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Abstract

Up to 50% of individuals with uveal melanoma (UM), a frequent cancer of the eye, pass away from metastases.
One of the major challenges in treating UM is the role of receptor tyrosine kinases (RTKs), which mediate the
epithelial-mesenchymal transition (EMT) of tumors. RTKs are involved in binding multiple growth factors, leading
to angiogenesis and vasculogenic mimicry (VM) phenomena. Currently, most anti-angiogenic drugs have shown
a tendency to increase the VM of tumors in clinical trials, resulting in limited efficacy. The existing gap in UM
treatment lies in the lack of effective strategies to target RTK-mediated EMT and VM. While some approaches
have been attempted, there is still a need for novel therapeutic interventions that can specifically interfere with
these processes. This research employed the gene vector PEI-g-PEG to interfere with the platelet derived growth

factor-alpha receptor (PDGFR-a)-mediated EMT process, thereby retarding the growth of UM. The cell experiments
demonstrated that the gene polyplex exhibited favorable cell uptake and lysosome escape properties, effectively
suppressing the expression of PDGFR-a protein and EMT marker proteins and the occurrence of VM phenomenon.

research.

In vivo animal studies also inhibited the growth of UM, and PAS assays showed that the treatment reduced the
generation of VM in tumor tissue. This study broadens the application of PEI-g-PEG while interfering with the
RTK-mediated tumor EMT process with the help of RNAi technology, providing a new idea for tumor reduction
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Introduction

Uveal melanoma (UM) is the most common intraocular
malignancy in adults arising from melanocytes of the
choroid, ciliary body, and iris [1-3]. Although treatment
strategies such as patch irradiation, local resection, and
enucleation provide a local curative effect, up to 50% of

*Correspondence:

Quankui Lin

lingk@wmu.edu.cn

'National Engineering Research Center of Ophthalmology and
Optometry, School of Biomedical Engineering, School of Ophthalmology
and Optometry, Eye Hospital, Wenzhou Medical University,

Wenzhou 325027, China

M BMC

UM patients still die from distant tumor metastasis, mak-
ing it impossible to eliminate completely by surgery [4, 5].
The leakage of growth factors caused by the tumor itself
or by the effects of radiotherapy allows the production
of neovascularization within the UM tumor as well as
vasculogenic mimicry (VM) [6, 7]. All the above reasons
lead to tumor recurrence, metastasis and drug resistance.

Many aspects are involved in tumor growth, inva-
sion and metastasis. Epithelial-mesenchymal transi-
tion (EMT) refers to the transformation of cells from
an epithelial phenotype to a mesenchymal phenotype
[8-11]. This process determines embryonic development
and cancer progression, assisting tumor plasticity [12].
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Through the process of EMT, tumor cells can acquire
the ability to disarm anti-tumor defenses in vivo, resist
apoptosis and anti-tumor drugs, spread in the body, and
expand the number of tumor cells [13]. Likewise, VM is
an extravascular mechanism in aggressive tumors direct-
ing circulation [14—16]. It is a vessel-like channel that fol-
lows the deformation of the cells themselves, increased
migration capacity, and remodeling of the extracellu-
lar matrix, unlike classical angiogenesis [17, 18]. These
resulting microvessels and vascular channels are major
components of the tumor microvasculature that supports
tumor growth and metastasis.

Targeting angiogenesis appears to be an attractive and
reasonable strategy for the treatment of uveal melanoma
[19, 20]. However, most anti-angiogenic drugs were inef-
fective in clinical trials [21, 22], and bevacizumab may
increase angiogenic mimicry in uveal melanoma [23,
24]. This phenomenon has also been the reason for the
failure of anti-angiogenic therapy in other cancers [25,
26]. Related studies have also confirmed that the regula-
tory factors and transcription factors related to EMT in
VM are significantly increased [27], indicating that EMT
plays a key role in the formation of VM [25]. Therefore,
investigation of the molecular and cellular basis of EMT
for tumor therapy should start with two vascular mecha-
nisms that may lead to new long-term therapeutic strate-
gies [28].

PDGFR-« is required for the development of the lung,
intestinal villi and facial bones, as well as for hair fol-
licle morphogenesis, spermatogenesis, oligodendrocyte
and astroglial cell development [29]. On the other hand,
oncogenic mutations of PDGFR and overexpression of
PDGEF/PDGFR members are associated with the cancer
tumor microenvironment [30]. The binding of platelet-
based growth factor (PDGF) to its receptor PDGFR-a
activates cellular signaling pathways [31-33], including
phosphatidylinositol 3-kinase and extracellular signal-
regulated kinasepathway [34], whose activation occurs
in endothelial cells to promote cell proliferation, survival
and migration, thereby promoting angiogenesis. At the
same time, PDGFR-a is related to the EMT of various
cancers and participates in the formation of tumor cell
VM.

