta potentials
of nanoparticles ranged from approximately �7 to 33 mV. The zeta
potentials of DNCA/CLD-encapsulated RL2As/S, RL3As/S, and
RL4As/S were opposite to those of DNCA/CLD-encapsulated As/S,
RL0As/S, and RL1As/S because cRGD has a certain amount of
cationic charge and this decreases the exposure of anionic
oligonucleotides.



Figure 2. The normalization of gene silencing of

different siRNA 50-conjugates
(A) The dose effect of siMB3 conjugates L0As/S and L1As/S

on the targeting gene silencing compared with unconju-

gated siMB3 (As/S) at 10 nM, 25 nM, and 50 nM. (B) The

time effect of siMB3 conjugates on the targeting gene

silencing at a concentration of 50 nM at 24 and 48 h. (C) The

dose effect of different linker lengths of cRGD-conjugated-

siMB3s (RLnAs/S, n = 0–4) on the targeting gene silencing.

The b-actin housekeeping gene was used as internal con-

trol.
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Effects of different linker lengths between the target moiety and

50-terminus of antisense of siRNA on gene silencing efficiency

in vitro

To explore the gene silencing ability of different siMB3 conjugates,
qRT-PCR tests were conducted to detect the mRNA levels of the
BRAFV600E gene in A375 tumor cells. The effect of 50-terminus
siMB3 conjugates on targeted gene silencing was compared. Cells
treated with solvent (GenOpti) provided a control group, and cells
treated with unconjugated siMB3 (As/S) encapsulated by DNCA/
CLD provided a positive control. First, the gene silencing activities
of siMB3 conjugates with different linkers were evaluated. BRAFV600E

mRNA levels significantly decreased after treatment with different
conjugated and unconjugated siMB3s (Figure 2A). The siMB3 conju-
gates, L0As/S and L1As/S, showed gene silencing abilities similar to
the unconjugated siMB3 (As/S), and the flexible linker modification
at the 50-terminus of the siRNA antisense strand did not block siRNA
activity at three concentration conditions.

Next, A375 cells were treated with control group, As/S, and corre-
sponding conjugates for 24 h and 48 h (Figure 2B). After 24-h incu-
bation of 50 nM conjugates with DNCA/CLD, gene silencing did not
differ significantly from the control, whereas after 48-h incubation the
gene silencing abilities of 50 nM RL0As/S and RL1As/S were weaker
than in the control. The weaker silencing ability is presumably due to
the cRGD conjugation on the 50-terminus of the siMB3s; this large
Molecular Thera
bulky group might inhibit siRNA incorporation
into the RISC. However, the silencing activities
of the conjugates were not completely blocked.
We hypothesize that this is because the cRGD-
conjugated part of RL0As/S and RL1As/S may
slowly degrade intracellularly, releasing siMB3s
with phosphate or hydroxyl groups at the 50-ter-
minus; these unconjugated siMB3s silenced the
expression of mRNA with the conjugates.

We next evaluated the BRAFV600E gene silencing
abilities of the same cRGD conjugates with
different linker length insertions on the 50-termi-
nus of the antisense strand of siMB3 (Figure 2C).
The silencing efficiency of cRGD conjugates was
dose dependent. At the same concentration, the
silencing efficiency depended on the distance between the conjugate
moieties and the terminus of the antisense strand. The gene silencing
of the cRGD conjugates with longer linkers (RL2As/S, RL3As/S, and
RL4As/S) had stronger gene knockdown abilities than the others
(RL1As/S and RL0As/S).

