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Introduction: B-lactamase (LACTB) is a tumor suppressor gene in various tumors includ-
ing melanoma. However, it remains challenging to efficiently deliver the LACTB gene into
melanoma. Recently, we designed a nonviral nanocarrier iRGD/DOTAP/MPEG-PDLLA
(iDPP) that could deliver gene targetedly to melanoma efficiently without obvious adverse
effects.

Methods: In this study, the tumor-targeted nanoparticle iDPP was prepared to deliver
LACTB gene to treat melanoma in vitro and in vivo. First, the expression level of LACTB
in 6 clinical specimens of melanoma patients was evaluated. Subsequently, the characteristics
of iDPP/LACTB nanocomplexes were studied. Afterwards, the in vitro and in vivo anti-tumor
efficacy of the iDPP/LACTB nanocomplexes were explored utilizing the B16-F10 mouse
melanoma cell line and the B16-F10 subcutaneous melanoma model.

Results: Compared with the normal epithelium, the expression level of LACTB in mela-
noma tissues was significantly downregulated. In vitro B16-F10 cell tests showed iDPP/
LACTB nanocomplexes could increase the mRNA levels of P21, Bid, Bax, Pidd1, and Sival
genes and up-regulate the p53 signaling pathway of melanoma cells, thus promoting cell
apoptosis and blocking the cell cycle. Injected intravenously, iDPP nanoparticles could
deliver DNA to the subcutaneous melanoma targetedly. Based on in vivo mouse xenograft
model, iDPP/LACTB nanocomplexes could effectively inhibit tumor proliferation and induce
tumor apoptosis, thus significantly inhibiting melanoma growth (tumor inhibition rate is
about 68%) in the subcutaneous B16-F10 melanoma model.

Conclusion: The downregulated LACTB might be a potential target for melanoma therapy.
The iDPP/LACTB nanocomplexes could inhibit the growth of the mouse melanoma without
obvious side effects, which provide a new option for melanoma gene therapy research.
Keywords: melanoma, LACTB, nanocomplexes, gene therapy

Introduction

Cutaneous melanoma is the most lethal type of skin cancers with increasing
morbidity." It was reported that 55,500 cases of diagnosed cutaneous melanoma
patients died worldwide annually.® The estimated mortality percentage of cutaneous
cancer among all skin cancers reached as high as 72% in USA.* Hence, exploring
novel treatment for melanoma is under urgent need.

Mitochondrial malfunction was demonstrated to be involved in tumorigenesis
and progression of cancer, which thus can be a candidate for cancer treatment.’
Recently, the downregulation of the mitochondrial B-lactamases (LACTB) has been
reported to be related to a worse prognosis in a variety of cancers.® ' LACTB,
a mitochondrial serine protease resembling the bacterial penicillin-binding protein,
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is predominantly expressed in mitochondrial intermem-
brane space of mammalian liver and skeletal muscle.'' "
Besides, LACTB was significantly associated with the
blood level of high-density lipoprotein cholesterol (HDL-
C)'*!1 and could regulate the metabolic process of mice.'®
Interestingly, LACTB could enhance the upregulation of
the expression of monocyte chemotactic protein-1 (MCP-
1) in THP-1 macrophages as well, resulting in the occur-
rence of atherosclerosis.'” The function of LACTB on
cancer, however, remains unclear until Keckesova found
its role as a suppressor gene in breast cancer.” LACTB can
inhibit the proliferation of multiple types of breast cancer
cells by disrupting mitochondrial lipid metabolism and
modulating cell differentiation. Further research of
LACTB in colon cancer revealed the capability of
LACTB to inhibit the decomposition of p53 protein
through guarding it against the interaction with MDM2.”
A recent study has also found that LACTB could suppress
uveal melanoma progression,'® but how to deliver LACTB
into melanoma in vivo efficiently and safely remains
a challenge.