Gene therapy has shown great promise in basic and
clinical biomedical research, particularly in cancer treat-
ment. Among them, RNA interference (RNAi) technol-
ogy is considered a possible cancer treatment strategy
[35, 36]. Because siRNAs attack and destroy the cor-
responding mRNA, they have emerged as promising
tools for silencing the expression of oncogenes in vari-
ous cancers by simply changing the siRNA sequence [37,
38]. However, the search for safe and effective delivery
vehicles for nucleic acids has always been a major chal-
lenge for gene therapy [39, 40]. Viral vectors such as
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adenoviruses and retroviruses were originally used for
efficient expression in various cell lines [41, 42]. However,
problems such as inherent immunogenicity or insertional
mutations become major limitations in clinical appli-
cation [43, 44]. Nonviral vectors have attracted great
interest due to their advantages in overcoming many
limitations of viral vectors, especially their high loading
capacity and excellent biocompatibility [45]. Many nano-
structured nonviral vectors have been studied, including
organic vehicles (liposomes, polymers, peptides, etc.) and
inorganic vehicles (silica, carbon tubes, etc.) [46]. The
transfection properties of polyethyleneimine-grafted-
polyethylene glycol (PEI-g-PEG) as a nonviral vector have
been demonstrated in previous studies [47].

In this study, the PEI-g-PEG /PDGFR-a shRNA
nanoparticle was prepared using an electrostatic con-
jugation approach following the gene encapsulation
properties of PEI-g-PEG, which inhibited the tendency
of VM formation in tumor cells by interfering with the
EMT process, while limiting tumor growth by controlling
angiogenesis through PDGF-RTK cascade signaling. The
results suggest that this approach could be a promising
new idea for controlling the development of uveal mela-
noma (Scheme 1).

Materials and methods

Reagents and antibodies

Polyethyleneimine with a molecular weight of 25,000 Da
(PEI), and fluorescein isothiocyanate (FITC) were pur-
chased from Sigma-Aldrich. PEI-g-PEG (PEI Mn=25000,
PEG segment Mn=2000) were provided by Ruixi Bio.
Dulbecco’s modified Eagle’s medium (DMEM), Fetal
bovine serum (FBS), 0.05% trypsin-EDTA, penicillin-
streptomycin solution and other cell culture-related
reagents were purchased from Gibco. Phosphate-buff-
ered saline (PBS) was purchased from Boster Biological
Technology. Matrigel 356,234 and 356,230 were pur-
chased from Corning®.

The cell counting kit-8(CCK-8), Hoechst 33,342, 4%
paraformaldehyde fix solution, Periodic Acid-Schiff
Staining Kit (PAS), Lyso-Tracker Red(lysosome red fluo-
rescent probe, LT-Red), 1,1’-dioctadecyl-3,3,3,3’-tetra-
methylindocarbocyanine (Dil), DAPI Staining Solution,
Antifade Mounting Medium with DAPI, enhanced BCA
protein assay (BCA) kit, BeyoClick™ EAU Cell Prolifera-
tion Kit with Alexa Fluor 488, Nucleic acid electrophore-
sis and recovery package, Plasmid Maxi Preparation Kit
for All Purpose and RIPA lysis buffer were provided by
Beyotime Biotechnology Co. Fish sperm DNA was pur-
chased from Aladdin.

Antibodies against PDGFR-a and E-cadherin were pur-
chased from Santa Cruz and Immunoway. All other sec-
ondary antibodies were from Santa Cruz.
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Scheme 1 Schematic illustration of gene nanoparticles PEI-g-PEG/PDGFR-a shRNA interfere with the EMT process to inhibit vasculogenic mimicry for
the reduction of uveal melanoma

Preparation of the gene polyplex

Introduction of the plasmid

The reporter plasmid DNA, encoding an enhanced green
fluorescent protein (GFP-pCAGGS), was amplified in
the lab from a recombinant plasmid containing Esch-
erichia coli clones, which were kindly provided by Prof.
JG Chen (Wenzhou Medical University), and purified
using the Plasmid Maxi Preparation Kit for all experi-
ments. The PDGFR-a shRNA plasmid DNA (PTSB-SH-
mCherry-2 A-NEO) was also propagated in Escherichia
coli DH5a (Tsingke Biotechnology Co., Ltd., China). Its
four coding sequences are as follows.

shRNA1 CCGGGATGATCTGCAAGCATATTAACTC-
GAGTTAATAYGCTTGCAGATCATCTTTTTT
ShRNA2 CCGGGCCAGCAATCTCTCAAATATTCTCGAG
AATATTTGAGACATTGCTGGCTTTTTT
ShRNA3 CCGGCGTTCAAGACCAGCGAGTTTACTCGA
GTAAACTCGCTGGTCTTGAACGTTTTTT
shRNA4 CCGGAGTGGCCATTACACCATTATACTCGAG

TATAATGGTGTAATGCCACTTTTTTT

The concentration of DNA was determined by mea-
suring the UV absorbance at 260 and 280 nm with the
Ultraviolet-visible spectrophotometer (DS-11, Denovix,
America), and the purified DNA was stored at -20 C.