Selective cellular uptake of integrin targeting with DNCA/CLD/

cRGD-siRNA conjugates in vitro

Cellular delivery efficiency of DNCA/CLD/siMB3 nanocomplexes
was evaluated in A375 tumor cells, and the difference between
cRGD-conjugated and unconjugated siMB3 was compared. As seen
in Figure 3A, after incubation for 4 h, flow cytometry of the
DNCA/CLD/siMB3 nanocomplexes had higher cellular uptake effi-
ciency than the most-used commercial transfection reagent Lipofect-
amine 2000 nanocomplexes in the DMEM (10% fetal bovine serum
[FBS]). The uptake of DNCA/CLD/siMB3 nanocomplexes was less
affected by the presence of serum proteins compared with that of Lip-
ofectamine 2000, even though serum contained small amounts of
some potential competitors such as vitronectin and fibronectin. The
delivery efficiency of cRGD-conjugated siRNA (RL0As/S-Cy3) was
higher than that of unconjugated siRNA (As/S-Cy3) through the
DNCA/CLD delivery system, suggesting that some cRGD might
leak out of DNCA/CLD nanocomplexes to increase avb3-positive
A375 cellular uptake. This result matches our previous work showing
that cRGD-modified siRNA partially enhanced the avb3-positive
py: Nucleic Acids Vol. 25 September 2021 605
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Figure 3. Cellular uptake of DNCA/CLD/siRNA-conjugate nanocomplexes in A375 cells

(A) The flow cytometry analysis of fluorescence intensity of cells treated with DNCA/CLD/Cy3-siRNA, DNCA/CLD/cRGD-conjugated sense strand 50-Cy3-siRNA, and Lipo/

Cy3-siRNA at 10 nM for 4 h. Lipo 2000, Lipofectamine 2000. (B) The flow cytometry analysis of the cellular uptake mechanism at 4�C of siMB3 and RL0As/S-siMB3

encapsulated by DNCA/CLD for 2 h (siMB3: 50 nM). (C) The flow cytometry analysis of the cellular uptakemechanism of endocytosis of DNCA/CLD-encapsulated siMB3 and

RL0As/S-siMB3 for 2 h (siMB3: 10 nM). (D) Confocal analysis of colocalization of Cy3-labeled siMB3 or RL0As/S and lysosome (siMB3: 50 nM), in which nucleus, siRNA, and

lysosome are visible by blue, red, and green colors. (E) The flow cytometry analysis of the cellular uptake of siMB3, RL2As/S-siMB3, and RL4As/S-siMB3 encapsulated by

DNCA/CLD with or without a pre-incubation of cRGD peptide (10 mg/L); the Cy3-siRNA concentration was 10 nM.
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A375 cellular uptake.24 The effects of cRGD conjugates with different
linkers on cellular uptake were also compared (Figure 3A). The
cellular uptake abilities of conjugates increased with extended linker
lengths until RL2As/S. The cellular uptake of RL3As/S and RL4As/S
was less than that of RL2As/S, suggesting that introducing more
than 3 phosphodiester linkers between cRGD and the strand terminus
may no longer benefit cellular uptake of conjugated siMB3. Confocal
laser scanning microscopy (CLSM) showed similar results with flow
cytometry (Figure S2). The cellular uptake of As/Cy3-S and RL0As/
S-Cy3 delivered by Lipofectamine 2000 was less than that of the
DNCA/CLD delivery system with 4-h incubation.
606 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
The cellular uptake mechanism of cRGD-conjugated siRNA and un-
conjugated siRNA encapsulated by DNCA/CLD was evaluated next.
Most proteins associated with cellular uptake and metabolism are in-
hibited at 4�C, and thus cell penetration of both siMB3 and RL0As/S
at 4�C was monitored; results showed that the transmembrane trans-
fer efficiency was affected by temperature and energy dependent for
both (Figure 3B). As Figure 3C shows, after incubating for 4 h, part
of the Cy3-labeled siRNA was located on the cell membrane and
part had penetrated and distributed into the cytoplasm. Also, the co-
localization of siRNAwith lysosome remained at a relatively low level.
Furthermore, after conjugated cRGD at the 50-terminus, the



Figure 4. The biodistribution of sense strand 50-Cy7-labeled siRNA nanoparticles

(A) The nude mice treated with GenOpti (Blank), mix/siRNA (As/S), and mix/cRGD-conjugated siRNA (RL0As/S) by tail intravenous injection. Images were taken at 1.5, 4, 6,

and 36 h after the injection by an in vivo imaging system. (B) The corresponding total radiant efficiency at tumor area of different treatments. (C) The representative images

of dissected tumor tissues and organs 36 h after injection. (D) The corresponding total radiant efficiency of isolated tumor tissues. The results are presented as mean ± SD

(n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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colocalization dropped (RL0As/S or RL2As/S versus As/S, p < 0.05,
Figure S3).

