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: Topical application of siRNAs through the skin is a potentially effective strategy for the treatment

. of melanoma tumors. In this study, we designed a new and safe fusion peptide carrier SPACE-EGF to
improve the skin and cell penetration function of the siRNAs and their targeting ability to B16 cells,

. such that the apoptosis of B16 cells can be induced. The results show that the carrier is stable and less

: toxic. The EGF motif does not affect the skin and cell penetration function of the SPACE. Because EGF
can strongly bind EGFR, which is overexpressed in cancer cells, the targeting ability of the SPACE-
EGF-siRNA complex is increased. In vitro experiments indicate that GAPDH siRNAs conjugated with

. SPACE-EGF can significantly reduce the GAPDH concentration in B16 cells, and c-Myc siRNAs can cause

. the gene silencing of c-Myc and thus the apoptosis of cells. In vivo experiments show that the topical

. application of c-Myc siRNAs delivered by SPACE-EGF through the skin can significantly inhibit the
growth of melanoma tumors. This work may provide insight into the development of new transdermal
drug carriers to treat a variety of skin disorders.

Received: 25 June 2015

Melanoma is one of the most serious types of malignant tumors in the world, and it causes the majority of deaths
(~75%) related to skin cancer'. Melanoma begins in the melanocytes, which may occur anywhere in the skin. The
routine treatment is to remove the tumor by surgery. However, the likelihood of relapse depends on how deeply
. the tumor has invaded the skin layer. Some improved therapeutic options such as chemotherapy and immuno-
© therapy have recently emerged, but the therapeutic outcome is still limited because melanoma has been proven
. to be resistant to most available chemotherapy and immunotherapy**. siRNA therapy (siRNA: small interfering
: RNA) is a promising strategy for cancer treatment, with reduced toxicity compared to that of conventional thera-
. pies*. Combination therapy using siRNA and one or more chemotherapy drugs may be conductive to decreasing
* the required dose of the drug and improving the therapeutic effect. Today, various siRNA-based chemotherapies
. have been developed to treat melanoma mostly via intravenous, intramuscular and oral administrations>”’. For
. example, siRNAs against N-Ras, c-Myc, and vascular endothelial growth factor (VEGF) can inhibit tumor growth
in B16F10 melanoma lung metastasis”®.

Currently, the topical application of siRNAs to treat tumors is of particular interest’. However, this approach
faces two challenges. The first challenge is how to deliver the macromolecular siRNAs into skin. Skin is a highly
effective defensive barrier designed to protect organisms. It is believed that skin prevents macromolecules
(>500Da) from entering bodies. siRNAs are negatively charged, hydrophilic, and relatively large (~13kDa).
These characteristics cause the poor penetration of siRNAs into skin and thus the low absorption by melanoma
cells. Traditionally, siRNA delivery is assisted by lipophilic analogs, such as liposomes!®. However, the lipophilic

. analogs are sometimes toxic to cells'!. As for the development of safe delivery systems, such as gold nanopar-
© ticles'? and polymer materials'®, they still confront the size-induced drug delivery difficulty across the skin. In
. recent years, biologically inspired peptides, such as SPACE (skin penetrating and cell entering peptide) and TD1
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(ACSSSPSKHCQG), discovered using the phage display technique, have been used to facilitate the delivery of mac-
romolecular drugs into the skin'*"'7. SPACE carries cargos across viable cells, whereas TD1 temporarily opens
the skin barrier in an energy-dependent fashion to mediate the transport of macromolecules across skin'®. These
short peptides make it possible to deliver siRNAs via skin to melanoma cells; however, related work has seldom
been reported. Only Lin et al. used TD1 to enhance the delivery of siRNAs across the rat footpad skin to knock
down a targeted gene'.

The second challenge is how to target melanoma cells. Epidermal Growth Factor Receptor (EGFR) is an attrac-
tive target in many cancer cells. The number of EGFR molecules may reach one hundred thousand in one glioma
cell, whereas there are only a few thousand in one healthy cell such as a keratinocyte, fibrocyte, or endothelio-
cyte®. In primary melanoma and cutaneous metastasis, EGFR levels were approximately 13-fold higher com-
pared with those of normal melanocytes?’. EGFR binds EGF with high affinity, and the EGF-EGFR complex can
be internalized efficiently by receptor-mediated endocytosis®; as a result, EGFR is an excellent target for fusion
proteins with macromolecular drugs. For example, the doxorubicin-peptide conjugate has been used for targeted
delivery to EGFR over-expressing tumor cells?® and the diphtheria toxin-EGF fusion protein has been used to
effectively kill glioma cells*.