Synthesis of PPD, PPG, and PPshn

PEI-g-PEG/DNA (PPD) polyplex were obtained by elec-
trostatic association. Briefly, PEI-g-PEG and the fish
sperm DNA were dissolved in DEPC water (DNase/
RNase free) at different N/P ratios (molar ratio of amino
groups of PEI-g-PEG to phosphorus element of DNA).
The reacted mixture was vortexed for 30 s and allowed
to stand at 25 °C for 30 min. PPD is used for charac-
terization and in vitro biocompatibility experiments.

Gene nanoparticles loaded with different plasmid DNA
encoding reporter genes were formed separately. They
were named PEI-g-PEG/GFP (PPG), and PEI-g-PEG/
PDGFR-a shRNAn (PPShn, n stands for 1,2,3,4).

Characterization of the gene polyplex

The particle size and zeta potential of the particles (the
final concentration of DNA was 0.3 mg/mL) were deter-
mined by dynamic light scattering (DLS, Malvern Instru-
ment Ltd, Malvern, UK) at room temperature [48]. The
ability of polymers to bind with DNA was measured by
gel electrophoresis with different N/P ratios (0, 5, 7, 10,
15, and 20) [49]. The morphological characteristic of
PPD (N/P=10) was observed by transmission electron
microscope (TEM, FEI Talos F200, America). To test the
storage stability of the gene polyplex, the prepared PPD
(N/P=10) solution was stored statically in a refrigerator
at 4 °C, and its particle size potential was continuously
detected for 7 days.

Cell culture

The human uveal melanoma cell lines OCM-1 and the
human umbilical vein endothelial cells (HUVECs).
HUVECs were used for the experiment on tube forma-
tion [50-52]. The two cell lines were incubated in RPMI-
1640 and DMEM complete medium, respectively. The
human embryonic kidney cell lines (HEK 293T) used
DMEM complete medium. The complete medium also
contained 10% FBS and 1% penicillin-streptomycin solu-
tion. All cells were cultured at 37 °C in a humidified incu-
bator containing 5% CO,.

In vitro cytotoxicity of the gene polyplex
The in vitro cytotoxicity of PPD was studied by the
CCK-8 assay [53, 54]. Briefly, cells were grown with 100
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puL complete medium at a density of 5000 cells/well in
96-well plates for 24 h. Subsequently, the PPD solu-
tions with different N/P ratios (5, 10, 20, 40) were added.
Untreated cells were used as controls. After 48 h of incu-
bation, the medium were replaced with 100 pL of fresh
medium in each well. Added 10 pL of CCK-8 reagent to
each well and incubated at 37 C for 2 h. Absorbance was
measured at 450 nm using a microplate reader (Spectra-
Max 190, Molecular Devices, USA) [54].

Cellular uptake and uptake efficiency of PPD

For the visualization of the cellular uptake of nanopar-
ticles, PEI-g-PEG was labeled with FITC (named PHICP).
The PFI'°PD was then incubated with OCM-1 cells,
which were pre-seeded in cell culture slides at a density
of 4x10* cells/well. After different times of co-culture
with cells, cells were washed three times with cold PBS
and the membranes were stained using Dil [55]. After
washing with PBS, the Antifade Mounting Medium with
DAPI was added and the coverslips were mounted on
slides. Fluorescence channels were examined with a con-
focal laser scanning microscope (LSM 880, Zeiss, Ger-
many). Also, flow cytometry was used to detect the effect
of cellular uptake (BD FACS Calibur, Becton, Dickinson
and Company, USA) [56].

Study on lysosome escape ability

As an important organelle for degrading substances
from extracellular sources, lysosomes will degrade most
nanomaterials, thereby interfering with the original
therapeutic effect. The polycation material can avoid this
phenomenon through the “proton sponge” effect, which
is called lysosome escape [57]. Using the aforementioned
cell seeding method (OCM-1 cells with 4x 10* cells/well),
the cells were fixed for 10 min, 30 min, 2 h, 6 h, 8 h, 12 h
and 24 h after PP'TCPDNA treatment, washed and used
for lysosome staining. The Lyso-Tracker Red is a com-
monly used fluorescent dye that specifically accumulates
in lysosomes due to its affinity for the acidic environment
within lysosomes. The Lyso-Tracker Red was diluted
to the working concentration (50 nM) in the culture
medium. The cells were then incubated with the dye
solution at 37 ‘C for 20 min. Seal the slide after washing
away the floating color. The fluorescence signals of each
channel were acquired under a confocal laser scanning
microscope. The colocalization of the PF'TCPDNA green
signal and LT-Red signal (red) was recorded under the
condition of keeping the same parameters.

