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The PI3K-AKT-mTOR-signaling pathway is frequently acti-
vated in glioblastoma (GBM). Inhibition of phosphatidylinosi-
tol-4,5-bisphosphate 3-kinase catalytic subunit beta (PIK3CB)/
p110b (a PI3K catalytic isoform) by RNAi substantially sup-
presses GBM growth with less toxicity to normal astrocytes.
However, insufficient and non-specific small interfering RNA
(siRNA) delivery may limit the efficacy of RNAi-based therapies
against GBM. Here we prepared a novel methoxy-modified
PIK3CB siRNAmolecule (siPIK3CB) that was covalently conju-
gated to a [cyclo(Arg-Gly-Asp-D-Phe-Lys)-Ahx]2-Glu-PEG-
MAL (biRGD) peptide, which selectively binds to integrin
avb3 receptors. The avb3-positive U87MG cell line was selected
as a representative for GBM. An orthotopic GBM xenograft
model based on luciferase-expressing U87MG was established
and validated in vivo to investigate bio-distribution and anti-
tumor efficacy of biRGD-siPIK3CB. In vitro, biRGD-siPIK3CB
specifically entered and silenced PIK3CB expression in GBM
cells in an avb3 receptor-dependent manner, thus inhibiting
cell cycle progression and migration and enhancing apoptosis.
In vivo, intravenously injected biRGD-siPIK3CB substantially
slowed GBM growth and prolonged survival by reducing tumor
viability with silencing PIK3CB expression. Furthermore,
biRGD-siPIK3CB led to mild tubulointerstitial injury in the
treatment of GBM without obvious hepatotoxicity, whereas
co-infusion of Gelofusine obviously alleviated this injury
without compromising anti-tumor efficacy. These findings re-
vealed a great translational potential of biRGD-siPIK3CB con-
jugate as a novel molecule for GBM therapy.
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INTRODUCTION
RNAi is a post-transcriptional gene-regulatory process triggered by
small interfering RNAs (siRNAs) that has the potential to eradicate
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diseases caused by mutation or gene overexpression.1–3 Since 2004,
more than 20 RNAi therapies have been approved by the U.S. Food
and Drug Administration (FDA) for clinical trials.4 Recently, Alny-
lam Pharmaceuticals has announced the completion of the rolling
submission of a new drug application (NDA) to the FDA for Pati-
siran, an RNAi therapeutic targeting transthyretin (TTR) for the
treatment of patients with hereditary transthyretin-mediated
amyloidosis.5

Even though siRNA technology has shown remarkable results in both
preclinical and clinical trials, systemic siRNA delivery has remained a
major obstacle hindering the further development of RNAi in the
clinic.6 siRNA is an �14-kDa macromolecule with a negative charge
that has no bioavailability to cross cell membranes.3 As a conse-
quence, unless it is incorporated into nanoparticles or conjugated
to other molecules, intravenously injected siRNA is rapidly excreted
by kidneys without reaching the target cells.7 Even though nanopar-
ticles have enhanced delivery power, they come with substantial costs,
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such as elevated risk of toxicity with additional materials, inescapable
poor diffusion coefficient, and poor pharmacokinetics.8 As an
alternative to nanoparticles, vastly simplified smaller-molecular-
weight siRNA conjugates, which directly link bioactive groups to
siRNA thus allowing it to enter cells of interest, have already been
examined in preclinical and clinical trials.9 For example, conjugation
of N-acetylgalactosamine (GalNAc) to siRNA, which enables specific
binding to asialoglycoprotein receptor on hepatocytes,10 has proven
to be a successful therapeutic approach; currently there are six
GalNAc-siRNA ongoing clinical trials for liver genes.11 Similarly, in
this study we have conjugated siRNA to an optimized bivalent
cyclic RGD peptide ([cyclo(Arg-Gly-Asp-D-Phe-Lys)-Ahx]2-Glu-
PEG-MAL [biRGD]) that was different from conventional RGD
dimers.12,13

Glioblastoma (GBM) is the most common and among the deadliest
types of primary brain malignancy. The 5-year overall survival for
GBM patients is approximately 5%, with a prognosis of 14.6 months
after diagnosis following total tumor resection, radiotherapy, chemo-
therapy, or a combination of these treatments.14,15 It has been re-
ported that the mutation and overactivation of the phosphatidylino-
sitol 3-kinase (PI3K)/protein kinase B (Akt)/rapamycin-sensitive
mTOR-complex (mTOR) pathway leads to the development of temo-
zolomide resistance and GBM recurrence.16 Therefore, PI3K inhibi-
tors have emerged as promising tools for treating GBM. Nevertheless,
pan-PI3K inhibitors have shown modest benefits in the clinic for
GBM because they are nonselective for PI3K isoforms, thus causing
high toxicity in normal astrocytes.17 For this reason, it was necessary
to develop a novel high-efficiency drug that could selectively inhibit
specific PI3K catalytic isoforms, which presented a stronger associa-
tion with the activities of PI3K signaling in GBM. Several studies
have indicated that phosphatidylinositol-4,5-biphosphate 3-kinase
catalytic subunit b (PIK3CB), which is a catalytic subunit p110 b of
the PI3K gene family, is correlated with high risk and poor survival
of GBM, while the inhibition of PIK3CB can remarkably suppress
GBM cell growth in vitro and in vivo, with less cytotoxicity to astro-
cytes.17–20 In the present study, we have constructed an siRNA con-
jugate that specifically silenced PIK3CB expression and inhibited
GBM growth in vitro and in vivo.

When applying GBM treatment, intravenous-injected molecules
must cross the blood-brain barrier (BBB) and the blood-brain tumor
barrier (BBTB) to the tumor site.21 The BBB is the so-called neurovas-
cular unit that is formed by the continuous brain endothelial cells
interacting with surrounding cells like astrocytes, pericytes, and peri-
vascular macrophages.22 With the progression of GBM, the original
neurovascular endothelial cells in the BBB are integrated into newly
formed blood vessels induced by tumors, then forming the BBTB.21

In GBM, both neovascular endothelial cells forming the BBTB and
tumor cells highly express integrin avb3 receptors, which is a key
molecule mediating tumor invasion and metastasis.23,24 According
to these characteristics, several RGD-based delivery systems have
been designed to specifically bind to avb3 receptors, which mediate
enhanced recognition and internalization of these systems to over-
come the BBTB.25–27 In this study, we installed optimized biRGD
peptide on siRNA conjugate in order to improve the penetration of
the siRNA conjugate into GBM tissues via endocytosis and transpor-
tation by avb3 receptors.