Next, the endocytic pathways of siMB3 and its antisense 50-conjugates
were clarified (Figure 3D). The siRNAs encapsulated by DNCA/CLD
still entered the cell through non-clathrin-mediated endocytosis as
previously reported.31

Since cRGD is the ligand of tumor-related integrin avb3 and cRGD
was also used as a target moiety when conjugating with DSPE-PEG
(bis(1,2-distearoyl-sn-glycero-3-phosphoethanolamine)-N-[(poly-
ethylene glycol)-2000]),32 the selective cellular uptake of siRNA
conjugated with the target group cRGD at the 50-terminus of anti-
sense strand was evaluated (Figure 3E). The A375 cells were first
incubated with 10 mg/L cRGD, and then Cy3-labeled siMB3,
RL2As/S, and RL4As/S delivered by DNCA/CLD were given. The
uptakes of RL2As/S and RL4As/S were competitively inhibited by
the cRGD peptide, suggesting that the DNCA/CLD/cRGD-siRNA
conjugate nanoparticles have selective cellular uptake of integrin
targets. The cRGD groups of siRNA conjugates were on the surface
of the nanoparticles, providing tumor-targeting ability for in vivo
administration.

The biodistribution of DNCA/CLD/cRGD-conjugated siMB3

in vivo

The biodistributions of nanoparticles weremonitored in BALB/c-nude
mice to verify targeting efficiency. A375 cells were injected into the right
shoulder area, and after 10 days tumor volumes reached �800 mm3.
Subsequently, animals were injected with Cy7-labeled siMB3 (As/S)
or conjugates (RL0As/S) encapsulated by DNCA/CLD via the tail
vein. The fluorescent signal wasmeasured from1.5 h to 36 h after injec-
tion. Bioimagingof theCy7 spectrum revealed significant accumulation
in tumors of mice injected with cRGD-conjugated siMB3, whereas
tumors in mice injected with unconjugated siMB3 had only weak
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 607
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fluorescent signals (Figure 4A). However, the accumulation in liver and
kidneys is difficult to observe because of autofluorescence of food in the
gastrointestinal tract, which was not associated with the tumor signal.
The intratumor fluorescent signal was measured (Figure 4B), and tu-
mor accumulation of cRGD-conjugated siMB3 was �90% higher
than that of unconjugated siMB3 (p < 0.05). At 36 h, tumor tissues
and organs were isolated and photographed. The Cy7-labeled siMB3
was mostly contained in tumor and liver tissue, and the fluorescent
signal of RL0As/S was much stronger than that of As/S in the tumor
(Figure 4C). Quantitative results correspondedwith in vivodistribution
(Figure 4D), with more cRGD conjugates accumulating in the tumor
(p < 0.05). These results demonstrate that siMB3 with cRGD target
group encapsulated by DNCA/CLD and administered via the tail
vein persists longer than unencapsulated siMB3. As the conjugated
siRNA nanoparticles entered into cell through the receptor-mediated
pathway, the cRGD moiety can act as a target group when applied
in vivo. The combined conjugation and delivery strategies achieved tu-
mor-targeted siRNA therapy by systemic delivery.