In vitro gene transfection

The transfection experiment of the PPG (or PPshn)
nanoparticles was carried out in HEK 293T cells and
OCM-1 cells. The enhanced green fluorescent protein
(GFP-pCAGGS) was used in this experiment as the
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reporter gene. Briefly, HEK 293T cells were seeded in a
24-well plate (4x10* cells/ well) and then cultured at 37
C in 5% CO, overnight. The next day, the DMEM culture
medium was firstly replaced with fresh DMEM with The
PPG nanoparticles with various N/P ratios (5, 20, 30, 40)
in each well, and the final concentration of DNA was 2,
3, 4 ug/mL, respectively. When incubated for 48 h, flow
cytometry was used to detect the effect of HEK 293T
cells on the green fluorescence expression in the normal
cell group and the treated group.

The expression of GFP in OCM-1 cells (N/P=10)
was also detected by flow cytometry. In addition, it was
observed and recorded under an inverted fluorescence
microscope. To better observe the cell transfection, the
cells fixed with 4% paraformaldehyde were stained with
lysosomal localization. After adding the Antifade Mount-
ing Medium with DAPI, images of multiple fluorescence
channels were recorded with a confocal laser scanning
microscope.

Hypoxia-induced vasculogenic mimicry assay

OCM-1 cells were cultured under normoxia and hypoxia,
respectively, and the cell growth status and tube-like
structure formation were continuously observed. Briefly,
OCM-1 cells were grown in 24-well plates at a density
of 4x10* cells/well. After cell apposition, the cells were
incubated in hypoxic (1% oxygen) and normoxic incuba-
tors, respectively. The fluid was changed once every 2-3
days and observed continuously. Brightfield images were
taken using an inverted fluorescence microscope (Leica
DMi8, Germany).

To detect the effect of oxygen levels on the prolifera-
tion of tumor cells at the DNA level, the EAU Cell Pro-
liferation Kit with Alexa Fluor 488 was used. It was used
for EdU labeling to detect proliferation [58]. In short,
the cells were blocked and permeabilized for 20 min in
4% paraformaldehyde fix solution and enhanced immu-
nostaining permeabilization buffer. Then the EdU was
detected by the addition of Click reaction solution con-
taining Alexa Fluor 488 azide for 30 min. Co-staining was
performed with Hoechst 33,342 after EAU labeling, and
the fluorescence signal was observed and counted.

Based on the adjustment of seeding plate density,
OCM-1 cells were cultured under normoxic and hypoxic
conditions as described above, and the medium contain-
ing PPshn nanoparticles was replaced with one contain-
ing PPshn nanoparticles after cell apposition, and the
formation of tubular structures of tumor cells was con-
tinuously observed. The nuclei of each group of cells were
stained on day 5 and photographed and recorded under
the microscope.
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Assessment of sequence fragment silencing efficacy

To screen the silencing effect of each sequence fragment,
the expression of PDGFR-a protein was observed. After
treatment with PPshn transfection, cells were fixed with
4% pre-cooled paraformaldehyde for 30 min. After sub-
sequent PBS rinsing, 0.3% Triton X-100 permeabilization
and 5% BSA closure, incubation with primary antibody
(PDGFR-a) were performed overnight at 4 °C. After rins-
ing three times with PBS, samples were incubated with
the secondary antibody for 1.5 h at room temperature.
Antifade mounting medium with DAPI was added and
the slices were blocked. Images of several individual flu-
orescence channels were recorded with a confocal laser
scanning microscope (LSM 880, Zeiss, Germany).

Tube formation assay

To perform angiogenesis experiments on HUVECs,
96-well plates were first coated with growth factor-
reduced Matrigel [59]. Briefly, 50ul. Matrigel was added
to each well and left in the incubator for 30 min before
waiting for subsequent cell seeding of the plate. Cells
were seeded at the density of 1x10* cells per well using
100 pL of conditioned medium (OCM-1 cell culture
supernatant filtered through 220 nm). The continu-
ous observation was then performed and photographic
records were taken at different time points (4 h, 6 h, 8 h
and 12 h). For the RNA interference group, HUVECs
transfected with PPsh2 were grown as described above
and subsequently compared with the control group.

Three-dimensional (3D) tumor culture assay

To evaluate the size of the tumor formed by the uveal
melanoma cells, the uveal melanoma cells were tran-
siently transfected as described above. To wells in a
96-well plate, 50 uL. Matrigel was added and incubated
for 30 min at 37 ‘C. Subsequently, the transfected cells
were inoculated in the plates and tumor formation was
continuously observed over the following 24 h, where
cells that had not been treated with transfection were
observed as controls.

Analysis of EMT marker expression

In addition, the expression of the EMT marker E-Cad-
herin protein was examined. After being rinsed in PBS,
the cells were permeabilized with 0.3% Triton X-100 and
closed with 5% BSA, and then were incubated overnight
at 4°C with primary antibody (E-Cadherin). After rinsing
three times with PBS, samples were incubated with sec-
ondary antibodies for 1.5 h at room temperature. Finally,
fluorescence was observed under the microscope after
labeling the nuclei with DAPI.
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In vivo tumor assay

Animal models were used with 18-20 g BALB/C nude
mice, screened to exclude those with congenital eye dis-
ease. In each group (randomly assigned by random num-
ber table), 10 nude mice from 2 independent experiments
(5 nude mice in each independent experiment) were
included. 2 pL cell suspension (containing 2x10° OCM-1
cells) was injected into the subretinal cavity of the right
eye of each mouse. On the third day, the nude mice were
randomly divided into two groups and injected with PBS
and PPsh2 in the right eye, followed by slit lamp photog-
raphy two weeks after injection. After euthanasia, all eyes
were separated, weighed and fixed with a fixative solu-
tion (containing 10% formaldehyde, 40% ethanol and 10%
acetic acid). The animal experiment was approved by the
Experimental Animal Ethics Committee of Eye Hospital
of Wenzhou Medical University.