In our previous studies, we have synthesized siRNA conjugates based
on cyclo(Arg-Gly-Asp-D-Phe-Lys) (cRGD). Liu et al.28 have shown
that cRGD-conjugated siRNA targeting Vascular Endothelial Growth
Factor Receptor 2 (VEGFR2) mRNA could silence the expression of
VEGFR2 in neovascular endothelial cells, thus inhibiting tumor
angiogenesis. In addition, He and colleagues29 showed that cRGD-
conjugated siRNA targeting epidermal growth factor receptor
(EGFR) leads to an obvious reduction of EGFR expression and signif-
icant inhibition of tumor growth in a subcutaneous GBM model.
However, the effect of cRGD-conjugated siRNA on orthotopic
GBM has not yet been investigated. In the present study, we prepared
a biRGD-siRNA conjugate by linking siRNA to a bivalent [cyclo(Arg-
Gly-Asp-D-Phe-Lys)-Ahx]2-Glu-PEG-MAL peptide, which had a
longer and more flexible linker between RGD motifs than conven-
tional RGD dimers. Consequently, we established an intracranial
orthotopic GBMmodel to observe whether this molecule could over-
come multiple physiological barriers to exert anti-tumor effects
through RNAi in vivo.

RESULTS
Preparation and Serum Stability of biRGD-siRNA

The diagram of biRGD-siRNA conjugate is shown in Figure 1A. To in-
crease the stability and silencing potency while reducing the off-target
effect and cytotoxicity, the backbone of siRNA was modified with
20-O-methyl (20-OMe) in the recommended nucleotides.30–33

Thus, the double-stranded PIK3CB siRNA (siPIK3CB) (sense strand,
50-AC(mC)(mU)G(mU)GGAUACUCAU(mU)A(mA)dTdT-30; anti-
sense strand, 50-U(mU)AA(mU)GAGUAUCCA(mC)AG(mG)(mU)
dTdT-30) was selected as the representative siRNA drug. Here we
linked the 50-phosphate of the sense strand of siPIK3CB to a peptide
through the thiol-maleimide linker, which contained optimized cyclic
RGD dimers ([cyclo(Arg-Gly-Asp-D-Phe-Lys)-Ahx]2-Glu-PEG-
MAL) that had a longer and more flexible linker (19 bonds excluding
side arms of K-residues formed by two Ahx groups and Glu) between
two cyclic RGD motifs than two cyclic RGD motifs in conventional E
[c(RGDfK)]2. This may allow the optimized bivalent cyclic RGD to
bind to integrin avb3 receptors with high affinity via achieving simul-
taneous receptor binding.13,34,35 High-performance liquid chromatog-
raphy-mass spectrometry (HPLC-MS) results showed that the molec-
ular mass of synthesized biRGD-siPIK3CB was the same as theoretical
molecular mass. BiRGD-conjugated sense strand siPIK3CB was deter-
mined as 8,723.0 Da, which was acceptably close to the predicted
8,723.7 Da, as seen in Figure S1A. In addition, all siRNAs were
HPLC-purified with a >90% purity, as seen in Figure S1B.

As seen in Figure S1C, incubation of 20-OMe-modified biRGD-
siPIK3CB conjugate in mouse serum revealed no detectable degra-
dation up to 72 hr and low degradation at 96 hr. In similar condi-
tions, 20-OMe-modified siPIK3CB without conjugation to biRGD
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Figure 1. The Schematic Depiction, Cellular Uptake, and Intracellular Distribution of biRGD-siRNA In Vitro

(A) The diagram of biRGD-siRNA conjugate. The [cyclo(Arg-Gly-Asp-D-Phe-Lys)-Ahx]2-Glu-PEG-MAL (biRGD) peptide was conjugated to the 50-phosphate of sense strand
of siRNA through the thiol-maleimide linker. The backbone of siRNA was modified with 20-O-methyl (20-OMe) ribose modification in the recommended nucleotides. (B)

Cellular uptake levels of biRGD-siNC-Cy5, cRGD-siNC-Cy5, and siNC-Cy5 in U87MG cells incubated in Opti-MEM for 12 hr at 37�C were measured by flow cytometry. For

additional specificity tests, before transfection with biRGD-siNC-Cy5, cells were also pre-treated with 1 mM unconjugated biRGD peptide (biRGD blocked). (C and D)

Quantitative analysis of Cy5 mean fluorescence intensity (C) and positive rate (D). *p < 0.05 versus siNC-Cy5 group; #p < 0.05 versus biRGD-siNC-Cy5 with biRGD blocked

group. (E) Analysis of expression of avb3 receptors on U87MG cells by flow cytometry. (F) Confocal fluorescence microscopy images of intracellular distribution of

biRGD-siNC-Cy5, cRGD-siNC-Cy5, and siNC-Cy5. U87MG cells were transfected with biRGD-siNC-Cy5, cRGD-siNC-Cy5, or siNC-Cy5 incubated in Opti-MEM for 12 hr at

37�C. In addition, before transfection with biRGD-siNC-Cy5, cells were blocked with biRGD (1 mM). Cell nuclei were counterstained with DAPI (blue), siRNA was labeled with

Cy5 (red), and TGN46 was labeled with Alexa Fluor 488 (green). Scale bar, 10 mm.
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was degraded after 48 hr. These results indicated that the serum
stability of siRNA modified with biRGD peptide was significantly
improved.

Cellular Uptake and Intracellular Distribution of biRGD-siRNA

In Vitro

For detecting cellular uptake and intracellular distribution, biRGD-
negative control siRNA (siNC) conjugate, the representative
biRGD-siRNA that had no homologous sequence in human and
mouse transcriptomes, was labeled with fluorophore (indodicarbo-
cyanine-5 [Cy5]). As shown in Figures 1B–1D, low uptake of non-
conjugated siNC-Cy5 (600 nM) was observed in U87MG cells, which
highly express integrin avb3 receptors (Figure 1E). In contrast,
biRGD-siNC-Cy5 displayed enhanced cellular uptake that increased
progressively, with concentrations ranging from 100 to 600 nM. No
evidence of saturation of uptake was found in the tested concentration
range. Moreover, the uptake of biRGD-siNC-Cy5 was approximately
twice as much as cRGD-siNC-Cy5, which was prepared in our earlier
report.28 Nevertheless, the uptake of biRGD-siNC-Cy5 was inhibited
via blocking integrin avb3 receptors by pre-treating with excess
biRGD peptide. In addition, no uptake of biRGD-siNC-Cy5
(600 nM) was observed in HeLa cells, which negatively express integ-
rin avb3 receptors (Figures S2A and S2B).
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For analyzing intracellular distribution of biRGD-siRNA, we exam-
ined the subcellular localization of the biRGD-siNC-Cy5 at 24 hr
compared with an equal amount of siNC-Cy5, cRGD-siNC-Cy5, or
biRGD-siNC-Cy5 blocking with excess biRGD peptide. As shown
in Figure 1F, the non-conjugated siNC-Cy5 was not detectable, while
the biRGD-siNC-Cy5 and cRGD-siNC-Cy5 displayed substantial
uptake and wide distribution in the cell. Moreover, we chose
TGN46 protein locating in trans-Golgi as the cytoplasmic perinuclear
marker to further examine whether biRGD-siNC-Cy5 could reach
trans-Golgi membrane and be released into the cytoplasm. The result
of subcellular localization showed that part of biRGD-siNC-Cy5
uptaken by cells had a substantial overlap with TGN46 protein,
suggesting that conjugates could be released into the cytoplasm as
reported elsewhere.36–38 However, the intracellular distribution of
biRGD-siNC-Cy5 was inhibited by pre-treating with excess biRGD
peptide.