Gene therapy offers new therapeutic options in multi-
ple medical fields with its great potential to achieve dur-
able, curative clinical benefit by a single treatment.'®*
However, the most challenging issue in successfully
applying gene therapy to human diseases is how to effi-
ciently transport nucleic acids to host cells by suitable
vectors.”! Compared to viral vectors, nonviral vectors
possess better biodegradability, and higher safety due to
the lack of oncogenic and immunogenic potential.*>** Our
previous research developed a nonviral gene delivering
system (iDPP) by the self-assembly of the target peptide
C18-PEG-iRGD (iRGD), N-[1-(2,3-dioleoyloxy) propyl]-
chloride (DOTAP), and
monomethoxy  poly(ethlene glycol)-poly(D,L-lactide)
(MPEG-PDLLA), whose transfection efficiency could

reach above 90% in melanoma cell line (Supplementary

N,N,N-trimethylammonium

Figure 1). In this study, we confirmed the downregulation
of LACTB expression in 6 human melanoma samples.
Afterwards, we constructed the iDPP/LACTB nanocom-
plexes to deliver LACTB to B16-F10 melanoma cells
in vitro and in vivo. Furthermore, we investigated the
effect of iDPP/LACTB nanocomplexes on cell proliferation
and apoptosis in vitro as well as tumor growth in vivo
mouse model (Figure 1). Compared with dacarbazine
(DTIC), a positive chemotherapy drug for treating mela-
noma in clinical practice, iDPP/LACTB nanocomplexes

might be a promising choice for future melanoma therapy
research.

Materials and Methods

MPEG-PDLLA was purchased from Daigang (Jinan,
China). B16F10 murine melanoma cell line was obtained
from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Cell Counting Kit-8 (CCKS8) and
dacarbazine (DTIC) were purchased from Meilunbio®
(Dalian, China). AnnexinV-FITC/PI apoptosis detection
kit was provided by Vazyme (Nanjing, China). Cell cycle
detection kit was purchased from KeyGen Biotech
(Nanjing, China). Crystal violet was obtained from
Beyotime Biotechnology (Shanghai, China). Animal
Total RNA Isolation Kit (RE-03011), RT Easy™ II
(Premix) (RT-01021) and Real Time PCR Easy ™-SYBR
Green 1 (QP-0101T) were provided by FOREGENE
(Chengdu, China).

Female C57BL/6 mice (6—8 weeks old) were obtained
from Dashuo Biotechnology Company (Chengdu, China)
and kept in standard specific pathogen-free (SPF) condi-
tions. The mice were maintained for one week to adapt to
the environment before experiments began. All animal
experiments were conducted according to the guidelines
of the Institutional Animal Care and Treatment Committee
of West China Hospital of Sichuan University (ethic
approval number 20211219A).

The Patient Samples

Paraffin blocks of 6 patients diagnosed with malignant
melanoma were provided by West China Hospital of
Sichuan University (Chengdu, China) and were conducted
with the
Immunohistochemistry Staining (IHC) was carried out

in accordance Declaration of Helsinki.
and the Image J software was used to evaluate the expres-
sion level of LACTB in melanoma patients. Patient con-
sent and approval from the ethics committee of West
China Hospital of Sichuan University were obtained
(ethic approval number 2021822).

The Construction of LACTB Plasmids

The whole gene synthesis of the recombinant plasmid
LACTB was carried out by using the empty plasmid of
PVAX as the carrier, while the mouse LACTB sequence
was obtained on the website of NCBI Nucleotide database
(https://www.ncbi.nlm.nih.gov/CCDS/CcdsBrowse.cgi?
REQUEST=CCDS&GO=MainBrowse&DATA=
CCDS40674.1). The extraction and purification of LACTB
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Figure | Schematic illustration of iDPP/LACTB nanocomplexes for the treatment of melanoma.

recombinant plasmid were carried out according to the
instructions of Tiangen non-endotoxin plasmid extraction
kit and the concentration was measured, and plasmids

were stored at —20°C for further use.

Preparation and Characterization of
iDPP/LACTB Nanocomplex

iDPP nanoparticles were prepared according to our pre-
vious work.>* Briefly, 9mg MPEG-PDLLA, Img DOTAP
and 0.2mg iRGD were dissolved by ImL dichlormethane,
respectively, before mixing. Afterwards, the solvent was
removed by reduced pressure distillation under 40°C.
Meanwhile, MPEG-PDLLA, DOTAP and iRGD formed
a thin film around the round bottom flask. SmL 5% (w/v)
glucose water was added to rehydrate the film to prepare
iDPP nanoparticles under 40°C. Ultimately, the solution
was stored at 4°C for further use.