The eyes were sagittally dissected and the internal
tumor was observed under a stereoscopic microscope
(SMZ18, Nikon, Japan). The tissue was then pathologi-
cally sectioned and set to a thickness of 5 um and stained
with hematoxylin-eosin stain (HE). In addition, the tis-
sue sections were further stained with PAS and the shape
of PAS-positive material connections was observed to
determine the phenomenon of vasculogenic mimicry.

Statistical analysis

In the experiment, each sample included three to five
replicates, and all data were expressed as the mean+SD.
GraphPad Prism 7(San Diego, California) was used for
statistical analysis and one-way analysis of variance. The
significance level was set at p<0.05. Differences with
p<0.05 (*) were considered to be significant, those with
»<0.01 (**) and p<0.001 (***) were considered to be very
significant, and those with p>0.05 were considered to
be nonsignificant. At p=0.05, the significance level was
established. Differences with p<0.05 (*) were regarded
as meaningful, those with p<0.01 (**) and p<0.001
(***) as extremely meaningful, and those with p>0.05 as
nonsignificant.

Results and discussion

Preparation and characterization of gene polyplex

The gene polyplex’s size varies above and below 150 nm
when N/P is between 5 and 20, and its zeta potential is
similarly around +30 mV, as shown in Fig. 1A. In particu-
lar, at N/P=10, the particle size was 153.2+£1.12694 nm,
while the potential was 29.09333+£2.05583mV. The
results demonstrate that cationic PEI-g-PEG can elec-
trostatically condense negatively charged plasmid DNA
into stable nanoparticles, which is required for efficient
cellular uptake [60]. In a study by Olivia M. Merkel [61],
the polymer and nucleic acid are mutually attracted via
electrostatic interaction and subsequently self-assemble
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Fig. 1 Characterization and biocompatibility of gene nanoparticles. (A): Particle size and potential distribution of PPD polyplex under different N/P condi-
tions. (B): The results of the agarose gel electrophoresis experiments corresponding to the above PPD polyplex are plotted. (C): TEM imaging of the PPD
under the N/P ratio of ten. (D): Changes in particle size and Zeta potential of PPD (N/P=10) for 7 days. (E): Cytotoxicity of PPD on OCM-1 under different

N/P ratios

to form a nanostructure. The principle is essentially
analogous to the interaction mechanism between PEI-g-
PEG and plasmid DNA in this research. Both are founded
on charge interaction to accomplish the construction of
nanoparticles. Figure 1B demonstrates the ability of the
PEI-g-PEG to encapsulate the gene fragments. As N/P
increases, the brightness of the DNA bands gradually
decreases. When N/P=7, some redundant billing frag-
ments can still be detected, and when N/P=10, there is
no band, indicating that under the condition of this ratio,
the gene fragment is completely wrapped in the polyplex.
The same is true for gene band detection with N/P>10.
Figure 1C shows the morphology and distribution of
gene nanoparticles when N/P=10. It can be seen that the
size of the polyplex is less than 100 nm and it is spherical.
Figure 1D shows that the size and electrical properties of
PPD did not change significantly during 7 days, indicat-
ing great storage stability.

In vitro cytotoxicity evaluation

Figure 1E shows the effect of different N/P choices of
PPD on OCM-1 cells while maintaining the same nucleic
acid concentration. It can be seen that when N/P is less
than 10, the cells remain in a good cellular state, while

when N/P is greater than 20, the cells are more toxic.
Therefore, subsequent transfection experiments should
consider the N/P ratio carefully.