Gene-Silencing Efficiency of biRGD-siPIK3CB In Vitro

The biRGD-conjugated siRNA was tested in the absence of transfec-
tion agent. qRT-PCR analysis demonstrated that the PIK3CB mRNA
level of U87MG cells transfected with 400 or 600 nM biRGD-
siPIK3CB was significantly decreased (the remaining amount was
about 60% and 50%, respectively; Figure 2A) after 48 hr compared



Figure 2. Analyses of Gene-Silencing Efficiency, Cell Cycle, Apoptosis, and Migration of biRGD-siPIK3CB In Vitro

Cells were incubatedwith different molecules for 24 hr in Opti-MEMwithout serum. Consequently, 10% FBSwas added and cells were incubated for a certain amount of time

(depending on the assay). (A) Quantitative analysis of PIK3CB mRNA level using qRT-PCR after 48-hr treatment of biRGD-siPIK3CB. The results were normalized with

GAPDH mRNA level. (B) Quantitative analysis of PIK3CB protein level using western blot after 72-hr treatment of biRGD-siPIK3CB. The results were normalized with

GAPDH protein level. (C) Cell cycle of U87MG cells was analyzed by flow cytometry after 48-hr treatment of biRGD-siPIK3CB. (D) Transwell migration of U87MG cells was

analyzed under a microscope after 48-hr treatment of biRGD-siPIK3CB. (E) Apoptosis of U87MG cells was detected by flow cytometry after 72-hr treatment of biRGD-

siPIK3CB. *p < 0.05 versus control group; #p < 0.05 versus biRGD-siNC group. Scale bar, 200 mm.
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with the control and biRGD-siNC groups. In addition, PIK3CB pro-
tein level was markedly reduced after 72-hr treatment with 400 and
600 nM biRGD-siPIK3CB (the remaining amount was about 70%
and 60%, respectively) (Figure 2B), while almost no effect was
observed in the control and biRGD-siNC groups. Taken together,
these data demonstrated that biRGD-siRNA was able to efficiently
induce targeted gene knockdown in U87MG cells.

Influence of biRGD-siPIK3CB on Cell Cycle Progression,

Invasion, and Apoptosis In Vitro

After 48-hr treatment, an increase in G0/G1 population and reduc-
tion in S-phase population were observed in cells treated with 400
and 600 nM biRGD-siPIK3CB compared to control and biRGD-
siNC groups (Figure 2C). These data suggested that biRGD-siPIK3CB
could inhibit cell cycle progression, thus affecting U87MG cell
growth. Furthermore, transwell migration assay showed that
biRGD-siPIK3CB could significantly inhibit U87MG cell invasion
with increasing concentrations (Figure 2D). At 72 hr post-treatment,
flow cytometry data showed that different concentrations of biRGD-
siPIK3CB (400 and 600 nM) could significantly induce apoptosis of
U87MG cells in vitro, with the apoptosis rates of 15.14% and
20.76%, respectively (Figure 2E), compared to other groups, which
showed slight apoptotic effect. These results indicated that biRGD-
siPIK3CB could promote U87MG cell apoptosis in vitro.
Bio-distribution and Intracranial Tumor Permeability of

biRGD-siRNA In Vivo

An intracranial orthotopic GBM (U87MG) xenograft expressing a
luciferase reporter gene was established to investigate the bio-distri-
bution and intracranial tumor permeability of the biRGD-siRNA
in vivo. As shown in Figure 3A, biRGD-siNC-Cy5 could specifically
target orthotopic GBM after intravenous injection (1 nmol/20 g).
At 12, 24, and 36 hr, high red Cy5 fluorescent expressions of
biRGD-siNC-Cy5 were detected within the tumor and kidneys, and
the Cy5 fluorescence intensity of orthotopic GBM reached a peak at
24 hr after injection. However, when injected with siNC-Cy5, no
red Cy5 fluorescent signal expression was found in the tumor location
from 12 to 48 hr. In addition, biRGD-siNC-Cy5 mixed with Gelofu-
sine (4 mg/20 g) injections did not affect tumor targeting of biRGD-
siNC-Cy5, while it could reduce the fluorescence intensity of biRGD-
siNC-Cy5 in the kidneys. After dissection, results demonstrated
that biRGD-siNC-Cy5 could specifically target the GBM-bearing
brain tissue and the co-injection of Gelofusine could efficiently reduce
the renal retention of biRGD-siNC-Cy5 without affecting its tumor
targeting (Figure 3B). Moreover, biRGD-siNC-Cy5 was not found
in other main organs, i.e., heart, spleen, and lung.

To further verify whether the biRGD-siNC-Cy5 had intracranial
tumor permeability, the GBM-bearing brains were frozen at –80�C,
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Figure 3. Distribution and Intracranial Tumor Permeability of biRGD-siRNA In Vivo

(A) In vivo imaging of mice bearing orthotopic U87MG-Luc glioblastoma with different treatments. Mice were injected intravenously with 1 nmol/20 g siNC-Cy5, biRGD-

siNC-Cy5, biRGD-siNC-Cy5 mixed with Gelofusine (4 mg/20 g), or cRGD-siNC-Cy5 at single doses. The subsequent bio-distribution of different molecules labeled with

Cy5 was detected at 12, 24, 36, and 48 hr using the IVIS (in red, Cy5 emission spectrum). Intracranial U87MG-Luc glioblastoma was detected at 48 hr using the IVIS (in

luciferase emission spectrum). (B) Ex vivo fluorescence imaging of different major organs from part of orthotopic U87MG-Luc glioblastoma-bearing mice at 24 hr. Red Cy5

emission spectrum is indicated for siRNA molecules labled with Cy5 (left panel), and luciferase emission spectrum is indicated for intracranial U87MG-Luc glioblastoma

(right panel). (C) Confocal microscopy images of normal brain tissues and the glioblastoma-bearing brain tissues collected from in vivo imaging assay. Cell nuclei were

stained with DAPI (blue), blood vessel was marked with CD31 (green), and siRNA was labeled with Cy5 (red). Scale bar, 50 mm. All images were scaled to the sameminimum

and maximum color values.
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cut into sections, and stained with CD31. As shown in Figure 3C, no
Cy5 fluorescent expression of siNC-Cy5 was found in GBM-bearing
brain tissues, while little biRGD-siNC-Cy5 was observed in sections
of normal brain tissues. Yet, significantly higher biRGD-siNC-Cy5
signal was found in GBM tissues, suggesting that biRGD-siRNA
was taken up by tumor cells and co-injection of Gelofusine did not
affect this phenomenon.