In sum, topical application of siRNAs through the skin is a potentially effective strategy for the treatment of
melanoma. However, due to the poor permeation of siRNAs across the stratum corneum, the weak targeting
ability of siRNAs to cancer cells and thus the low penetration of siRNAs into melanoma cells, this strategy has not
been successfully practiced. In this work, our objective was to develop a peptide-based carrier protein to improve
the permeation of siRNAs across the stratum corneum, to promote the targeted delivery of siRNAs to cancer cells,
and to increase the penetration of siRNAs into cancer cells. The carrier we constructed is SPACE-EGF. Because
SPACE can penetrate skin and cells and EGF can target the EGFR overexpressed in cancer cells, SPACE-EGF is
expected to carry siRNAs into B16 cells, which would then induce the apoptosis of B16 cells. We experimentally
confirmed the function of SPACE-EGF and the delivery of GAPDH and c-Myc siRNAs mediated by SPACE-EGF
across the skin and into B16 cells. This work is of significance for the development of transdermal macromolecular
drug carriers.

Results and Discussion

Construction of SPACE-EGF and SE-siRC. SPACE-EGF is a fusion protein of EGF and SPACE inter-
connected via a glycine-serine linker (GGGGS). In the experiment, a DNA fragment coding for SPACE-EGF
was obtained by PCR amplification, and the PCR fragment was then inserted into pGEX-6p-1 vector (Fig. 1a).
SPACE-EGF was expressed in E. coli and purified by a GST purification system to more than 95% homogeneity
as judged by SDS electrophoresis (Fig. 1b). The protein sequence was identified by the LD-LC-MS. SPACE-EGF
is a dimer in solution, as is the activated EGE Its radius is approximately 2 nm (Fig. 1¢). Because siRNA is a linear
macromolecule, the size of the SPACE-EGF-siRNA complex (SE-siRC; the radius is approximately 50-200 nm)
is much larger than SPACE-EGF and the size distribution of SE-siRC is also wide (Fig. 1d). In practice, to reduce
the size of SE-siRC, increase the size uniformity, and then facilitate the delivery of SE-siRC across skin and into
cancer cells, one may improve the conjugation process or purify the complex.

Stability and Cytotoxicity of SPACE-EGF. The stability of the vector SPACE-EGF was investigated at
37°C and 55°C in 7 days in terms of protein degradation. The cytotoxicity was compared with the traditional
transfection agent Lipofectamine 2000. The SDS-PAGE shows a very slight change when the temperature varies
from 37°C to 55°C (Fig. 2a). An MTT assay shows that SPACE-EGF is less toxic to mouse embryo fibroblast
(MEF) cells even at a high concentration of 1 mg/mL (Fig. 2b). It should be noted that the ligand of EGF could
promote cell proliferation by binding EGFR; as a result, the viability of cells when SPACE-EGF is applied may be
over 100% (Fig. 2b). However, the drug siRNA carried by SPACE-EGF mainly determines the cell viability. In this
work, the vector designed is very small and thus can pass through kidney, but for the route of administration via
the skin, the drug excretion through kidney is often little. Here, we have confirmed that the vector is less toxic to
MEEF cells. The safety of the vector for other cells still needs to be confirmed in the future study.

Skin Penetration of SPACE-EGF and SE-siRC.  To use SPACE-EGF for carrying siRNA into cancer cells
via the skin, we should first confirm the hypothesis that the fusion protein mode does not affect the skin pen-
etration function of SPACE. We examined the in vitro penetration ability of SPACE-EGF through the abdo-
men skin of SD rats. Here, FITC-labeled EGF (Green Fluorescence in Fig. 3a,b) was used to observe the EGF
or SPACE-EGF delivery. Cy-3-labeled GAPDH siRNA (Red Fluorescence in Fig. 3c—f) was used to observe the
siRNA delivery. Our results show that SPACE-EGF can still significantly penetrate into the skin (Fig. 3a vs Fig. 3b)
and it enhances the penetration of siRNA (Fig. 3c-f) via the SPACE-EGF-siRNA complex.

In this work, as the cell apoptosis induced by the delivered siRNA is expected, we should further confirm
whether the permeated protein accumulates in the skin layer. Our results show that the fusion peptide carrier
SPACE-EGF makes most proteins (EGF) stay in the skin layer (Fig. 3g). In addition, our results also indicate
that when EGF is applied, the permeated protein (EGF), whether in or across the skin layer, is far less than when
SPACE-EGF is used (Fig. 3g,h). The results here suggest that the EGF motif does not affect the function of SPACE
in terms of enhancing drug delivery across the skin.

Cell Penetration and Cell Targeting of SPACE-EGF or SE-siRC. In the previous section, we found
SPACE-EGF/SE-siRC accumulated in the skin layer. Next, we further confirmed the cell penetration ability of
SPACE-EGF/SE-siRC. In the experiments, we investigated the internalization of SPACE, EGFE, and SPACE-EGF
in viable cells. The results again show that the EGF motif does not alter the cell penetration function of SPACE
(Fig. 4a-d). The extent of internalization of SPACE-EGF in B16 cells is highest among all groups (Fig. 4i).
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Figure 1. Determination of the characteristics of SPACE-EGF. (a) The clone construction of SPACE-EGF in
PGEX-6P-1. (b) The protein purification detected by SDS-PAGE. (c) The size distribution of SPACE-EGE. (d)
The size distribution of the SPACE-EGF-siRNA complex (SE-siRC). The linked siRNA was GAPDH-siRNA.
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Figure 2. Stability and cytotoxicity of SPACE-EGF. (a) SPACE-EGF was incubated for 1, 3, 5 and 7 days at
37°Cand 55°C. (b) The viabilities of MEF cells treated with 1 mg/mL of SPACE-EGF or 1M of Lipofectamine
2000 for 6, 12 and 24 hours. The experiments were repeated at least 3 times.