Particle size and zeta potential were measured by
dynamic light scattering (Nano-ZS, Malvern Instruments,
Malvern, U.K.). Transmission electron microscope (TEM)

was utilized to exhibit the morphology of iDPP nanopar-
ticles. Gel retardation assay was employed to assess the
binding ability of iDPP nanoparticles to the LACTB DNA.
Erythrocyte agglutination and hemolytic test were carried
out to evaluate the safety of iDPP/LACTB nanocomplexes.

The uptake of iDPP/LACTB nanocomplexes by mouse
melanoma cell line B16-F10 was analyzed by flow cyto-
metry. At first, B16-F10 cells were cultured in 6-well
plates at a density of 1x10° cells/mL for 24 h. At the
same time, iDPP nanoparticles, lipofectamine3000 and
PEI25K were incubated with YOYO-I1-labeled LACTB
plasmids to form complexes with green fluorescence,
which were then transfected into B16-F10 cells for 4
h. Finally, the cells were collected, and the transfection
efficiency was detected by flow cytometry.

The mouse subcutaneous melanoma model was estab-
lished to explore the targeting ability of iDPP/LACTB
nanocomplexes by in vivo imaging. Firstly, the B16-F10
cells growing in logarithmic phase were collected and re-
suspended with serum-free medium, and then inoculated at
a density of 2x10° per mouse on the right dorsal abdomen
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of mice. When the tumor grew to about lcm in diameter,
iDPP/luciferase plasmid (pGL-6) nanocomplex was
injected into mice via caudal vein. 72 hours later, 200 pL
luciferase substrate D-luciferase sodium solution (15mg/
mL) was injected into the caudal vein. After 20min,
IVISLumina imager was used for observation and
photography.

Cell Counting Kit-8 (CCK8) Test on

BI16-FI0 Cells

The cell proliferation inhibition of iDPP/LACTB nanocom-
plexes on B16-F10 cells was evaluated by CCKS8 cell
count kit. Briefly, B16-F10 cells were seeded into a 96-
well plate at the concentration of 1000 per well first. After
24h, NS, iDPP/PVAX (12.5 pg/0.5 pg), DTIC (150 pM)
and iDPP/LACTB (12.5 pg/0.5 ng) were added into the
well. 48h later, CCK8 was involved to measure the viabi-
lity of B16-F10 cells. Cell viability was counted according
to the following equation: cell viability = (OD-OD pjank)/
(OD ,5-OD gjank) *¥100%.

Cell Apoptosis Test on BI6-FI0 Cells

Cell apoptosis ratio was detected by flow cytometry after
staining of Annexin V/Propidium iodide kit. First, cells
were prepared in a 6-well plate at the concentration of
3x10* cell per well for 24h. NS, iDPP/PVAX (50 ug/2 pg),
DTIC and iDPP/LACTB (50 pg/2 pg) were then added into
the well for 6h. Afterwards, cells continued to grow under
complete medium for 48h. The next procedures were
operated according to the manufacturer’s instruction.
Briefly, after digested by trypsin free of EDTA, cells
were collected to be stained by Annexin V for Smin and
then another 5 min by PL

Detection of Mitochondrial Membrane
Potential by JC-I Dyes

Studies have shown that when the mitochondrial function
is abnormal, there will be a series of reactions, including
the decrease of mitochondrial membrane potential and the
increase of ROS production.”> When the mitochondrial
membrane potential (y mt) is high, JC-1 dyes can form
polymers and emit red fluorescence, while y mt decreases,
JC-1 dyes emit green fluorescence as monomers. JCI
mitochondrial membrane potential detection kit was used
to evaluate the ability of iDPP/LACTB nanocomplex to
induce y mt downgrades of B16-F10 cells. The cells
were treated according to the method and transfection

scheme, and JC-1 staining was performed 48 hours later.
The experimental scheme referred to the instructions of the
kit and finally the cells were observed under confocal
fluorescence microscope.