The antitumor and gene inhibition efficiency of DNCA/CLD/

cRGD-conjugated siMB3 in vivo

Given the similar gene silencing activities of siMB3andRL2As/S-siMB3
in vitro, and the significantly enhanced tumor accumulationwith cRGD
in vivo, antitumor and gene inhibition efficiency were evaluated. A375
tumor cells were subcutaneously injected into female BALB/c-nude
mice, andmicewere separated into six groupswhen tumor sizes reached
%50 mm3 at the 7th day after injection. Treatments, given via tail vein
every 2 days, included (1) solvent (BLANK); (2) naked siMB3 (siRNA);
(3) nanoparticles of DNCA/CLD/PEG-DSPE (mix); (4) encapsulated
scrambled siRNA (mix-NC); (5) encapsulated siMB3 (mix-As/S), and
(6) encapsulated cRGD-conjugated-siMB3 (mix-RL2As/S). After five
administrations, the relative tumor growth of siMB3 treatments had
slowed compared with these blank and negative controlled groups
(BLANK, naked siRNA,mix-NC, Figure 5A). The volume of tumor tis-
sues in negative groups increased >25-fold over the 10 days, whereas the
mix-As/S treatment group increased only 12-fold, suggesting that the
siMB3 could inhibit the tumor growth under the encapsulation of
DNCA/CLD/PEG-DSPE (mix).

Importantly, the tumor growth rate of the mix-RL2As/S group was
much slower than that of the mix-As/S group (p < 0.05), with the tu-
mor volume increasing only �6-fold. The 50-terminus conjugated
siMB3 was 50%more effective than unconjugated siMB3 in reduction
of tumor growth. Tumor tissues were isolated and photographed 48 h
after the last injection. As shown in Figures 5B and 5C, the change of
ex vivo tumor sizes and weights corresponded to measurement done
in vivo. The average isolated tumor weight of mix-RL2As/S (0.39 ± 0.1
g) was smaller than mix-siMB3 (0.44 ± 0.2 g). Furthermore, the gene
silencing activities of conjugated and unconjugated siMB3 were eval-
uated by qRT-PCR and immunohistochemistry. BRAFV600E mRNA
levels in tumors revealed that both the mix-siMB3 and mix-RL2As/
S groups effectively reduced expression of target mRNA by 40%, a sig-
nificant difference from negative control (siRNA, mix, mix-NC) and
blank groups (p < 0.001, Figure 5D). Immunolocalization of BRAF-
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mutated V600E on paraffin-embedded sections of tumors matched
qRT-PCR results. The yellow area represents the expression of
BRAFV600E protein, and different color shades reflect different protein
levels. Compared to NC, conjugated siMB3 and unconjugated siMB3
both downregulated BRAFV600E, and the silencing efficiency of
RL2As/S equaled that of As/S (Figure 5E).

This superior antitumor ability of RL2As/S was due to the combination
of increased tumor accumulation and siRNA activity recovery, since
the average tumor volume of RL0As/S treatment was higher than in
unconjugated siMB3 treatment at end of the in vivo experiment (Fig-
ure S4), although they did not differ significantly (p = 0.25). Moreover,
the steady change of body weight and survival of all mice during the
experiment suggests that the treatments were safe enough (Figure 5F).

DISCUSSION
The siRNA drugs can efficiently and specifically silencemRNA in vivo
and in vitro. This so-called RNAi is a gene therapy strategy that has
been extensively studied in the past two decades. At present, the
FDA and the EMA have approved four liver-targeted siRNA
drugs.33,34 However, research on the delivery system of siRNA lipid
complexes based on cationic lipids has stalled; the interest in siRNA
drug development now focuses on the siRNA conjugates, especially
the 30-GalNAc conjugates.35 Previous studies have demonstrated
that the siRNA-conjugated strategy is being realized as the dominant
technology in clinical research. However, the 50-conjugates at the
antisense strand are little investigated.