In term of the delivery of SE-siRC into cells, the conclusion we drew is consistent with the above (Fig. 4e-h,j):
SPACE-EGF can carry cargo proteins into cells.

In this work, due to the EGF motif, the targeting ability of SPACE-EGF to cancer cells is expected. The results
show that SPACE-EGF can rapidly localize to EGFR-overexpressing melanoma cells after 1h of treatment;
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Figure 3. Skin penetration of SPACE-EGF and SE-siRC. (a) The skin penetration of EGF (20 pg) after 4hours.
(b) The skin penetration of SPACE-EGF (20 pg) after 4 hours. (c) The skin penetration of EGF-siRNA after
8hours. (d) The skin penetration of siRNA after 8 hours with co-administered Lipofectamine 2000. (e) The skin
penetration of SPACE-siRNA after 8 hours. (f) The skin penetration of SE-siRC after 8 hours. (g) The permeated
SPACE-EGF or EGF in the skin layer after 16 hours. (h) The permeated SPACE-EGF or EGF across the skin
layer after 16 hours. The linked siRNA was GAPDH-siRNA. ELISA assay was used to quantify the permeated
protein. Scale bar: 40 pm. The experiments were repeated at least 3 times.

however, mouse embryo fibroblast cells (MEF) in the control group have a low binding efficiency to SE-siRC
(Fig. 5a). In addition, the binding efficiency shows a dose and time dependence (Fig. 5b,c). The results show that
when the concentration of SE-siRC is larger than 10 uM or the treatment time is extended to more than 12 hours,
the binding efficiency increases very slowly. Together, SPACE may facilitate the internalization of carried proteins
via micropinocytosis at a certain concentration'!, and EGF can bind EGFR with a high affinity and penetrate into
cells by EGFR internalization endocytosis?%. Therefore, SPACE-EGF can increase the targeting ability of siRNA to
B16 cells, the penetration of siRNA into B16 cells, and the internalization of siRNA in B16 cells.

Gene Silencing in B16 cells with SE-siRC. To confirm gene silencing in cancer cells with siRNAs
transported by SPACE-EGF, first we studied the GAPDH expression in B16 cells upon the addition of GAPDH
siRNAs. GAPDH is a housekeeping protein as well as a common siRNA target. In this study, the knockdown
of GAPDH in B16 cells was determined by a Western Blot analysis. SPACE-EGF works as a vector to transport
siRNA into cells via micropinocytosis. Then, siRNA is released from the complex after lysosomal degradation in
cells (it can be detected at 260 nm in a UV visible spectroscopy). The results show that GAPDH SE-siRC causes a
significant reduction in the GAPDH level compared to the control groups such as PBS, siRNA, and SE (Fig. 6a,c).
Furthermore, the knockdown degree increases with the concentration of GAPDH siRNA (Fig. 6b,d). Ten pM
GAPDH siRNA causes approximately 80% of the GAPDH knockdown.

Then, we investigated the gene silencing of c-Myc mediated by SPACE-EGF. The c-Myc is related to the pro-
liferation of melanoma cells and has been found to be overexpressed in melanoma cells?>~?’. The c-Myc depletion
could inhibit cell proliferation, causing cell cycle arrest and inducing the cellular apoptotic response associated
with activation of caspase-3%". In this work, we determined the effect of c-Myc siRNAs mediated by SPACE-EGF
on the apoptosis of cells treated with 10 .M of SE-siRC for 48 hours and stained by Annexin V and PI. The results
show that the apoptosis rate of cells in the c-Myc SE-siRC group is significantly higher than the one in the c-Myc
siRNA group (Fig. 7). SPACE-EGF mediated c-Myc siRNA results in 49.1% Annexin V positive and PI negative
cells whereas c-Myc siRNA only results in 26.3%. The results here indicate that SPACE-EGF increases the perme-
ation of c-Myc into cells and causes the apoptosis of cells.

Growth Inhibition of Tumors with SE-siRC. To confirm the antineoplastic activity of c-Myc siRNA
mediated by SPACE-EGE, we performed in vivo experiments to investigate the tumor growth-inhibitory effect of
SE-siRC in the tumor-bearing mice (Fig. 8). The results show that when only the c-Myc siRNA is daubed on the
skin, the growth of tumors is not inhibited as the average tumor size in the c-Myc siRNA group is very close to
the one in the PBS group (Fig. 8a). However, when SE-siRC is injected subcutaneously or daubed topically on the
skin, the tumor growth-inhibitory effect after 13 days is significant (the tendency of the tumor growth suppres-
sion presented here is consistent with the one when the c-Myc siRNA is delivered by the targeted nanoparticles

|6:29159|DOI: 10.1038/srep29159
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Figure 4. Cell penetration of SPACE-EGF and SE-siRC. In (a-d) cells were treated for 6 hours with PBS,
SPACE, EGF, and SPACE-EGE, respectively. In (e-h) cells were incubated for 6 hours with siRNA, siRNA-
SPACE, siRNA-EGF, and siRNA-SPACE-EGE, respectively. In (b) SPACE was also labeled fluorescently. In (i,j)
the mean fluorescence intensities in melanoma cells after 6 hours were compared. Scale bar: 20 pm. The linked
siRNA was GAPDH-siRNA. The experiments were repeated at least 5 times.