Measurement of Reactive Oxygen Species
(ROS) Using Flow Cytometry

ROS is the single-electron reduction product of oxygen,
and mitochondria is one of the main sources of endogen-
ous ROS production.”>*® When the function of mitochon-
dria is impaired, the level of ROS increases. Flow
cytometry was used to detect the level of ROS in B16-
F10 cells treated with iDPP/LACTB nanocomplexes. The
cells were treated according to the method and transfection
scheme before being collected for detection 48 hours later.
Intracellular ROS production was detected by DCFH-DA
probe method. 10 pL. MDCFH-DA working solution was
added to the collected cells and cells were incubated at
37°C for 20 minutes to be detected by flow cytometry.

Cell Cycle Detecting Assay on B16-FI0

Cells

Cell cycle blockage of iDPP/LACTB nanocomplexes was
analyzed by cell cycle detecting kit. The cell preparation
and treatment were the same as above. After the treatment,
cells were first fixed with precooled 70% (v/v) alcohol at
4°C overnight. Next, Propidium iodide was applied to
stain the cell nucleic acids before detection by flow cyto-
metry. Finally, the results were introduced into the Modifit
software to analyze the cell cycle stages.

Colony Formation Assay

Crystal violet was utilized to visualize the cell colony
formation. Cells were first seeded into the 6-well plate at
the concentration of 1000 cell per well. After the same
treatment, cells were grown for another week. Firstly, 4%
paraformaldehyde was used to fix cells for 20 minutes, and
then 0.1% crystal violet dye solution was added to the
plate. Finally, cells were photographed after the plate was
dried.

Transcriptome-Library Sequencing

RNA gene sequencing (RNA-seq) was used to analyze the
changes of related pathways in B16-F10 cells induced by
iDPP/LACTB nanocomplexes. Firstly, B16-F10 cells in
logarithmic phase were collected and plated at the density
of 2x10° cells per well for 24 h. After changing the culture
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medium to serum and antibiotics free medium, the cells
were transfected with 50 pg iDPP/2 pg PVAX gene pre-
paration and 50 pg iDPP/2 pug LACTB nanocomplexes,
respectively, and then changed to complete medium 6
hours later. After 48 hours, the cells of each well were
lysed with Trizol and RNA-seq test was carried out.

Evaluation of Anti-Tumor Efficacy in the
Subcutaneous Bl6-FI0 Melanoma Model

The establishment of mouse subcutaneous melanoma
model was consistent with that above. On the 6th day
after tumor grafting, the tumor-bearing mice were ran-
domly divided into 4 groups. The mouse body weight,
the long diameter and short diameter of the tumor were
recorded. The tumor volume was calculated according to
the formula (tumor volume = 0.5 x long x width x width).
At the same time, the treatment of each group was started
by intravenous injection of 5% normal saline (NS), iDPP/
PVAX nanocomplexes (125 pg/5 pg), 6 pg/g DTIC? and
iDPP/LACTB nanocomplexes (125 ug/5 pg), respectively.
The treatment was given every other day for a total of 5
times. When the mice in the NS group were weak, the
peripheral blood of the mice in each group was taken for
biochemical detection and then the mice in each group
were killed. The tumor tissue of each group was photo-
graphed and weighed. The tumor inhibition rate of each
group was calculated according to the following formula:
tumor inhibition rate (%) = (average tumor weight of NS
group-tumor weight of each group)/average tumor weight
of NS group x 100%, some of which were stored in the
refrigerator at-80 °C for subsequent RNA extraction. Some
of them were fixed with 4% paraformaldehyde for patho-
logical sections. At the same time, the sections of impor-
tant organs (heart, liver, spleen, lung, kidney) were taken
to evaluate the safety of iDPP/LACTB nanocomplexes
in vivo.

The Histology Analysis and Its

Interpretation

Various tissues like tumor, heart, spleen, etc. were fixed
with 4% paraformaldehyde for 48 hours before undergoing
dehydration, paraffin embedding, section and staining.
Briefly, gradient dehydration was performed on the tissues
before paraffin embedding and slicing (4 um/piece). The
dried slices were then dewaxed and hydrated for hematox-
ylin and eosin (H&E) and IHC staining. For IHC staining,
0.01M citrate buffer of PH6.0 was prepared for microwave

antigen repair (medium-high heat for 8 minutes, high-fire
4min) ahead of the subsequent staining steps: 10 min
peroxidase blocking, 15min sheep serum incubation, 5
4°C

30min second antibody incubation at room temperature,

pg/mL LACTB primary antibody overnight,

Smin DAB coloration and hematoxylin re-staining.