Influence of biRGD-siPIK3CB on Tumor Growth and Survival

Time in Orthotopic GBM Mice and Its Evaluation of

Immunogenicity and Toxicity

To test the potential of biRGD-siPIK3CB as an anti-cancer agent, we
first investigated its effects on the orthotopic GBM development in
a concentration-dependent manner. Briefly, nude mice bearing
orthotopic U87MG-Luc GBM were injected intravenously 12 times
over a 24-hr interval, and tumor size was monitored by the lumines-
cence intensity via an in vivo imaging system (IVIS) on days 0, 7, and
12 after treatment. Consequently, mice were sacrificed after 12 days
of treatment, and then GBM-bearing brain tissues were excised
and photographed. In addition, tumors and kidneys from the mice
were obtained for histopathologic analyses.

As shown in Figures 4A and 4B, no significant difference was found
between saline and biRGD-siNC (1 nmol/20 g) groups, suggesting
224 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
that biRGD-siNC did not have anti-tumor efficacy. After 12 days of
treatment, significant tumor growth inhibition was observed in
biRGD-siPIK3CB (1 nmol/20 g) groups compared with saline
and biRGD-siNC (1 nmol/20 g) groups (p < 0.05), while no signif-
icance was found when treating mice with low-dose biRGD-si-
PIK3CB (0.5 nmol/20 g) (p > 0.05). These results suggested that
biRGD-siPIK3CB had the potential as an anti-GBM agent and
that doses higher than 1 nmol/20 g/day, administrated by tail intra-
venous injection, could effectively inhibit the proliferation of ortho-
topic GBM. Still, the results from pathological sections of kidneys
from the biRGD-siPIK3CB (1 nmol/20 g) group showed mild
pathological changes in kidneys, such as renal edema and intersti-
tial hyperemia, compared with the saline group, indicating that
long-term use of high-dose biRGD-siPIK3CB may cause tubuloin-
terstitial injury because of renal reabsorption of biRGD-siPIK3CB
(Figure S3A).39

qRT-PCR data showed an obviously low expression of PIK3CB
mRNA in biRGD-siPIK3CB (0.5 nmol/20 g) and biRGD-siPIK3CB
(1 nmol/20 g) groups compared with saline and biRGD-siNC
(1 nmol/20 g) groups (Figure 4C). Furthermore, Figure 4D
shows that PIK3CB protein level was significantly decreased in the
biRGD-siPIK3CB (1 nmol/20 g) group. Similarly, immunohisto-
chemical analysis using anti-PIK3CB antibody labeling displayed



Figure 4. Anti-tumor Efficacy and Mechanism of biRGD-siPIK3CB in Orthotopic U87MG-Luc Glioblastoma Model

(A) IVIS luminescent imaging of glioblastoma-bearingmice and ex vivo glioblastoma-bearing brain tissues from each group. Conditions of the treatment were as follows: saline

group, biRGD-siNC (1 nmol/20 g) group, biRGD-siPIK3CB (0.5 nmol/20 g) group, or biRGD-siPIK3CB (1 nmol/20 g) group. All animals were injected intravenously 12 times

over a 24-hr interval. (B) The luminescent signal intensity of mice in all groups. (C and D) Silencing activity of different concentrations of biRGD-siPIK3CB in vivo. U87MG-Luc

glioblastoma tissues from the anti-tumor assay were collected for qRT-PCR (C) or western blot (D) analysis; results were normalized with GAPDH level. (E) PIK3CB

expression, cell proliferative activity, and the number of apoptotic cells in orthotopic U87MG-Luc glioblastoma tissues were detected by immunohistochemical staining. The

relative expression level of PIK3CB protein was evaluated by mean optical density (IOD/area). Proliferative cells in tumor were stained by ki67 antibody, and the results were

indicated with ki67-positive cells/total cells. The number of apoptotic cells in tumor was indicated by apoptotic index (TUNEL-positive cells/total cells) with TUNEL staining.

Positive cells were showing brown. *p < 0.05 versus saline group; #p < 0.05 versus biRGD-siNC group. Scale bar, 50 or 20 mm.
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remarkably low PIK3CB protein levels in tumors from biRGD-
siPIK3CB (0.5 nmol/20 g) and biRGD-siPIK3CB (1 nmol/20 g)
groups (Figure 4E). In addition, in vitro results showed that PIK3CB
reduction inhibited cell cycle progression and promoted cellular
apoptosis. Therefore, we used ki67 staining and transferase-medi-
ated deoxyuridine triphosphate-biotin nick end labeling (TUNEL)
assay to evaluate proliferative activity and apoptosis of orthotopic
GBM from in vivo assays, respectively. The proliferative cells in
tumors from the biRGD-siPIK3CB (0.5 nmol/20 g) and biRGD-
siPIK3CB (1 nmol/20 g) groups obviously decreased compared
with those in the saline and biRGD-siNC (1 nmol/20 g) groups
(Figure 4E). In addition, the results of the TUNEL assay demon-
strated an obviously higher number of apoptotic tumor cells in
the biRGD-siPIK3CB (0.5 nmol/20 g) and biRGD-siPIK3CB
(1 nmol/20 g) groups compared to the saline and biRGD-siNC
(1 nmol/20 g) groups, and the number of apoptotic tumor cells in
the biRGD-siPIK3CB (1 nmol/20 g) group was about twice that in
the biRGD-siPIK3CB (0.5 nmol/20 g) group (Figure 4E). Taken
together, these results showed that biRGD-siPIK3CB could decrease
proliferation and viability of GBM via silencing the expression of
PIK3CB in vivo.

Clinical therapeutic benefits were mainly based on the quality of
life and prolonged survival time in GBM patients.17 In addition,
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 225
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Figure 5. Survival Monitoring of Orthotopic U87MG-Luc Glioblastoma-Bearing Mice Treated with biRGD-siPIK3CB

Animals were injected intravenously over a 48-hr interval with the following treatments, which were all mixed with Gelofusine (4 mg/20 g): saline group,

biRGD-siNC (3 nmol/20 g) group, or biRGD-siPIK3CB (3 nmol/20 g) group. (A) Body weight of mice in all groups. Body weight of mice was measured daily

until mice lost 40% of their primary body weight without glioblastoma, or animal deaths occurred in any group. (B) Tumor growth was monitored on days 0, 7, and