Analysis of cellular uptake efficiency

The efficiency of cellular internalization of gene nanopar-
ticles by tumor cells is the basis for subsequent RNA
interference treatment [62]. Figure 2A shows the fluo-
rescence signal recorded at various time points after co-
incubation of PFITCPDNA with OCM-1 cells over a 24 h
period. It can be seen that the green fluorescence (PFITP-
DNA) gradually accumulates over time. After 30 min, the
green stain adhered to the cell membrane surface (red)
and gave a yellow signal, after 4 h labeled nanoparticles
were found inside the individual cytoplasm, and after
24 h the cells were covered in green. Figure 2B shows
the statistical data of cell fluorescence signals at different
time points. The green fluorescence of the cells gradu-
ally increased with the prolongation of the incubation
time, and the fluorescence intensity leveled off after 2 h,
which indicates that the absorption of gene polymers by
OCM -1 gradually reached a saturation level. Figure 2C
shows that after 4 h of co-culture, 98.9% of OCM-1 cells
detected by flow cytometry had a green fluorescent
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signal, which may be due to the adherence or uptake of of continuous observation, the green signal from the
the PF'TCPDNA polyplex by almost all cells. These results ~ PFITCPDNA polyplex gradually increased, while the red
indicated that OCM-1 cells have an excellent ability to  signal from the labeled lysosome gradually decreased.
internalize PF'TCPDNA nanoparticles, which facilitates  After 6 h of incubation, a yellow signal from PFTCPDNA
the subsequent transfection process. Similar to numer-  superimposed on LT-Red appears. The yellow signal
ous other studies in the field of gene delivery, such as the  gradually increases at 612 h, while the red signal basi-
research reported in a study by Abdul Hakeem [63], the cally disappears at 24 h (due to the disruption of lyso-
overarching principle remains unaltered: the efficient somes), and the green signal is distributed around the
internalization of nanoparticle carriers is a prerequisite ~ blue nucleus (DAPI) and in the cytoplasm. It is highly

for effective transfection. evident that PEI-g-PEG exhibits remarkable capabilities
in safeguarding nucleic acids from degradation by lyso-
Lysosomal escape capacity analysis somes. This unique polymer-based carrier forms stable

Most nanocarriers enter cells through the endocytic  polyplex with nucleic acids through electrostatic interac-
pathway, and when endosomes mature through acidifi- tions and other molecular forces [65]. Once these poly-
cation and invade lysosomes, the loaded drugs or genes  plex are internalized by cells, they are trafficked through
are destroyed by digestive enzymes, which is one of the the endocytic pathway. During this process, lysosomes,
major challenges in the process of gene therapy [64]. which are the cellular organelles responsible for degrad-
Therefore, the ability of nanocarriers to escape lysosomes  ing various macromolecules, attempt to break down
is critical for the delivery. Figure 3 shows that after 24 h  the incoming polyplex. However, due to the protective



Wang et al. Journal of Nanobiotechnology (2024) 22:797

Omin 10min

signal: lysosome, LT-Red. Green signal: PTPDNA, nanoparticles

properties of PEI-g-PEG, it effectively shields the nucleic
acids from the harsh lysosomal environment, prevent-
ing the hydrolytic enzymes within lysosomes from acting
on the nucleic acids and causing their degradation. As a
result of this protection, the nucleic acids remain intact
and are able to reach their intended cellular destinations.

In vitro gene transfection

Figure 4 show transfection attempts using PPG in HEK
293T cells. As shown in Fig. 4A, the transfection effi-
ciency gradually increased with the amount of delivered
plasmid. In the case of the same plasmid quality, the
transfection rate gradually increased when N/P<20, and
decreased gradually when N/P>20. As shown in Fig. 4B,
the curved surface in the figure is the transfection surface
simulated by each flow statistic in 4A, while the plane is
the cell viability after treatment in HEK 293T cells. The
curved surface below the plane is suitable for transfec-
tion conditions for subsequent experiments. To maintain
maximum transfection efficiency, the N/P ratio should be
less than 20 when the package mass is 4 pg.

Figure 5 shows the transfection effect and efficiency
of 4 pg plasmid DNA (GFP-pCAGGS) in OCM-1 cells
at N/P=10. As shown in Fig. 5A, this condition allowed
the successful transfection of OCM-1 cells with GFP.
Figure 5B shows that the transfection efficiency reached
26.7%. Figure 5C shows that both green fluorescent

Fig. 3 Fluorescence signal recording of PFTPDNA at different time points during the lysosomal escape in OCM-1
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30min

cells. Blue signal: nucleus, DAPI. Red

protein and red lysosomes are located in the cytoplasm of
cells from the observation of microstructure.

Hypoxia-induced vasculogenic mimicry assay

Figure 6A shows that there was no significant difference
in the growth status of the two groups of cells incubated
at the two oxygen concentrations for 1 day. On the 4th
day of culture, channel-like vacant areas appeared in the
cell arrays of both groups. Whereas, cells under hypoxic
conditions appeared to have a clear blank area on day 8,
while cells under normoxic conditions covered the entire
well. On day 9, this phenomenon was even more pro-
nounced, with the cells in the center of the plate show-
ing multiple layers of growth and clear vasculogenic
mimicry. Aging cells and lamellar structures can be seen
in the periphery. In contrast, the cells remained packed
throughout the wells under normoxic conditions. The
following reasons may account for such results. Firstly,
hypoxia can activate the hypoxia-inducible factor (HIF)
[66]. This activated HIF-1 is able to promp tumor cells
to form vascular-like structures. Secondly, the plasticity
of tumor cells themselves is enhanced under the hypoxic
environment. Some tumor cells acquire endothelial
cell-like characteristics and can express endothelial cell-
related markers, such as CD31 and so on [67]. At the
same time, the intercellular connections become loose
and new connection modes appear, enabling tumor cells
to connect with each other like vascular endothelial cells
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Fig. 5 Transfection ability of polymers. (A): Effect of PPG transfection on green fluorescent protein in OCM-1 cells. TL: The transmission light mode of
a microscope represents the bright - field. (B): Transfection efficiency of green fluorescent protein in OCM-1 cells. C: Microscopic observation of green