The mRNA Expression Level of LACTB
by Quantitative Real-Time Fluorescence
Analysis

The total RNA of cells and tissues was extracted using the
Total RNA extracting Kit (Fuji Biotech, Chengdu). Total RNA
was reverse-transcribed to synthesize single strand DNA
(cDNA) to undergoing RT-PCR. With GAPDH as the internal
reference gene, the primers of each gene are as follows.
Forward-GAPDH: CAACAGCAACTCCCACTCTTCCA;
Reverse-GAPDH: ACCCTGTTGCTGTAGCCGTAT;
Forward-LACTB: AGCTGGATCTGGACCTTCCTGTG;
Reverse-LACTB: CGGCATCTGGCTTCGCTGTC.

Statistical Analysis

All the experimental data were analyzed by GraphPad
Prism 6.0 and expressed as average + standard deviation.
The difference between the two groups was statistically
analyzed by double-tailed Student’s #-test (ns p > 0.05, *
p < 0.05, ** p < 0.01, *** p < 0.001).

Results
LACTB is Downregulated in Melanoma

and Decreased LACTB Expression

Predicts Poor Prognosis

In order to investigate the potential role of LACTB in
melanoma, the histomorphology of 6 clinical human skin
melanoma tissues was observed. As shown in Figure 2A,
typical melanoma cells exhibited nest-like distribution.
The immunohistochemical positive rate of LACTB in
melanoma tissues was characterized by integrated optical
density (IOD). From Figure 2B and C, the positive rate of
LACTB in these 6 melanoma tissues was significantly
lower than that in adjacent normal epithelial tissues.
Furthermore, the survival of melanoma patients with dif-
ferent expression of LACTB based on the TCGA database
(http://www.oncolnc.org/) was analyzed. The results
(Figure 2D) indicated that lower level of LACTB in mel-

anoma tissues is related to a worse survival, thus inspiring
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us to use the iDPP nanoparticle to deliver LACTB for
melanoma treatment.

iDPP/LACTB Nanocomplexes Inhibit

Proliferation of Melanoma Cells in vitro

Furthermore, to evaluate the potential anti-tumor effects of
iDPP/LACTB nanocomplexes, we constructed the LACTB
plasmid based on the PVAX empty vector and prepared the
iDPP/LACTB nanocomplexes. These nanocomplexes were
capable of protecting the LACTB plasmid from dissociat-
ing and could be effectively taken up by B16-F10 cells,
along with good biocompatibility and electrical neutrality
(Supplementary Figure 2). After transfection, the LACTB
mRNA level of iDPP/LACTB group was significantly
higher than that of the other three groups (Figure 3A).

Among the other three groups, NS referred to the normal
saline, iDPP/PVAX referred to the empty vector control,
and DTIC referred to the positive control of chemotherapy.
Meanwhile, compared with other groups, iDPP/LACTB
nanocomplexes could remarkably inhibit the proliferation

of B16-F10 cells, the inhibition rate was 44.54 + 6.85%
(Figure 3B). The results of clone proliferation test showed
that the area of B16-F10 cell clones in iDPP/LACTB
nanocomplexes was the least (Figure 3C and D), indicat-
ing that iDPP/LACTB nanocomplexes could significantly
reduce the monoclonal formation of B16-F10 cells.
Besides, B16-F10 cells in iDPP/LACTB nanocomplexes
treated group could be blocked in the stage of G0/G1
cell cycle, with the proportion of 60.2 =+ 2.85%
(Figure 3E and F). The above results demonstrated that
iDPP/LACTB nanocomplexes could effectively inhibit the
proliferation of B16-F10 melanoma cells by blocking cells
in GO/G1 cell cycle.