through intravenous injection)®. Compared to the cis-platinum group, although the inhibition rates for both
injection and daub of SE-siRC are lower, they still reach 39.34% and 32.36%, respectively (Fig. 8b).

In this study, we adopted a high concentration of c-Myc siRNA to make results significant according to the
literature?®. In the delivery of SE-siRC through the skin, because of a high frequency of administration, the cumu-
lative dose of c-Myc siRNA on the skin reaches 31.2 mg/kg mouse. However, the dose received actually by rats
is far less than the value. The reason is that the efficiency of the delivery of macromolecular drugs across skin is
usually low even in the presence of drug carriers'®. Here, the size of some complexes is large and then they are
hardly delivered through the skin. Consequently, the quantity of c-Myc siRNA delivered through the skin is lower
than through the injection and thus, the inhibition rate in the SE-siRC daub group is lower than in the SE-siRC
injection group (Fig. 8a).

In addition, under the dose and frequency of administration adopted here, compared to the PBS group, the
levels of ALT (Fig. 8c) and AST (Fig. 8d) in the SE-siRC daub group are not changed significantly, which implies
no hepatotoxicity for the administration of SE-siRC via the skin in the treatment of the subcutaneous melanoma
tumors (the topical application of SE-siRC via the skin not only avoids the significant first-pass effect through the
liver, but also reduces the toxicity of SE-siRC to the liver).
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Figure 5. Targeting of SE-siRC to melanoma cells. (a) Representative images of the targeting of SE-siRC to
B16 cells with overexpressing EGFR and mouse embryo fibroblast cells (MEF) after treating for 1 hour with
10puM of SE-siRC. (b) Fluorescence intensities of cells treated with various concentrations of SE-siRC for

12 hours. (c) Binding efficiencies at various times with 10 pM of SE-siRC. The linked siRNA was GAPDH-
siRNA. The experiments were repeated at least 5 times.

The antineoplastic activity of c-Myc siRNA delivered by SPACE-EGF through skin is promising. However,
an intensive study still needs to be conducted in the future. First, one should develop an optimized dose and
frequency of administration for the treatment of subcutaneous tumors. In this work, the inhibition rate of the
tumor growth is low due to a small quantity of SE-siRC across the skin. Second, one should further investigate the
safety of the therapeutic method. Here, no hepatotoxicity is shown under a small quantity of SE-siRC delivered
through the skin. It does not, however, mean that there is always no toxicity to the liver, especially when the quan-
tity of SE-siRC delivered is increased. In addition, one also needs to study the toxicity to other organs. Third, one
should identify a motif more specific to cancer cells. The carrier SPACE-EGF designed here although has a sig-
nificant targeting ability to EGFR in cancer cells, may bind healthy cells and then cause uncertain consequences.
Therefore, the EGF motif is not ideal, and a motif specific to cancer cells is expected in practice.

Conclusions

In this study, we, for the first time, designed a fusion peptide carrier SPACE-EGF to facilitate the delivery of
siRNAs into cancer cells through skin and thus silence related genes to kill these cells. I vitro experiments have
confirmed the SPACE motif-induced penetration function across the skin and into cancer cells and the EGF
motif-induced targeting ability to cancer cells. With the help of SPACE-EGF, conjugated GAPDH and c-Myc
siRNAs can be delivered into targeted cancer cells, knocking down related genes and inducing the apoptosis of
cancer cells. In vivo experiments have confirmed that siRNA can be delivered topically through the skin and tar-
geted to the subcutaneous melanoma tumors using the fusion peptide carrier SPACE-EGE, and then the growth
of tumors can be inhibited.
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Figure 6. GAPDH silencing by SE-siRC. (a,c) The knockdown degree of the GAPDH protein in B16 cells
treated for 48 hours with 10 uM GAPDH SE-siRC, PBS, siRNA, or SE. (b,d) The expression of GAPDH under
various concentrations of GAPDH siRNA. The experiments were repeated at least 3 times.

The study reported here offers a strategy to treat melanoma by delivering siRNAs into melanoma cells through
the skin. In the strategy, the fusion protein can be designed to target any cells; as a result, siRNA therapy can be
extended to treat a variety of skin disorders, such as epidermal hyperplasia, cutaneous inflammation, and skin
cancer.

Methods

Ethics Statement. All animal experiments were conducted in accordance with relevant guidelines and reg-
ulations of the Medical Ethics Committee at the University of Science and Technology of China (USTC). All
rats were bred and housed at the Association of Laboratory Care (an accredited facility at the School of Life
Sciences, USTC), where the conditions are specific pathogen-free. All protocols were approved by the Medical
Ethics Committee at USTC (authorization number: USTCACUC1501017).