28 after treatment detected by IVIS luminescent imaging. (C) The survival curve of mice in all groups. *p < 0.05 versus saline group, #p < 0.05 versus biRGD-

siNC group.
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to alleviate renal injury from reabsorption of biRGD-siRNA, the
overall survival in all treated groups was evaluated with co-injec-
tion of Gelofusine, which has been proven to reduce renal reab-
sorption of biRGD-siRNA (bio-distribution assays). As shown in
Figures 5A and 5B, after 9 days of treatment, the body weight of
mice in the biRGD-siPIK3CB group ranged between 17.1 ± 1.7 g
to 17.3 ± 1.3 g, while it fluctuated between 16.8 ± 1.3 g to
15.9 ± 1.9 g and 17.6 ± 1.5 g to 16.2 ± 2.3 g in the saline and
biRGD-siNC groups, respectively. No significant differences were
observed between the saline and biRGD-siNC groups during the
monitoring period. This indicated that the saline mixed with Ge-
lofusine group and the biRGD-siNC mixed with Gelofusine group
in the orthotopic GBM-bearing mice showed a rapid decrease in
body weight, while the body weight of mice in the biRGD-
siPIK3CB mixed with Gelofusine group was steady (p < 0.05).
In addition, the median survival time of the biRGD-siPIK3CB
group (26 days) was longer compared to the saline (22 days)
and biRGD-siNC (23 days) groups (Figures 5B and 5C). Interest-
ingly, co-injection of Gelofusine decreased renal edema and inter-
stitial hyperemia induced by biRGD-siPIK3CB without affecting
anti-tumor efficiency (Figure S3A). To sum up, biRGD-siPIK3CB
could prolong the survival time of orthotopic GBM-bearing mice
due to its combined efficacy in decreasing proliferation and pro-
moting apoptosis, suggesting that biRGD-siRNA possessed excel-
lent anti-tumor efficacy on GBM.
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It has been reported that unmodified siRNAs could induce innate
immune responses, which would confuse the anti-tumor effect.40

To alleviate such potential non-specific effects, we have introduced
the chemical modification of 20-O-methyl ribose modification
inrecommended nucleotides into the siRNA backbone of
biRGD-siPIK3CB.30–33To test the possible immunostimulatory ef-
fects of biRGD-siPIK3CB conjugate, we examined the levels of
interferon (IFN)-b and interleukin-6 (IL-6) in the serum collected
from immunocompetent BALB/c mice 6hr after single higher-
doses injection of saline, biRGD-siPIK3CB (5nmol/20 g), or
biRGD-siPIK3CB (5nmol/20 g) mixed with Gelofusine. Yet, no
significant difference was found in IL-6, IFN-b, and tumor
necrosis factor alpha (TNF-a) levels of the serum among different-
treatment groups (FigureS3B), indicating that biRGD-siPIK3CB-
did not induce a systemic immune response under such adminis-
tration conditions. In addition, we detectedthe level of alanine
transaminase (ALT) in the serum to evaluatethe hepatotoxicityof
biRGD-siPIK3CB. Briefly, no statistically meaningful difference
was detected among mice treated with saline,biRGD-siPIK3CB,
or biRGD-siPIK3CB mixed with Gelofusine (FigureS3C), indi-
cating that biRGD-siPIK3CB had no obvious hepatotoxicity.

DISCUSSION
Due to its unmatched selectivity, high potency, and universality in
treating diseases of all types, siRNA has attracted great interest as a
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potential therapeutic reagent.41 For this potential to be used, several
issues, including poor delivery efficiency, off-target effects, immuno-
genicity, and instability of siRNA, have to be clearly addressed.3

The majority of currently available carrier systems in clinical trials
are nanoparticles, including liposomes and polymer nanoparticles.
Nevertheless, these nanoparticles have some disadvantages, such as
complicated formulation processes, toxicity from their components,
poor pharmacokinetics, and poor homogeneity and reproducibility,
which directly limit the clinical transformation of siRNA nanopar-
ticles.7–9,41 As an alternative, many research groups has been focusing
on siRNA conjugates, which are bioactive groups modified to obtain
favorable physicochemical properties and biological benefits for
clinical translation, and they are a current trend in the development
of siRNA delivery systems.9,10,42,43 In this study, we obtained an
siRNA conjugate by linking to an optimized bivalent cyclic RGD pep-
tide, which had relatively small size, good pharmacokinetics,
enhanced delivery efficiency, and good reproducibility, all of which
make it potentially suitable for clinical translation.

biRGD-siRNA Obtained Gene-Silencing Ability due to Its

Enhanced Integrin avb3-Targeting Affinity via [cyclo

(Arg-Gly-Asp-D-Phe-Lys)-Ahx]2-Glu-PEG-MAL Peptide and

Improved Stability of siRNA

Our results showed that biRGD-siRNA was taken up by GBM cells
via endocytosis of integrin avb3 receptors and then was delivered to
the trans-Golgi, where it was eventually released into the cytoplasm.
As a result, biRGD-siRNA could inhibit the expression of the target
gene in GBM cells in vivo and in vitro. Several factors could account
for this phenomenon. First, we constructed a bivalent [cyclo(Arg-
Gly-Asp-D-Phe-Lys)-Ahx]2-Glu-PEG-MAL peptide (biRGD) with
a longer and more flexible linker (19 bonds excluding side arms of
K-residues formed by two Ahx groups and Glu) between two cyclic
RGD motifs compared to the previous dimeric RGD moiety. It has
been reported that the integrin avb3-targeting capability of cyclic
RGD dimers could be further improved by increasing distance
and flexibility of the linker between cyclic RGD motifs, which
allowed cyclic RGD dimers to bind to two adjacent integrin avb3
receptors simultaneously.13,34,44 Second, extending the distance
between the targeting [cyclo(Arg-Gly-Asp-D-Phe-Lys)-Ahx]2-Glu
group and siRNA via 21 bonds could reduce the hindrance of the
large biRGD group to the RNA-induced silencing complex (RISC)
loading.9,45 Third, in addition to Rab4-dependent short-loop
pathway, some studies have indicated that RGD peptide is internal-
ized into endosomal compartments by binding to avb3 receptors
and then enters the long-loop pathway, relocating to Rab11-positive
perinuclear recycling compartments (PNRCs) and trans-
Golgi.37,38,46,47 This required the siRNA conjugate to be sufficiently
stable against nuclease degradation in the endosome, which pro-
vided the opportunity to reach the PNRC and trans-Golgi. Our re-
sults also showed that conjugating biRGD to the 50-phosphate of
sense strand of siRNA could substantially improve stability
of siRNA, which may be related to increasing the steric hindrance
of siRNA against 50-exonuclease-mediated degradation in the
endosome.12,36,48
biRGD-siRNA Had Substantial Accumulation in the Orthotopic