fluorescent protein expression in OCM-1 cells. LT-Red: Lyso-Tracker Red

and form the basic structure of vascular-like channels,
providing important conditional support for the growth
and metastasis of tumors. Figure 6B shows the prolifera-
tion capacity at the DNA level after 9 days of incubation.
Under hypoxic conditions, pale green fluorescence was
visible in the central and peripheral parts of the plate
(especially in the four walls of the vascular-like channels).
Under normal oxygen conditions, green fluorescence
was weakly positive or even negative at several positions.
Fluorescence was quantified as shown in Fig. 6C. The
total cell count (Hoechst) of the normoxia group was sig-
nificantly higher than that of the hypoxia group, but the
DNA level proliferation of the hypoxia group was more
active than that of the normoxia group.

The same seeding plate density and observation period
were adjusted for vasculogenic mimicry interference
experiments. As shown in Fig. 7A, the phenomenon of
angiogenesis mimicry was evident in the blank group
(without any treatment group) under hypoxia. How-
ever, this phenomenon was significantly suppressed after
treatment with PPshn, suggesting that four interfering
fragment sequences have different roles. In Fig. 7B, it
shows the expression of intracellular proteins after treat-
ment with four gene polymers (PEI-g-PEG encapsulating
four PDGFR-a shRNA fragments) during the process of
hypoxia-induced tumor cells to form vasculogenic mim-
icry. Herein, the RFP (red fluorescent protein) is derived
from the mCherry coding sequence encoding the red
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Fig. 6 Hypoxia-Induced Vasculogenic Mimicry. (A): Hypoxia-induced vasculogenic mimicry in OCM-1 cells. (B): Effect of hypoxia on cell proliferation.
Edu-488: Green fluorescence, newly synthesized DNA. Hoechst: Blue fluorescence, cell nucleus. (C): Quantitative immunofluorescence statistics in Fig. 6B
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logenic mimicry. (B): Immunofluorescence analysis of targeting silencing protein (PDGFR-a) in OCM-1 cells. RFP: The red fluorescent protein encoded by
mCherry. PDGFR-a: The PDGFR-a protein after immunofluorescent staining (with the secondary antibody carrying green fluorescence). DAPI: Nucleus. (C):

Quantitative immunofluorescence analysis of PDGFR-a protein in Fig. 7B
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fluorescent protein within the gene fragment, which can
serve as an indirect indication of the successful trans-
fection of the gene fragment. Simultaneously, the green
fluorescence represents the immunofluorescent staining
of the intracellular PDGFR-a protein. Evidently, in the
untreated group (blank group), following hypoxia induc-
tion, the tumor cells express the PDGFR-« protein. In the
treatment groups (PPsh1-4 groups), each gene polymer
was successfully transfected (as evidenced by the success-
ful expression of the red protein), and concomitantly, the
expression of the PDGFR-«a protein was attenuated to
varying degrees (manifested by the weakened green sig-
nal). In conjunction with the results of Fig. 7A, it can be
corroborated that during the process of interfering with
the generation of the vasculogenic mimicry phenome-
non, it is likely influenced by the reduction in the synthe-
sis of the PDGFR-« protein. Simultaneously, quantitative
fluorescence statistics were performed and Fig. 7C shows
that there was no significant difference between the
treatment groups, while there was a significant differ-
ence with the blank group. These results indicated that
the four interfering fragments inhibited the production
of PDGFR-«a protein to varying degrees, and PEI-g-PEG
could indeed be used as a non-viral gene vector for the
delivery of nucleic acid fragments.

Tube formation assay

Tumor cells secrete large amounts of pro-angiogenic fac-
tors to promote angiogenesis during tumor development
[68]. Figure 8A shows that OCM-1 cell culture superna-
tant significantly induces the formation of reticular vas-
culature in HUVEC cells. At 6 h, HUVEC cells tended
to be arranged in an orderly manner, and at 8 h, they
formed the prototype of the reticular structure, and at
12 h, the phenomenon was most obvious. In contrast,
PPsh2-transfected HUVEC cells showed no tendency to
form tubes.

Three-dimensional (3D) tumor culture assay

As shown in Fig. 8B, OCM-1 cells gradually migrated to
form clusters of tumor cells on the surface of Matrigel,
especially after 24 h. The cells in the OCM-1 cell group
transfected with PPsh2 migrated in clusters, but the size
of the clusters was significantly smaller than that in the
non-transfected cell group (OCM-1+PPsh2).