Our former reports used CLD and DNCA to encapsulate siRNA,
showing superior antitumor and gene silencing activity both
in vitro and in vivo.31 This mixed CLD and DNCA delivery system
has also been used in the 30,300-bis-peptide siRNA and antisense oli-
gonucleotides (ASOs).29,32

In this study, several conjugated siRNAs at 50-antisense terminus,
LnAs/S or RLnAs/S (n = 0–4, Figure 1), have been successfully syn-
thesized. The mRNA silencing activity of LnAs/S reveals that a flex-
ible group alkyl linker with appropriate length at the 50-terminus of
the antisense strand does not affect siRNA activity. When a large
bulky part, such as cRGD, is close to the 50-terminus, the siRNA ac-
tivity is impaired, meaning that conjugating cRGDwith shorter linker
chains (RL0As/S and RL1As/S) blocked siRNA activity. However, the
leakage of gene silencing exists, as these blocked siRNA conjugates
still maintain 20%–30% silencing abilities at the concentration of
10 nM. These results correspond with previous studies in which inser-
tion of a flexible long linker (19 atoms) between cRGD and the 50-ter-
minus of the antisense strands20 or a single small photo-sensitive
group (NPE) incompletely blocked siRNA activity.36

Interestingly, the silencing activity was gradually recovered when the
distance between cRGD and the 50-terminus increased (RL2As/S,
RL3As/S, and RL4As/S), because of its flexible structures and decreased
steric hindrance for enzymatic decomposition, or incorporating siRNA
conjugates into RISC. As a previous study reports, modification on the



Figure 5. In vivo antitumor efficiency and BRAFV600E gene silencing activity of siRNA and antisense 50-conjugates in A375 tumor-bearing BALB/c-nudemice

(A) Relative tumor volume of A375 xenograft tumor-bearing nude mice treated with siMB3 or RL2As/s-siMB3 delivered by DNCA/CLD/PEG-DSPE (represented as mix). (B)

Images of harvested A375 tumors at the end of the experiment. (C) Each tumor was weighed after being photographed (mix-As/S compared with BLANK, siRNA, mix-NC,

and mix, *p < 0.05; mix-RL2As/S compared with BLANK, siRNA, mix-NC, and mix, **p < 0.01). (D) The expression of BRAFV600EmRNA in tumors (mix-As/S or mix-RL2As/S

compared with BLANK, siRNA, mix-NC, and mix, ***p < 0.001). (E) Immunohistochemistry of BRAFV600E expression in the tumor after different treatments to reveal the gene

silencing abilities of siRNA. The scale bars represent 50 mm. (F) The body weight changes during the experiment. The results are presented as mean ± SD (n = 5). *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001.
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50-terminus only blocked one of the charges on the phosphate and left
another oxygen unmodified, which just like the phosphodiester caused
less effect of the binding to RISC. In addition, conjugates with the
longer alkyl linkage may undergo biodegradation in the cell, and the
conjugated moieties can be recognized by enzymes and cleaved.
Then, with the large bulky cRGD group dropped, the 50-phosphate
antisense strands are exposed. During these processes, a longer linker
provides a flexible cleavage position.

The vehicle used is a mixture of neutral cytidinyl/cationic lipids, which
are developed by our laboratory, to encapsulate siRNA and its cRGD
conjugates and then transfect it into cells in vitro or target deliver it
into tumor by tail vein administration in vivo. This carrier shows supe-
rior efficiency over the commercial transfection reagent Lipofectamine
2000. The cellular uptake mechanism is also underevaluated. We find
that the conjugate moiety enhanced the interaction between siRNA
and DNCA/CLD lipids. Thus, the siRNA conjugate nanoparticles
show superior cellular uptake ability. And RLnAs/Ss encapsulated by
DNCA/CLD enters into cell mainly through the caveolae-mediated
endocytosis and macropinocytosis, which can avoid clathrin-mediated
endocytosis, reducingdegradation in the lysosome. The confocal results
also show few colocalizations between the lysosome and Cy3-labeled
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 609
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siRNAconjugates (RL0As/S), supporting thenon-lysosomecellular up-
take. The results are consistent with our former reports, which means
that the existence of the conjugating moiety does not affect the uptake
mechanism. Also, the siRNA conjugates/DNCA/CLD nanoparticles
still enter into the cell by the avb3-mediated uptake, suggesting that
the cRGDmoiety still acts as targeting group even after encapsulating.