Cell Culture. A mouse melanoma cell line (B16-F10) and mouse embryo fibroblasts (MEF) (Cell Bank,
Shanghai, China) were cultured continuously at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, USA) and 1%
penicillin-streptomycin (Gibco, USA)™8. Cell culture dishes from MatTek Co. (Ashland, MA, USA) were rinsed
three times with phosphate buffered saline (PBS) before use.

Construction of Clone Vector. The DNA sequences of EGF (PTGlab, Wuhan, China), SPACE and
the linker were connected and amplified by two-turn polymerase chain reaction (PCR). Primers were
synthesized from Sangon Biotech Co., Ltd., Shanghai, China. In the first turn, the forward and reverse
primers were 5’ GCATCAGTGTGGTGGCGGCGGTGGTTCTAATAGTGACT3’ and 5'CCGCTCGAG
CTAGCGCAGTTCCCACCACTTC3/, respectively. In the second turn, the reverse primer was still 5>CCGCTCGA
GCTAGCGCAGTTCCCACCACTTC3’, but the forward primer was changed to 5’CATGCCATGGGCATGT
ACCGGTAGCACCCAGCATCAGTGTGG3'. The fusion gene fragments of SPACE-EGF were inserted into the
PGEX-6p-1 vectors through two restriction sites (EcoR I and Xho I). A recombinant reaction was run at 16 °C
overnight and the recombinant plasmid was transformed into Origami competent cells (Novagen, Germany) for
expression.

Purification of SPACE-EGF. The E. coli strain harboring the expression plasmid was cultured at 37°C over-
night in LB medium containing 100 pg/mL of ampicillin. The bacteria were diluted 1:100 in TB medium and then
incubated at 16 °C for 20 h with rigorous shaking. After harvesting and re-suspending the cell pellet in PBS buffer,
the soluble protein was extracted from the bacteria with high-pressure treatment. One hundred microliters of cell
lysate were incubated with 10 mL of equilibrated GST resin (GE Healthcare, USA) at 4 °C overnight. The resin was
washed with 20 times its volume of PBS buffer, followed by treatment with 100 IU of TEV protease for 12h at 4°C.
The cleaved recombinant protein was collected after centrifugation at 6,000 x g for 10 min.
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Figure 7. Induction of apoptosis of melanoma cells by SPACE-EGF-mediated c-Myc siRNAs. B16 cells were
incubated with 10 uM of c-Myc siRNAs, negative c-Myc SE-siRC and c-Myc SE-siRC for 48 hours, and then the
apoptosis was assessed by the flow cytometry analysis. In this work, early apoptotic (Annexin V+/PI—), late
apoptotic/necrotic (Annexin V+/PI+), and live (Annexin V—/PI—) populations were clearly identified.

Identification of SPACE-EGF and SE-siRC. The protein concentration was determined by a BCA assay
(Beyotime, Beijing, China). The protein molecular weight and purity were estimated by SDS/PAGE and were
verified by Liquid Desorption-Liquid Chromatography Mass Spectrometry (LD-LC-MS). The molecular size
was detected by Dynamic Light Scattering (DLS; DynaPro-MS800, USA). Technical assistance for the DLS and
LD-LC-MS was supplied by the Research Centre for Life Sciences at USTC.

Peptide Synthesis. The peptide sequence for the SPACE peptide control was ACTGSTQHQCG with the
formation of the disulfide bond between the cysteines to produce a cyclic peptide. Fluorescein isothiocyanate
(FITC)-conjugated SPACE-EGEFE, EGF and SPACE were synthesized by Biox-Vision Inc., Hefei, China. The dye
was placed at the N-terminus of the peptide and protein.

Conjugation of siRNA and SPACE-EGF. A conjugation experiment was performed as described in
the literature!”. Two milligrams of SPACE-EGF was incubated with the 10 mM MES [2-(N-morpholino)
ethanesulfonic acid] buffer containing 10 mM of EDAC [N-(3-Dimethyl aminopropyl)-N’-ethylcarbodiimide
hydrochloride] and 10 mM of NHS [N-hydroxysulfosuccinimide sodium salt] (MES, EDAC and
NHS were from Sangon Biotech Co., Ltd., Shanghai, China) for 15 min. The amine-modified GAPDH
siRNA (5/-Cy-GACGUAAACGGCCACAAGUUC-3’) or the amine-modified mouse c-Myc siRNA
(5'-GAACAUCAUCAUCCAGGAC-3') from Genepharma (Shanghai, China) was then added to the mixture to
conjugate the peptide to the siRNA and allowed to mix overnight.
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Figure 8. Growth inhibition of BI6F10 tumors and hepatotoxicity of SE-siRC (n > 6). (a) The size of tumors
under various formulations. (b) The growth inhibition rate of BI6F10 tumors with SE-siRC. (c) The level of ALT
in the mice after the treatment with SE-siRC. (d) The level of AST in the mice after the treatment with SE-siRC.
The linked siRNA was c-Myc siRNA. N.S.: No Significance.