To further assess the inhibitory effect on tumorigen-
esis, we examined the expression of the EMT marker
E-cadherin in cell clusters. As shown in Fig. 8C, the red
signal of the E-cadherin marker was significantly lower
in untreated OCM-1 cells than in the group treated with
PPsh2-transfected OCM-1 cells. Upregulation of E-cad-
herin indicated that intercellular adhesion persisted after
transfection and significantly reduced the risk of tumor
cell metastasis [69]. The newly synthesized E-cadherin
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protein will rapidly be localized to the cell surface and
bind to the E-cadherin molecules of adjacent cells
through its extracellular domain, forming stable homodi-
mers or heterodimers and thereby strengthening the
adherens junctions between cells. This tight intercellular
adhesion is like a series of sturdy “city walls’, preventing
tumor cells from detaching from the primary tumor site.
Since the metastasis of tumor cells often requires break-
ing through the intercellular connection restraints, and
the upregulation of E-cadherin makes this breakthrough
more difficult, thus significantly reducing the risk of
tumor cell metastasis [70]. This also confirmed that the
EMT process was inhibited after PPsh2 treatment.

In vivo tumor detection

Figure 9A shows gross pictures, slit lamps, eye sections
and HE staining of pathological sections of nude mice. In
the Blank group, the eyes were clear and translucent, both
with the naked eye and slit lamp, and the vitreous cavity
was clear of foreign bodies on gross observation. In the
OCM-1+PBS group, the slit lamp showed a clear white
pupil, and the gross section of the eye showed tumor tis-
sue filling the entire vitreous cavity and adhering to the
surface of the lens. In the OCM-1+PPsh2 group, slight
white pupils could be seen in the eyes of nude mice, and
smaller tumor tissues under the retina were visible in the
eye dissection. The whole-eye HE staining corresponds to
the gross view of the eye. In the Blank group, the intra-
ocular tissues were intact, while in the OCM-1+PBS
group, OCM-1 was seen to fill the subretinal cavity and
enter the vitreous cavity near the oar serrata part, and
the cells adhered to the lens surface while the tumor tis-
sue squeezed the lens. In the OCM-1+PPsh2 group,
HE staining revealed smaller tumor growth in the sub-
retinal space, which was significantly different from the
OCM-1+PBS group.

Figure 9B shows weight statistics for isolated eyes. It
can be seen that the eye weight of the OCM-1+PPsh2
group was significantly lower than that of the
OCM-1+PBS group. Figure 9C shows that PAS stain-
ing in the OCM-1+PBS group revealed interconnected
ring-like network channels (marked by yellow arrows in
Fig. 9C1), whereas this phenomenon was significantly
reduced in the OCM-1+PPsh2 group (Fig. 9C2). Thus,
PPsh2 treatment significantly reduced the formation
of blood vessel-like channels and greatly limited tumor
growth.

Conclusion

In this study, gene nanoparticles with PEI-g-PEG as a
nonviral vector were prepared by electrostatic conjuga-
tion to deliver targeted interfering fragments to OCM-1
cells against the EMT process mediated by PDGFR-q,
and achieved tumor reduction. PEI-g-PEG can fully wrap
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Fig. 8 Evaluation of Anti-tumor Effects. (A): Establishment of tube formation model and the interference effects of PPsh2. (B): Three-dimensional tumori-
genesis and interference effects of PPsh2. (C): Immunofluorescence analysis of the EMT marker E-Cadherin protein in Fig. 8B. DAPI: Nucleus. E-Cadherin:
The E-Cadherin protein after immunofluorescent staining (with the secondary antibody carrying red fluorescence)
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Fig. 9 Establishment of in vivo tumor models and evaluation of inhibitory effects. (A): Gross pictures, slit lamps, eye sections and pathological sections
of nude mice were stained with HE. Blank: the group of healthy nude mouse. OCM-1+ PBS: the group of tumor modeling. OCM-1+ PPsh2: the group of

treatment by PPsh2. (B): Eye Weight Statistics. (C): PAS staining analysis

nucleic acid fragments when N/P is 10, and have a small
nanometer size, positive potential, and excellent bio-
compatibility. The nanoparticles achieved 98.9% uptake
efficiency within 4 h of co-incubation with the cells,
and within 24 h the nucleic acids could evade lysosomal
degradation by distending the lysosomes to exert their
normal therapeutic effects. The nanoparticles showed
good transfection effects in both HEK 293T cells and
OCM-1 cells. It also inhibited the vasculogenic mimicry

of OCM-1 cells under hypoxic conditions and effectively
interfered with the production of the targeted PDGFR-a
protein. Furthermore, PPsh2 inhibited tumor super-
natant-induced angiogenesis and reduced tumor cell
migration and cell clump growth induced by E-cadherin
degradation. In vivo animal studies have shown that
PPsh2 has a beneficial inhibitory effect on UM growth
and reduces the formation of blood vessel-like channels.
Therefore, PEI-g-PEG could be an excellent nonviral gene
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therapy vector, and PDGFR-« could serve as a potential
target to modulate EMT-associated vasculogenic mim-
icry and migration phenomena, as a new way to improve
therapeutic management of uveal melanoma.
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