Moreover, with the tumor targeting group cRGD, the antisense 50-ter-
minus conjugates show improved gene silencing and antitumor
activity in vivo. The cRGD-increased accumulation of siRNA nano-
particles in tumor area and the extended distance between cRGD
and the 50-terminus with a longer linker (RL2 compared with RL0)
are the key points for the superior antitumor efficiency of 5ʹ-conju-
gates at antisense strands. This strategy of targeting group conjuga-
tion with cationic/cytidinyl lipid encapsulation could provide
potential therapeutic applications of siRNA in future.

In conclusion, by combining an efficient neutral cationic/cytidinyl
lipid delivery system and 50-conjugation, the druggability of siRNA
could be improved, also providing a new strategy for the in-depth
development of siRNA drugs.
MATERIALS AND METHODS
Materials

The gemini-like cationic lipids (CLD) and cytidinyl lipid (DNCA)were
synthesized by our group (Figure S1),28,37 and the synthesis method for
RNA samples was described in previous studies.20 In brief, siMB3s
were obtained by an ABI 394 DNA/RNA synthesizer and purified
viaWaters 1525 HPLC. The column used was the XBridge Oligonucle-
otide BEHC18 OBD Prep Column (2.5 mm, 4.6 mm� 50mm, 1/pkg).
Their identities were confirmed by electrospray ionization mass spec-
trometry. Finally, the corresponding siRNAswere formed by annealing
antisense or sense strands. All studies were done with siMB3 (As, 50-
AUC GAG AUU UCU CUG UAG Cdtdt; S, 50-GCU ACA GAG
AAA UCU CGA Udtdt), which was targeting to BRAFV600E

mRNA.38 The detailed synthesis methods of siRNAs and their conju-
gates are shown in the Supplemental information, and Figures S5–S20.
Cell culture

The A375 cell line was bought from KeyGen Biotech (China), and
cells were cultured in DMEM supplemented with 10% v/v FBS at
37�C with 5% CO2.
The preparation of nanoparticles

In brief, the CLD and DNCA were dissolved in ethanol at a final con-
centration of 10 mmol/L and then dropped into siRNA solution
(GenOpti, M&C, China). For in vitro studies, the molar ratio of
different parts was 84/31.5/1 (DNCA/CLD/siRNAs). For in vivo
studies, the molar ratio of different parts was 21/31.5/0.4 (DNCA/
CLD/DSPE-PEG2000, mix); the molar ratio of all these lipids to
siRNA was 52.9/1. After centrifugation briefly at 3,000 rpm, the
mixture was sonicated at 70�C for 10 min.
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Size and zeta potential assay

The particle sizes and zeta potentials weremeasured at 25�Cwith DLS
(dynamic light scattering, Malvern Zetasizer Nano ZS, Malvern, UK).
The siRNA and siRNA conjugate concentrations were 50 nM.
Cellular uptake efficiency assay

A375 cells were seeded in 24-well plates (1� 105 per well) and grown
to 70%–80% confluence after 24-h proliferation. Then, nanocom-
plexes containing sense strand 50-Cy3-labeled siRNA (cRGD conju-
gated or unconjugated) at a final concentration of 10 nM with
DNCA/CLDwere exposed to the cells and incubated for an additional
4 h at 37�C. After incubation, the cells were washed three times with
pre-cooled fresh DMEM and then harvested by 0.25% trypsin. After
centrifugation, cells were resuspended by DMEM, and the uptake of
Cy3-labeled siRNA was immediately detected with a FACSCalibur
flow cytometer (Becton Dickinson, USA).
Lysosome escape assay

A375 cells (6 � 104 cells/well) were seeded in 14-mm confocal dishes
(Solarbio, China) and grown to 70%–80% confluence after 24-h pro-
liferation. After that, nanocomplexes containing Cy3-labeled siRNA
(cRGD conjugated or unconjugated) at a final concentration of
50 nM with DNCA/CLD were added to the cells and incubated for
an additional 4 h at 37�C. The cells were washed three times with
pre-cooled fresh DMEM. Then LysoBrite NIR (AAT Bioquest,
USA) and Hoechst 33342 (Solarbio, China) were added to the me-
dium and incubated with the cells for 30 min at 37�C for lysosome
and nucleus labeling. Next, the cells were washed with fresh
DMEM three times. Intracellular distribution of Cy3-labeled siRNA
and lysosome colocalization were observed with an A1Rsi confocal
microscope (Nikon, Japan).
In vitro gene silencing assay