Cell Penetration Study. The cell penetration experiment was performed according to previous literature
reports*17. Cells (~1.2 x 10*) were seeded on a glass culture dish with a bottom coated with poly-D-lysine. After
incubation at 37°C for 12 h, the media was removed, and then 20 puL fluorescent peptides were mixed with 180 of
pL media and subsequently added to the cell culture dish. For the control group, 20 uL of PBS was replaced with
a peptide solution. Cells were washed with PBS after incubation at 37 °C and then incubated with 1% trypan blue
for 5min to quench fluorescence on the surface of cells. After that, the cells were fixed with 4% paraformaldehyde
for 3min and washed again in PBS. Next, the cells were incubated with Hoechst 33342 (5ug/mL) for 5min and
then washed in PBS. Finally, the cell culture dish was filled with PBS and was imaged using a confocal fluores-
cence microscopy (LSM510; Zeiss, Oberkochen, Germany). Images were processed using Image J.

Skin Penetration Study. The skin penetration study was conducted as described in our previous work!e.
Briefly, the skin without subcutaneous fat was isolated from the abdomen of SD rats (200 £ 10 g) and visually
inspected for any defects before the skin penetration study. In experiments, the isolated skin was sandwiched
between the upper and lower parts of Franz diffusion cells (5 mL receptor slot; 0.5 cm? diffusion area; PermeGear,
USA). Five hundred microliters of the freshly prepared drug formulations containing the indicated protein was
added to the donor compartment. Two hundred microliters of samples from the receptor compartment were
taken at desired times (the same volume of saline was replaced after the sample was taken). The protein concen-
tration in the receptor slot was determined using an EGF ELISA assay.

Cytotoxicity of SPACE-EGF. The cytotoxicity of SPACE-EGF was determined using an MTT cell prolifer-
ation assay (Beyotime, Beijing, China). Cells were incubated with 1 mg/mL of SPACE-EGF in media for 6, 12, or
24h. Untreated cells with liposome (Invitrogen, USA) were used as the control group. Viability was determined
using a microplate reader (ELx800; Biotech Instruments Inc., USA) according to the manufacturer’s instructions.
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In Vitro Delivery of siRNA. The SPACE-EGF-siRNA complex was added to the appropriate cell culture
media to obtain a final concentration of 10 uM of siRNA*. The siRNA concentration was determined by an ultra-
violet spectrophotometer (Beckman Coulter DU640; CA, USA). SE-siRC was then added to the cells and allowed
to incubate for 24 h. Cells were imaged using a confocal microscopy. The fluorescence spectrophotometer (F97XP;
Lengguang Tech., Shanghai, China) was used to determine fluorescence intensity.

In Vitro Gene Silencing. Cells were seeded in the 96-well plates (~10,000 cells/well) (Corning Inc., NY,
USA) and allowed to attach overnight. The cells were then incubated with 100 uL of 10 uM siRNA, 10 pM SE-siRC,
10 uM siRNA-SPACE, or 1 mg/mL SPACE-EGE. After 48h, GAPDH was measured using the GAPDH Assay Kit
(Life Technologies, Grand Island, NY, USA). A Western Blot assay was used to analyze the knockdown efficiency.

Cell Apoptosis. Apoptotic cells were quantified using an Annexin V-FITC Apoptosis Kit I (Beyotime,
Beijing, China). Cell apoptosis is a dynamic process, including early membrane phosphatidylserine exposure.
Annexin V is a Ca*" -dependent phospholipid binding protein with a high affinity for phosphatidylserine. P
was used to identify viable and non-viable cells. Apoptosis was considered to occur in cells positive for Annexin
V-FITC and negative for PI. Stained cells were detected by a flow cytometer (BD Biosciences, USA). Cells were
harvested after 48 h of treatment and resuspended in 1 x binding buffer (pH 7.4, 10 mM HEPES, 140 mM NaCl,
2.5mM CaCl,). Then, cells were incubated with Annexin V-FITC and PI for 15 min at room temperature in the
dark. Samples were operated through the flow cytometer and the results were analyzed using Cell Quest software.
Cells with Annexin V—/PI+ were considered necrotic, cells with Annexin V+/PI+ were recognized as late apop-
totic or secondarily necrotic, and cells with Annexin V+/PI— were counted as apoptotic. Each test was carried
out at least in triplicate.

In Vivo Delivery of siRNA. The C57BL/6 mice (~20g) were injected subcutaneously with 1 x 10° BI6F10
cells per mouse. The volume of tumors was measured every day with a Vernier caliper after 3 days (the tumor
volume was calculated approximately with the expression: Length x Width x Width/2). The tumor-bearing mice
(size: 60 mm?) were injected subcutaneously around tumors with different formulations containing PBS only as
control, cis-platinum as positive (5 mg/kg mouse; cis-platinum is a chemotherapy agent for malignant melanoma
tumors) and SE-siRC (c-Myc siRNA: 0.8 mg/kg mouse; SPACE-EGF: 1.5 mg/mL) once per day or were topically
daubed on tumors with SE-siRC (c-Myc siRNA: 0.8 mg/kg mouse; SPACE-EGF: 1.5 mg/mL) or c-Myc siRNA
(0.8 mg/kg mouse) three times per day for 13 days. The tumor size in the treated mice was measured at the desired
days after the treatment. The mice were killed and their tissues were collected after 13 days. The weight of tumors
was measured and then the inhibition rate was calculated (the inhibition rate (%) = [1 - average weight of tumors
in treatment group/average weight of tumors in control group] x 100%).