iDPP/LACTB Nanocomplexes Induce

Apoptosis of Melanoma Cells in vitro

Since LACTB is located in mitochondria, which is vital in
cell apoptosis, we investigated the effect of iDPP/LACTB
nanocomplexes on apoptosis of melanoma cells. As shown
in Figure 4A and B, the apoptotic proportion of iDPP/
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LACTB group was 26.89 + 3.25%, which was significantly
higher than 6.55 + 0.62% in the positive drug group DTIC.
When the mitochondrial function was impaired, the mito-
chondrial membrane potential decreased and ROS produc-
tion increased. From Figure 4C, the mitochondrial
membrane potential of the cells treated with iDPP/
LACTB nanoparticles was lower so some JC-1 dyes
entered the cytoplasm in the form of monomers, hence
showing red and green fluorescence. Meanwhile, the other
three groups had normal mitochondrial membrane poten-
tial and JC-1 dyes were retained in the mitochondrial
matrix in the form of polymers with strong red fluores-
cence. Flow cytometry showed that the level of ROS in
iDPP/LACTB group was the highest (Figure 4D and E).
These results suggested that iDPP/LACTB nanocomplexes
can induce apoptosis of B16-F10 melanoma cells by

inducing the decrease of mitochondrial membrane poten-
tial and increasing the production of ROS.

The in vitro tests above showed that iDPP/LACTB
nanocomplexes could inhibit cell proliferation and induce
apoptosis of melanoma cells. In order to further explore
the anti-melanoma mechanism of iDPP/LACTB nanocom-
plexes, samples were subjected to BGI (Huada Genomics
Institute Co. Ltd, China) and RNA-seq was used to ana-
lyze the changes of related signal pathway after treatment
with iDPP/LACTB nanocomplexes. Huada bgi system was
used to analyze the related pathway enrichment of gene
sequencing results. As shown in Figure 5A, GASE enrich-
ment analysis showed that pS3 pathway was up-regulated
in B16-F10 cells treated with iDPP/LACTB nanocom-
plexes (NES > 1, p < 0.001). p53 signal pathway is an
important pathway to regulate cell growth and death,
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detected by flow cytometry. (E) Statistics of ROS levels detected by flow cytometry. (*p < 0.05, **p < 0.01).

which can affect cell cycle and apoptosis.”® As shown in  Sival) on p53 pathway in B16-F10 cells treated with iDPP/
Figure 5B and C, the mRNA levels of cell cycle-related LACTB nanocomplexes were significantly higher than

genes (P21) and apoptosis-related genes (Bid, Pidd1, Bax, those in iDPP/PVAX group. The above results suggested
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Figure 5 Cell pathway changes in B16-F10 cells after treated by iDPP/LACTB nanocomplexes. (A) Compared to iDPP/PVAX group, iDPP/LACTB nanocomplexes significantly
upregulate the p53 pathway. (B and C) mRNA levels of cell cycle related targets and apoptosis-related targets in p53 pathway after treated by iDPP/LACTB nanocomplexes.

(Fp < 0.001).

that the anti-tumor effect of iDPP/LACTB nanocomplexes
in melanoma cells may be related to the upregulation of
p53 signal pathway.

iDPP/LACTB Nanocomplexes Inhibit

Melanoma Growth in vivo

After tail vein injection, the nanocomplexes could concen-
trate in the melanoma tissue, demonstrating the targeting
ability of this nanocomplexes in vivo (Figure 6A). The RT-
PCR analysis of tumor tissues showed that iDPP/LACTB
nanocomplexes significantly increased the expression level
of LACTB in melanoma (Figure 6B).

In the B16-F10 subcutaneous melanoma model, com-
pared with NS, iDPP/PVAX and DTIC (6 pg/g) group,
the growth rate of tumor volume decreased significantly
in iDPP/LACTB group (Figure 6C and D). After weigh-
ing the tumor weight of each group, the tumor inhibition
rate of each group was calculated. As shown in
Figure 6E, the tumor inhibition rate of iDPP/LACTB
gene preparation was about 68%, which was signifi-
cantly higher than that of DTIC treatment (about
39%). Besides, H&E staining showed that the density
of tumor cells in melanoma tissue in iDPP/LACTB
group was significantly lower than that in other groups
(Figure 6F). Furthermore, the positive rate of Ki67 in
tumor tissues of each group was NS 65.77 + 2.42%,
iDPP/PVAX 54.11 + 0.99%, DTIC 30.86 + 1.13%, iDPP/
LACTB 11.63 £ 0.60% (Figure 6F and G). The positive
rate of Ki67 in iDPP/LACTB treatment group was