Brain Tumor due to Its Effective Penetration through the BBTB

and Prolonged Retention Time In Vivo

For GBM treatment using the intravenous administration route,
siRNA conjugate must cross the BBB and the BBTB in order to be
finally uptaken by GBM cells. As the GBM grows, the permeability
of the BBB increases and the BBTB dominates between the tumor
and its vessels due to angiogenesis-related structural change.49,50 In
our study, biRGD-siRNA was able to target and accumulate in the
intracranial U87MG tumors and be uptaken by tumor cells, because
biRGD-siRNA was powerfully recognized and internalized by integ-
rin avb3 receptors expressed on neovascular endothelial cells forming
the BBTB and GBM cells, which provided an effective measure
through the tight junction of the BBTB into the orthotopic brain
tumor.23,24,51,52 In addition, increasing serum stability and molecular
weight of biRGD-siRNA conjugate could further promote the accu-
mulation in the orthotopic brain tumor by prolonging retention
time in vivo. As a result, these characteristics of biRGD-siRNA could
provide the premise for anti-GBM efficacy in vivo.
biRGD-siPIK3CB Could Substantially Slow GBM Growth and

Prolong Survival of Animals via Inhibiting Cell Proliferation and

Enhancing Apoptosis In Vitro and In Vivo

At present, the majority of PI3K inhibitors for treating GBM recruit
pan-PI3K inhibitors, which are nonselective for PI3K isoforms, thus
leading to high toxicity in normal astrocytes and bringing modest
benefits in the clinic.17,53 It has been found that PIK3CB or p110b
present a stronger association with the activities of PI3K signaling
than other PI3K isoforms in GBM, especially in recurrent GBM ac-
quired radiotherapy and chemotherapy resistance, and that the inhi-
bition of PIK3CB remarkably impeded GBM growth with less
cytotoxicity to astrocytes.17,20,54–56 Here we prepared an efficient
biRGD-siRNA conjugate for specifically silencing PIK3CB expression
in GBM. Our data demonstrated that biRGD-siPIK3CB could sub-
stantially slow GBM growth in vitro and in vivo and prolong survival
of the animals bearing intracranial orthotopic GBM via inhibiting cell
proliferation and enhancing apoptosis with silencing PIK3CB expres-
sion, suggesting that biRGD-siPIK3CB conjugate can be used as a
novel candidate RNAi drug for GBM therapy.
Gelofusine Acting as an Effective Renal Protective Agent Could

Form a Compound Preparation with biRGD-siPIK3CB for GBM

Therapy

Our previous reports suggested that cRGD-conjugated siRNA
induced mild tubulointerstitial injury via activating the TLR3-
signaling pathway due to being reabsorbed and trapped in the kid-
neys, whereas co-infusion of Gelofusine could attenuate this injury
by reducing renal reabsorption of cRGD-siRNA.28,29,39 Similarly,
our results also showed that biRGD-siPIK3CB had mild kidney
injury, such as renal edema and interstitial hyperemia, in the treat-
ment of GBM, whereas co-infusion of Gelofusine could substantially
alleviate this injury without harming the anti-tumor efficacy of
biRGD-siPIK3CB. Thus, Gelofusine acting as an effective renal
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protective agent could be used to form a compound preparation with
biRGD-siRNA for future clinical applications.

MATERIALS AND METHODS
Reagents and Materials

The U87MG cell line (human malignant GBM multiforme cell line,
ATCC HTB-14) was purchased from ATCC. The U87MG-Luc cell
line was generated in our laboratory through transfection with a re-
porter gene encoding firefly luciferase, as previously reported.57 The
cells were cultured using DMEM supplemented with 10% fetal bovine
serum (FBS) (Gibco, CA, USA), and they were grown in a humidified
atmosphere of 5% CO2 at 37�C.

RNAiso Plus, SYBR Premix Ex Taq and PrimeScript RT reagent kit
with gDNA Eraser were from TaKaRa (Japan). Opti-MEM,
DMEM, and FBS were from Thermo Fisher Scientific (MA, USA).
The 8-mm Transwell cell culture inserts were from Corning (NY,
USA). Anti-Human integrin avb3 fluorescein isothiocyanate
(FITC)-conjugated antibody (11-0519) was from eBioscience (CA,
USA). D-Luciferin was from Bioworld Technology (MN, USA).
ELISA kits were from Bio-Swamp (Shanghai, China). Anti-CD31
antibody (AF3628) was from R&D Systems (MN, USA). Anti-Ki67
(ARG53222) was from Arigo Biolaboratories (China). TUNEL in
situ cell death detection kit-POD was from Roche (Switzerland).
Anti-TGN46 (13573-1-AP), anti-PIK3CB (20584-1-AP), Alexa Fluor
488-conjugated goat anti-rabbit second antibody (SA00006-2), and
anti-GAPDH (HRP-60004) were from Proteintech Group (China).
Annexin V-FITC/propidium iodide (PI) apoptosis detection kit and
cell cycle detection kit were obtained from KeyGEN Biotech (China).
Gelofusine was from B. Braun Medical (Boulogne Billancourt,
France).

Sequence and Modifications of siRNA

siRNA sequences and modifications for this study were as follows:
human siPIK3CB sense strand 50-AC(mC)(mU)G(mU)GGAUA
CUCAU(mU)A(mA)dTdT-30, antisense strand 50-U(mU)AA(mU)
GAGUAUCCA(mC)AG(mG)(mU)dTdT-30; and siNC sense strand
50-(mC)(mG)(mU)GAUUGCGAGACUC(mU)(mG)(mA)dTdT-30,
antisense strand 50-(mU)(mC)(mA)GAGUCUCGCAAUC(mA)(mC)
(mG)dTdT-30. mN represented 20-O-methyl sugar-modified RNA
nucleosides. siPIK3CB was the representative siRNA that effectively
silenced the expression of Homo sapiens PIK3CB. siNC was the
negative control siRNA that had no homologous sequence in human
and mouse transcriptomes, and Cy5-labeled siNC (siNC-Cy5) was
also prepared. All the siRNAs were synthesized by Guangzhou
RiboBio.

Preparation of biRGD-siRNA Conjugate

The biRGD peptide, where Ahx stood for 6-Aminocaproic acid; PEG
for 8-amino-3, 6-dioxaoctanoic acid; and MAL for b-maleimidopro-
pionic acid, were synthesized by Guoping Pharmaceutical (China).
To prepare biRGD-siRNA molecules, biRGD was covalently conju-
gated to the 50 end of siRNA sense strand using thiol-maleamide
linker, as previously described.28 The molecular weight of biRGD-
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sense strand siRNA was detected and characterized by the Oligo
HTCS LC-MS system (Novatia). The purity of conjugated biRGD-
sense strand siRNA (biRGD-ssRNA) and antisense strand siRNA
were determined by HPLC. The analyses were performed employing
an Agela C-8 column (25 cm � 4.6 mm) according to the following
conditions: starting from 0.1 M triethylammonium acetate
(pH 7.4), a linear gradient of 0%–50% MeCN was pumped at a
flow rate of 1 mL/min for 0–30 min. To generate double-stranded
siRNAs, antisense RNA molecules (50 mM) were mixed with
biRGD-ssRNA conjugates (50 mM) in annealing buffer (10 mM
Tris-HCl [pH 7.4], 50 mM NaCl, and 1 mM EDTA), heat denatured
at 95�C for 3 min, and slowly cooled down to room temperature.
biRGD-siPIK3CB, biRGD-siNC, and biRGD-siNC-Cy5 were
connected by biRGD oligopeptide with siPIK3CB, siNC, and
siNC-Cy5, respectively. cRGD-siNC and cRGD-siNC-Cy5 were also
prepared as previously described.28 Desalting and filter purification
of conjugated siRNA for in vivo applications were performed
using Millipore centrifugation with a 0.22-mm sterile filtration
membrane.