Hepatotoxicity of SE-siRC.  The serum was collected from the blood in the above mice after 13 days. Then,
glutamic-oxalacetic transaminase (AST) and glutamic-pyruvic transaminase (ALT) were detected by a biochem-
ical analyzer (Beckman Coulter AU480; Tokyo, Japan).

Statistical Analysis. The data were depicted as mean + standard deviation (S.D.) and P values were obtained
using a two-tailed unpaired student’s ¢ test. *P < 0.05. **P < 0.01.

References
1. Jerant, A. F, Johnson, J. T,, Sheridan, C. D. & Caffrey, T. ]. Early detection and treatment of skin cancer. Am Fam Physician 62,
357-368, 375-356, 381-352 (2000).
2. Hersey, P. Apoptosis and melanoma: how new insights are effecting the development of new therapies for melanoma. Curr Opin
Oncol 18, 189-196 (2006).
. Huang, Y. Y. et al. Melanoma resistance to photodynamic therapy: new insights. Biol Chem 394, 239-250 (2013).
. Walther, W. & Schlag, P. M. Current status of gene therapy for cancer. Curr Opin Oncol 25, 659-664 (2013).
5. Liu, Y. et al. Targeting hypoxia-inducible factor-lalpha with Tf-PEI-shRNA complex via transferrin receptor-mediated endocytosis
inhibits melanoma growth. Mol Ther 17, 269-277 (2009).
6. Matsumura, K., Sakai, C., Kawakami, S., Yamashita, F. & Hashida, M. Inhibition of cancer cell growth by GRP78 siRNA lipoplex via
activation of unfolded protein response. Biol Pharm Bull 37, 648-653 (2014).
7. Ahn, J. H. & Lee, M. The siRNA-mediated downregulation of N-Ras sensitizes human melanoma cells to apoptosis induced by
selective BRAF inhibitors. Mol Cell Biochem 392, 239-247 (2014).
8. Li, S. D., Chono, S. & Huang, L. Efficient oncogene silencing and metastasis inhibition via systemic delivery of siRNA. Mol Ther 16,
942-946 (2008).
9. Dorrani, M., Garbuzenko, O. B., Minko, T. & Michniak-Kohn, B. Development of edge-activated liposomes for siRNA delivery to
human basal epidermis for melanoma therapy. Journal of Controlled Release 228, 150-158 (2016).
10. Dalby, B. et al. Advanced transfection with Lipofectamine 2000 reagent: primary neurons, siRNA, and high-throughput applications.
Methods 33, 95-103 (2004).
11. Romoren, K., Thu, B. ], Bols, N. C. & Evensen, O. Transfection efficiency and cytotoxicity of cationic liposomes in salmonid cell
lines of hepatocyte and macrophage origin. Biochim Biophys Acta 1663, 127-134 (2004).
12. Zheng, D. et al. Topical delivery of siRNA-based spherical nucleic acid nanoparticle conjugates for gene regulation. Proc Natl Acad
Sci USA 109, 11975-11980 (2012).
13. Katas, H. & Alpar, H. O. Development and characterisation of chitosan nanoparticles for siRNA delivery. ] Control Release 115,
216-225 (2006).
14. Hsu, T. & Mitragotri, S. Delivery of siRNA and other macromolecules into skin and cells using a peptide enhancer. Proc Natl Acad
Sci USA 108, 15816-15821 (2011).
15. Chen, Y. et al. Transdermal protein delivery by a coadministered peptide identified via phage display. Nature biotechnology 24,
455-460 (2006).
16. Ruan, R. Q. et al. Peptide-Chaperone-Directed Transdermal Protein Delivery Requires Energy. Mol Pharmaceut 11, 4015-4022
(2014).
17. Chen, M. et al. Topical delivery of siRNA into skin using SPACE-peptide carriers. Journal of Controlled Release 179, 33-41 (2014).

[NV}

SCIENTIFICREPORTS | 6:29159 | DOI: 10.1038/srep29159 10



www.nature.com/scientificreports/

18. Wang, C. et al. Role of the Na(+)/K(+)-ATPase Beta-Subunit in Peptide-Mediated Transdermal Drug Delivery. Mol Pharm 12,
1259-1267 (2015).

19. Lin, C. M. et al. A simple, noninvasive and efficient method for transdermal delivery of siRNA. Archives of dermatological research
304, 139-144 (2012).