significantly lower than that in other groups. At the
same time, the apoptosis rate of tumor tissue in each
group was 0.74 = 0.60% in NS group, 1.08 + 1% in
iDPP/PVAX group, 5.55 + 4.75% in DTIC group and
21.62 £ 16.49% in iDPP/LACTB group (Figure 6F and
H). The apoptosis rate of tumor tissue in iDPP/LACTB
group was significantly higher than that in other groups.
The results above demonstrated that iDPP/LACTB nano-
complexes could inhibit proliferation and induce cell

apoptosis of melanoma cells in vivo.

Safety Assessment of the iDPP/LACTB

Nanocomplexes in vivo

As shown in Figure 7A, the body weight of mice treated
with iDPP/LACTB nanocomplexes was not significantly
different from that of NS. After treatment, the peripheral
blood of mice in each group was collected for the deter-
mination of biochemical indexes such as serum creatinine
(Scr), glutamic pyruvic transaminase (ALT), blood glucose
(Glu) and blood triglyceride (TG). As shown in
Figure 7B-E, the levels of Scr, ALT, Glu and TG in
iDPP/LACTB group were not significantly different from
those in NS group. No pathological changes such as
edema, inflammation, degeneration and necrosis were
found in the five important organs of each treatment
group (Figure 7F). Above all, intravenous injection of
iDPP/LACTB nanocomplexes is safe and exhibits no
obvious toxicity in vivo.
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Discussion

LACTB, a mitochondrial protein, has been demonstrated
as a tumor suppressor in various cancers.®'® Our research
confirmed the downregulation of LACTB in 6 melanoma
patients and prepared the iDPP/LACTB nanocomplexes to
deliver LACTB for melanoma treatment. In this study, the
iDPP/LACTB nanocomplexes could promote cell apopto-
sis, accompanied by the decrease of mitochondrial mem-
brane potential and increase of ROS. Besides, the iDPP/

LACTB nanocomplexes could also inhibit the proliferation
of melanoma cells obviously. Currently, it has been widely
studied that p53 protein can regulate various biological
processes like cell apoptosis, cell cycle, DNA damage
The RNA-seq test found
a significant enrichment of the p53 pathway after treatment

repair and senescence.”’
of iDPP/LACTB nanocomplexes, and upregulation of tar-
get genes regulating cell apoptosis and cell cycle as well
(p21, Bax, Bid, Pidd, Sival).
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In this study, we showed for the first time that systema-
tic LACTB gene therapy with a non-viral vector is feasible
for melanoma. Viruses are naturally evolved vectors which
efficiently integrate their genes into host cells.** However,
the related adverse-effects of carcinogenesis and immuno-
genicity, difficulty in vector production and limited DNA
their 2331

Therefore, non-viral gene delivery systems attracted more

packaging capacity  restrict application.

and more attentions in therapy.3 2
Nevertheless,

PEI25K form cationic complexes after binding with

cancer gene

commonly used nonviral vectors like

DNA, which cause their interaction and aggregation with
negatively charged serum protein, thus resulting in
obvious toxicity and poor targeting ability.®> Here, the
constructed iDPP/LACTB nanocomplex was a neutral tar-
geted system which was readily prepared by complexing
iDPP nanoparticle with LACTB plasmid through electro-
static interactions. The obtained iDPP/LACTB nanocom-
plex had a high transfection efficiency over PEI25K and
Lipo3000, which benefited from the specific binding of
iRGD to the integrin receptors overexpressed on the sur-
face of melanoma cells.>*>> After intravenous administra-
tion, the iDPP/LACTB nanocomplex could efficiently
target and transfect cancer cells, resulting in the effective
cancer treatment.

Therefore, this work designed an effective and safe
system to deliver LACTB to melanoma cells, which may
provide potential options for melanoma treatment.

Conclusion

In this study, we found that the expression of LACTB in
melanoma tissues was downregulated compared with nor-
mal tissues. Here, an electrically neutral nanocomplex
iDPP/LACTB was prepared and targeted to treat mela-
noma, which provides a potential new choice for mela-
noma gene therapy.
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