Serum Stability Assay

5 mL 20 mM biRGD-siPIK3CB or siPIK3CB was mixed with 5 mL
mouse serum and incubated at 37�C for 0, 12, 24, 48, 72, and 96 hr.
At each time point, aliquots were collected and subjected to electro-
phoresis in 1.2% non-denaturing agarose gels.

Cellular Uptake and Confocal Fluorescence Microscopy Assay

U87MG cells were transfected with different concentrations of
biRGD-siNC-Cy5 (100, 200, 400, or 600 nM), cRGD-siNC-Cy5
(600 nM), and siNC-Cy5 (600 nM) in Opti-MEM for 12 hr at
37�C. To demonstrate the effect of biRGD binding to the avb3 recep-
tor, U87MG cells were pre-treated with 1 mM unconjugated biRGD
peptide (biRGD blocked) at 37�C for 1 hr prior to transfection with
biRGD-siNC-Cy5, as previously reported.37 For the cellular uptake
assay, the cells were washed with PBS three times to remove any extra-
cellular molecules. Consequently, cells were digested with Tyrisin,
washed twice with PBS, and resuspended in 0.1 mL PBS. For deter-
mining the expression level of integrin avb3 receptors of U87MG,
1 � 104 cell suspension was mixed with 5 mL anti-integrin avb3
FITC-conjugated antibody at 4�C for 30min. Cells were washed twice
with PBS and resuspended in 0.1 mL PBS. Fluorescence data were
collected using a fluorescence-activated cell sorting (FACS) verse
flow cytometer (BD Biosciences, USA) and analyzed using Cell Quest
software.

For the confocal fluorescence microscopy assay, after transfection of
different molecules at 600 nM, cells were washed with PBS and fixed
immediately using 4% paraformaldehyde at room temperature for
15 min, then incubated with anti-TGN46 primary antibody followed
by Alexa Fluor 488-conjugated goat anti-rabbit second antibody.
Cells were then stained with DAPI (Roche, Switzerland) for 10 min
at 37�C, and finally they were observed with confocal microscopy
(Zeiss LSM 800, Germany; Cy5 excitation, 640 nm; emission,
680 nm).
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Establishment of the In Vitro Assay

The cells were seeded into different types of plates (Corning, CA,
USA) at a recommended density of cells per well and allowed to attach
for 24 hr. The processing of different groups was as follows: control
group, the processing condition was the same as those in other groups
without any treatment; biRGD-siNC group, biRGD-siNC (600 nM)
was added into different wells and incubated with cells for 24 hr in
Opti-MEM without serum; and biRGD-siPIK3CB group, biRGD-
siPIK3CB (100, 200, 400, or 600 nM) was separately added into
different wells and incubated with cells for 24 hr in Opti-MEM
without serum. Consequently, 10% serum was supplemented, and
cells were incubated for 48 hr (for qRT-PCR, cell cycle analysis,
and transwell migration assay) or 72 hr (for western blot and cell
apoptosis analysis).

qRT-PCR and Western Blot Analysis

The qRT-PCR and western blot analysis were conducted as previously
described.28 The primer sequences for qRT-PCR analysis used in
this experiment were as follows: human PIK3CB forward primer
50-TATTTGGACTTTGCGACAAGACT-30, reverse primer 50-
TCGAACGTACTGGTCTGGATAG-30; and human GAPDH for-
ward primer 50-CGGAGTCAACGGATTTGGTCGTAT-30, reverse
primer 50-AGCCTTCTCCATGGTGGTGAAGAC-30.

Cell Cycle and Cell Apoptosis Analyses

For cell cycle analysis, cells were harvested and suspended in cold 70%
ethanol for fixation at 4�C overnight. The fixed cells were washed
with PBS and successively incubated with RNase A (100 mg) and PI
(50 mg/mL) for 15 min. The DNA content was then analyzed using
a FACS verse flow cytometer, and the cell cycle profile was evaluated
using the FACS suite software. For cell apoptosis analysis, cell
apoptosis was measured using an Annexin V-FITC/PI apoptosis
detection kit according to the manufacturer’s instructions. The cell
apoptosis rates were analyzed using a FACS verse flow cytometer.

Transwell Migration Assay

The inserts were coated with 50 mL 2 mg/mLMatrigel matrix (Becton
Dickinson, 356234), according to the manufacturer’s instruction.
Following this, 5 � 104 cells suspended in serum-free DMEM were
placed in the upper compartment of 8-mm-pore transwells, and
300 mL 10% FBS in DMEM was added to the lower compartment.
The cells were allowed to migrate for 24 hr. For quantification, the
cells in the lower compartment were stained with crystal violet and
counted in five randomly chosen fields under a microscope.

Animal Handling

BALB/c nude mice (4–6 weeks old, �20 g) and BALB/c mice (4–
6 weeks old, �20 g) were purchased from the Experimental Animal
Center of Sun Yat-Sen University (Guangzhou, China). All the
animals were housed in an environment with a temperature of
22�C ± 1�C, relative humidity of 50% ± 1%, and a light-dark cycle
of 12-12 hr. In addition, all animal experiments (including the mice
euthanasia procedure) were done in compliance with the regulations
and guidelines of Sun Yat-Sen University institutional animal care
and conducted according to the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC) and Institu-
tional Animal Care and Use Committee (IACUC) guidelines.

Intracranial Orthotopic GBM Model Establishment

An intracranial orthotopic GBMmodel was established to investigate
bio-distribution and anti-tumor efficacy of biRGD-siRNA, according
to a previously described method.58,59 Briefly, U87MG-Luc cells were
suspended in ice-cold PBS at 3 � 105 cells in 3 mL and kept on ice.
Nude mice were anesthetized with chloral hydrate and attached to
the base of a stereotaxic frame with ear bars. The skull was
exposed through a 1-cm midline incision, and a burr hole was
made 2 mm to the right of the bregma and 1 mm posterior to the cor-
onal suture using a Dremel equipped with a 1-mm tip. Using a
Hamilton syringe attached to the stereotaxic frame, 3 mL U87MG-
Luc cells was then slowly injected over 2min at a depth of 3mm. After
the injection, the syringe was kept in place for 1 min prior to with-
drawal, and the incision was closed with Vetbond skin glue. The
tumor growth was monitored using an IVIS (IVIS Lumina II,
Caliper, USA).