20. Wong, A. . et al. Increased Expression of the Epidermal Growth-Factor Receptor Gene in Malignant Gliomas Is Invariably
Associated with Gene Amplification. Proc Natl Acad Sci USA 84, 6899-6903 (1987).

21. Mirmohammadsadegh, A. et al. Constitutive expression of epidermal growth factor receptors on normal human melanocytes.
] Invest Dermatol 125, 392-394 (2005).

22. Dikic, I. Mechanisms controlling EGF receptor endocytosis and degradation. Biochemical Society Transactions 31, 1178-1181
(2003).

23. Ai, S. B. et al. Biological Evaluation of a Novel Doxorubicin-Peptide Conjugate for Targeted Delivery to EGF Receptor-
Overexpressing Tumor Cells. Mol Pharmaceut 8, 375-386 (2011).

24. Liu, T. F. et al. A diphtheria toxin-epidermal growth factor fusion protein is cytotoxic to human glioblastoma multiforme cells.
Cancer Research 63, 1834-1837 (2003).

25. Nesbit, C. E., Tersak, J. M. & Prochownik, E. V. MYC oncogenes and human neoplastic disease. Oncogene 18, 3004-3016 (1999).

26. Mannava, S. et al. Direct role of nucleotide metabolism in C-MYC-dependent proliferation of melanoma cells. Cell Cycle 7,
2392-2400 (2008).

27. Song, A. et al. Lentiviral vector-mediated siRNA knockdown of c-MYC: cell growth inhibition and cell cycle arrest at G2/M phase
in Jijoye cells. Biochem Genet 51, 603-617 (2013).

28. Chen, Y. C,, Bathula, S. R, Yang, Q. & Huang, L. Targeted Nanoparticles Deliver siRNA to Melanoma. J Invest Dermatol 130,
2790-2798 (2010).

Acknowledgements

This work was supported partly by the Specialized Research Fund for the Doctoral Program of Higher
Education of China (20133402120033), the Natural Science Foundation of Anhui Province (1408085ME96),
the Fundamental Research Funds for the Central Universities of China (WK3490000001), and the Postdoctoral
Science Foundation of China (2015M582008). We would like to thank Research Center for Life Sciences at the
University of Science and Technology of China for assistance.

Author Contributions

R.R., M.C, D.G., L.W. and W.D. designed the experiments. R.R., M.C., PW,, ].L. and L.Z. conducted the
experiments. R.R,, S.S. and L.Z. performed data analysis and interpreted the results. R.R. wrote the manuscript
with inputs from all co-authors. All authors reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Ruan, R. et al. Topical and Targeted Delivery of siRNAs to Melanoma Cells Using a
Fusion Peptide Carrier. Sci. Rep. 6, 29159; doi: 10.1038/srep29159 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

EE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:29159 | DOI: 10.1038/srep29159 11


http://creativecommons.org/licenses/by/4.0/

	Topical and Targeted Delivery of siRNAs to Melanoma Cells Using a Fusion Peptide Carrier

	Results and Discussion

	Construction of SPACE-EGF and SE-siRC. 
	Stability and Cytotoxicity of SPACE-EGF. 
	Skin Penetration of SPACE-EGF and SE-siRC. 
	Cell Penetration and Cell Targeting of SPACE-EGF or SE-siRC. 
	Gene Silencing in B16 cells with SE-siRC. 
	Growth Inhibition of Tumors with SE-siRC. 

	Conclusions

	Methods

	Ethics Statement. 
	Cell Culture. 
	Construction of Clone Vector. 
	Purification of SPACE-EGF. 
	Identification of SPACE-EGF and SE-siRC. 
	Peptide Synthesis. 
	Conjugation of siRNA and SPACE-EGF. 
	Cell Penetration Study. 
	Skin Penetration Study. 
	Cytotoxicity of SPACE-EGF. 
	In Vitro Delivery of siRNA. 
	In Vitro Gene Silencing. 
	Cell Apoptosis. 
	In Vivo Delivery of siRNA. 
	Hepatotoxicity of SE-siRC. 
	Statistical Analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Determination of the characteristics of SPACE-EGF.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Stability and cytotoxicity of SPACE-EGF.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Skin penetration of SPACE-EGF and SE-siRC.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Cell penetration of SPACE-EGF and SE-siRC.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Targeting of SE-siRC to melanoma cells.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ GAPDH silencing by SE-siRC.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Induction of apoptosis of melanoma cells by SPACE-EGF-mediated c-Myc siRNAs.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Growth inhibition of B16F10 tumors and hepatotoxicity of SE-siRC (n ≥ 6).



 
    
       
          application/pdf
          
             
                Topical and Targeted Delivery of siRNAs to Melanoma Cells Using a Fusion Peptide Carrier
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29159
            
         
          
             
                Renquan Ruan
                Ming Chen
                Sijie Sun
                Pengfei Wei
                Lili Zou
                Jing Liu
                Dayong Gao
                Longping Wen
                Weiping Ding
            
         
          doi:10.1038/srep29159
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep29159
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep29159
            
         
      
       
          
          
          
             
                doi:10.1038/srep29159
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29159
            
         
          
          
      
       
       
          True
      
   