A375 cells were seeded in 12-well plates (2� 105 per well) and grown
to 70%–80% confluence after 24-h proliferation. Then, nanocom-
plexes containing siRNAs (cRGD conjugated or unconjugated) at
final concentrations of 10, 25, and 50 nM were exposed to the cells
and incubated for an additional 48 h at 37�C. After incubation, the
cells were washed three times with pre-cooled fresh DMEM, and total
RNAs were extracted with the TRIzol reagent (Invitrogen, USA) and
then reversed to cDNA by Reverse Transcription System A3500
(Promega). cDNA was then mixed with forward and reverse primers
of BRAFV600E and housekeeping gene b-actin and GoTaq qPCRMas-
ter Mix (A6002, Promega, USA) and then analyzed by a real-time
PCR amplifier (MX3005P; Stratagene, USA) The threshold cycles
(Ct) of each sample were normalized to the b-actin gene, and the in-
hibition of gene silencing is represented as the percentage of
BRAFV600E expression.
Animals

All the animal studies were approved by the Animal Care and Use
Committee of Peking University (No. LA2017194), and all the oper-
ations about animals conformed to the National Institutes of Health
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Guide for the Care and Use of Laboratory Animals (NIH Publications
No. 8023, revised 1978).

In vivo biodistribution assay

The female nude mice were bearing A375 xenograft tumors on their
right flank. After tumor sizes grew to �800 mm3, mice were divided
into three groups, with three mice in each group. The siRNAs used in
biodistribution assay were sense strand 5ʹ-Cy7 labeled on their sense
strands, and the siRNAs encapsulated by mix were given by intrave-
nous injection at 1.0 mg/kg. The fluorescent signal was detected with
an in vivo imaging system at 1.5, 4, 6, and 36 h. At the end time point,
the nude mice were euthanized, and their tumor tissues and organs
were isolated and examined.

In vivo antitumor efficiency

The A375 cells (2� 106) were inoculated subcutaneously on the right
flank of female nude mice. When the tumor volume reached 30–
80 mm3 (length � width2/2), mice were divided into six groups,
with five mice in each group. Different formulations were given by
intravenous injection at days 1, 3, 5, 7, and 9. The mice were treated
with different formulations at a siRNA dosage of 1.48 mg/kg. After
48 h of final injection, the mice were euthanized, and tumor tissues
were isolated, weighted, and photographed. Then parts of isolated tu-
mors were homogenated by homogenizer in TRIzol (Thermo Fisher,
USA), and the total RNA was extracted and analyzed. The other parts
of isolated tumors were immersed in 4% paraformaldehyde overnight
at 4�C. Then the tumors were embedded and cut into slices to analyze
immunohistochemistry. The BRAFV600E protein was stained as
brown color, and nuclei were stained by hematoxylin as blue color.

Statistical analysis

For statistical analysis between two groups, Student’s t test for inde-
pendent means was applied. For multiple comparison, one-way
ANOVAwas applied. A p value < 0.05 was considered statistically sig-
nificant. Each value is expressed as mean ± SD. Statistical analysis was
performed with SPSS software (version 16.0; SPSS, Chicago, IL, USA).

Statement of animal rights

All animal experiments were approved by the Committee for Animal
Research of Peking University (No. LA2017194), and all the opera-
tions about animals conformed to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (NIH Publications
No. 8023, revised 1978). The specific pathogen free (SPF)-grade fe-
male nude mice (3–4 weeks) were obtained from Wantonglihua
(China) and kept in the Department of Laboratory Animal Science,
Peking University Health Science Center.
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