In Vivo Distribution Assay

Mice bearing orthotopic GBM (n = 12) were injected intravenously
with 1 nmol/20 g siNC-Cy5, biRGD-siNC-Cy5, biRGD-siNC-Cy5
mixed with Gelofusine (4 mg/20 g, Succinylated Gelatin Injectim
that efficiently reduced the renal retention of cRGD-siRNA39), or
cRGD-siNC-Cy5 at single doses, respectively. The subsequent bio-
distribution was detected at 12, 24, 36, and 48 hr using the IVIS
Spectrum at the appropriate wavelength (Cy5: lex = 640 nm,
lem = 680 nm). At 24 hr, some mice were sacrificed, and tumors
and major organs were excised and imaged.

Immunofluorescence Analysis

Tissues from the assessment of in vivo distribution were analyzed for
subsequent frozen section fluorescence, as previously described.60

Tissues were observed by confocal microscopy (Zeiss LSM 800,
Germany; Cy5 excitation, 640 nm; emission, 680 nm).

In Vivo Anti-tumor Effects and Survival Monitoring Assay

For evaluating anti-tumor effects of different concentration of
biRGD-siPIK3CB, 20 nude mice bearing orthotopic U87MG-Luc
GBM were randomly divided into 4 groups (2 males and 3 females
in each group). Treatments were started when the tumors were de-
tected by IVIS luminescent imaging. Conditions of the treatment
were as follows: saline, biRGD-siNC (1 nmol/20 g), biRGD-siPIK3CB
(0.5 nmol/20 g), or biRGD-siPIK3CB (1 nmol/20 g). All animals were
injected intravenously 12 times over a 24-hr interval. To monitor
in vivo anti-GBM efficacy, tumor size was monitored on days 0, 7,
and 12 after treatment via fluorescence intensity detection by IVIS
luminescent imaging. After being monitored on day 12, mice were
sacrificed, and fluorescence intensity of the GBM-bearing brains
was detected by IVIS luminescent imaging. Then tissues and serum
were collected for qRT-PCR, western blot, immunohistochemistry,
and toxicity studies.
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For survival monitoring, 15 nude mice bearing orthotopic U87MG-
Luc GBMwere randomly divided into 3 groups (2males and 3 females
in each group). Animals were injected intravenously at a 48-hr inter-
val with the following treatments: saline mixed with Gelofusine
(4 mg/20 g), biRGD-siNC (3 nmol/20 g) mixed with Gelofusine
(4 mg/20 g), or biRGD-siPIK3CB (3 nmol/20 g) mixed with
Gelofusine (4 mg/20 g). The body weight of mice was measured
daily until the animal’s death occurred; tumor size was monitored
on days 0, 7, and 28 after treatment via fluorescence intensity detected
by IVIS luminescent imaging. When mice lost 40% of their primary
body weight without GBM, mice were sacrificed, and tissues and
serum were collected for immunohistochemical analysis and toxicity
studies.

Histopathological Evaluation

Whole tissues (tumors and kidneys) from in vivo assay were fixed
immediately using 4% paraformaldehyde. Tissues were then
embedded in paraffin wax, cut into 5-mm-thick sections, and stained
with H&E for histological examination, TUNEL for labeling apoptotic
cells or immunohistochemistry for analyzing Ki67-positive prolifera-
tive cells or PIK3CB expression with standard clinical laboratory
protocols.

Immunogenicity Evaluation and Toxicity Assay

For the immune response studies, the serum was collected from
immunocompetent BALB/c mice at 6 hr after the single injection of
saline, biRGD-siPIK3CB (5 nmol/20 g), or biRGD-siPIK3CB
(5 nmol/20 g) mixed with Gelofusine (4 mg/20 g), according to pre-
vious reports.40,61 IL-6, IFN-b, and TNF-a levels in the serum were
detected by an ELISA kit according to the manufacturer’s instruc-
tions. For analyzing hepatotoxicity, the serum was collected from
in vivo anti-tumor assay, and the ALT (alanine transaminase) was
measured by automated Aeroset Chemistry Analyzer (Abbott,
USA), according to the manufacturer’s instructions. Images were
viewed and captured using a light microscope (Zeiss, Germany).
Percentages of positive staining area were quantified using the
Image-Pro Plus software (Media Cybernetics, MD, USA).

Statistical Analysis

The results were expressed as the mean ± SE. Homogeneity-of-vari-
ance test was conducted first. The data were statistically analyzed
through one-way ANOVA with a least significant difference or
Dunnett T3 test for intergroup comparisons (SPSS software, version
19.0, SPSS, IL, USA). p < 0.05 was considered statistically significant.
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Supplemental figures and legends 

 

Figure S1. The characterization and nuclease resistance of biRGD-siPIK3CB 

conjugate. (A) The identification of biRGD-conjugated single-stranded PIK3CB RNA 

(biRGD-SS-PIK3CB-RNA) by HPLC-MS. The measured mass of sense strand 

conjugated with biRGD was 8723.0 Da (predicted mass was 8723.7 Da). (B) The 

analysis of purified biRGD-SS-PIK3CB-RNA by RP-HPLC. The purity of 

biRGD-SS-PIK3CB-RNA calculated by peak area normalization method was 90.59%. 

(C) The serum stability of biRGD-siPIK3CB. 20 M biRGD–siPIK3CB or siPIK3CB 

was mixed with 5 L of mouse serum and incubated at 37℃ for 0, 12, 24, 48, 72 and 

96 h, and then analyzed using agarose (1.2%) gel electrophoresis. siPIK3CB mixed 

with DEPC water was used as a marker. 

 

Figure S2. The expression of integrin αvβ3 receptors and the uptake of 

biRGD-siNC-Cy5 in Hela cells. (A) Analysis of expression of αvβ3 receptors on Hela 

cells by flow cytometry.  (B) Cellular uptake levels of biRGD-siNC-Cy5 and 

siNC-Cy5 in Hela cells incubated in Opti-MEM for 12 h at 37°C were measured by 

flow cytometry. 

 



 
 

 

 

Figure S3. Immunogenicity and toxicity of biRGD-siPIK3CB. (A) Analysis of H&E 

stained sections of kidneys from in vivo anti-tumor assays. Black arrows indicate 

interstitial hyperemia and white arrows indicate renal edema. (B) Analysis of IL-6, 

IFN-β and TNF-α levels in the serum from Balb/c mice at 6 hours after the single 

injection of saline, biRGD-siPIK3CB (5 nmol/20g), or biRGD-siPIK3CB (5 nmol/20g) 

mixed with Gelofusine (4 mg/20 g) detected by ELISA kits. (C) Analysis of ALT 

(alanine aminotransferase) levels in the serum from in vivo anti-tumor assays. Bar=50 

μm. 
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