Neoplasma 2024; 71(1): 48-59

doi:10.4149/neo_2024_231018N544

The role of polyethylenimine-functionalized gold nanoclusters carrying
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In this research, polyethylenimine-functionalized gold nanoclusters (PEI-AuNCs) were synthesized for the delivery of
plasmid CMTMS5 (pCMTMS5) to prostate cancer (PCa) cells, with the objective of elucidating the mechanism underlying
its anticancer efficacy. The PEI-AuNCs loaded with pCMTM5 (PEI-AuNCs@pCMTM5) tumor-targeting drug delivery
system was established. Subsequently, both the obtained PEI-AuNCs and PEI-AuNCs@pCMTM5 underwent character-
ization through a transmission electron microscope (TEM) and dynamic light scattering (DLS). Employing RT-qPCR,
western blot, flow cytometry, immunofluorescence, and co-immunoprecipitation (co-IP) assays, the consequences of
CMTMS5 overexpression on the expression of EGFR were investigated. Moreover, the influence of PEI-AuNCs@pCMTM5
on PC-3 cells was assessed through CCK-8, wound healing assay, and Transwell experiments. As a result, the PEI-AuNCs
and PEI-AuNCs@pCMTMS5 were presented as uniformly dispersed spherical with stable particle sizes and positive charges,
showcasing favorable dispersion within the solution. In comparison to Lip2000, the PEI-AuNCs demonstrated superior
transfection efficiency and lower cellular toxicity. Following the overexpression of CMTMS5, the proliferative capacity of
PC-3 cells was markedly suppressed, while both migratory and invasive abilities exhibited noteworthy reduction, with the
efficacy of PEI-AuNCs@pCMTMS5 consistently outperforming that of free pPCMTMS5. Subsequent mechanistic investiga-
tions unveiled that CMTMS5 does not directly inhibit the synthesis of EGFR or facilitate its degradation, but rather influ-
ences the endocytic process of EGFR. In conclusion, the PEI-AuNCs nano-delivery system exhibits good biocompatibility
and efficaciously conveys pPCMTMS5 to PCa cells. Crucially, pPCMTMS5 does not directly interact with EGFR, and CMTM5
governs the malignant progression of PC3 cells by promoting EGFR endocytosis.
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Prostate cancer (PCa) stands as the second most preva-
lent malignancy among males worldwide, accompanied by a
staggering mortality rate of up to 7.1% [1]. Despite a compar-
atively lower incidence of PCa in China than in Western
countries, factors such as aging demographics, environ-
mental pollution, and a shift towards a Westernized dietary
pattern have contributed to a significant upward trend in
PCa incidence [2, 3]. Common strategies for managing
PCa encompass surgery, radiotherapy, chemotherapy, and
hormone therapy [4]. Nevertheless, a considerable number
of PCa patients inevitably progress to metastatic castration-
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resistant prostate cancer (mCRPC) [5]. The aforementioned
conventional therapies only marginally extend the survival
rate of mCRPC patients by 2-4 months, and the prognosis
for these patients remains notably poor, with no effective
curative methods identified to date [6, 7]. Consequently,
there is an imperative need for extensive research into the
mechanisms underlying the onset and progression of PCa,
with the goal of identifying more efficacious alternative strat-
egies for the treatment of PCa.

Comprehending the molecular pathways governing malig-
nant tumors in PCa is vital for effective targeted therapy.
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Among the numerous regulatory molecules in PCa, the
aberrant activation of the epidermal growth factor receptor
(EGFR) assumes a pivotal role in propelling the transition
from androgen-dependent PCa to CRPC [8]. Within solid
tumors, EGFR can bind with EGF and TNF-q, resulting in the
autophosphorylation of EGFR tyrosine kinase, subsequently
activating downstream pathways, including ERK/MAPK,
PI3K/AKT, Ezrin/NF-«xB, and upregulating transcription
factors such as Snail and Slug, thereby fostering tumor cell
proliferation, migration, and survival [9]. In hormone-
dependent PCa, the EGFR signaling pathway manifests
distinctive regulatory mechanisms. Despite the recent inten-
sive focus on EGFR in extensive PCa targeted drug research,
the outcomes have been modest, mainly attributed to the
intricacy of the EGFR pathway in PCa. The activation of the
EGFR pathway and the induction of PCa cell development
represent a multifaceted regulatory process, with the induc-
tion of EGFR endocytosis and its subsequent entry into the
lysosomal degradation pathway serving as a crucial mecha-
nism to attenuate EGFR signaling [10].

Numerous molecules possess the capacity to accelerate
ligand-induced clearance of EGFR from the cell surface
or facilitate ligand-induced degradation of EGFR, thereby
governing the EGFR transporting. Upon inhibition of the
expression regulation of these molecules, persistent activa-
tion of EGFR signaling ensues, consequently fostering the
progression of cancer [11]. Current research has indicated
that CKLF-like MARVEL transmembrane domain-
containing family 5 (CMTMS5), a recently discovered tumor-
suppressive protein involved in the sorting and transport
of membrane receptors, may play a role in the transport
process of EGFR [12]. CMTMS5 exhibits heightened expres-
sion in various human normal tissues, yet it is suppressed
or absent in multiple malignancies such as liver, lung, and
kidney cancer. Elevated expression of CMTMS5 significantly
diminishes cancer cell proliferation, migration, and invasive
capabilities [13]. In PC-3 cells, the reinstatement of CMTM5
expression not only markedly inhibits cell proliferation but
also restrains their invasive and migratory capacities [14].
Validation through the PC-3 cell xenograft model has also
affirmed that CMTMS5 exerts the ability to suppress tumor
growth in vivo and downregulate the expression of tumor
proliferation-related genes [15]. However, while CMTM5
exerts a significantly inhibitory effect on the activation of
the EGFR/PI3K/Akt pathway in PCa, it does not directly
inhibit EGFR synthesis or facilitate EGFR degradation [16].
Previous reports have indicated that CMTM7 and CMTMS8,
members of the same family as CMTMS5, inhibit signaling
pathway activity by inducing EGFR endocytosis, thereby
suppressing the progression of cancer [17, 18]. Nonethe-
less, further exploration is imperative to ascertain whether
CMTMS5 exerts a comparable regulatory effect in PCa.

Gene therapy emerges as one of the potential approaches
for cancer treatment and has been extensively researched.
The crux of gene therapy lies in the capacity of gene agents

to endure the mildly acidic pH in the tumor microenviron-
ment, selectively deliver to target cells, and do so without
manifesting significant toxicity or adverse effects [19].
Additionally, preventing degradation and internalization
poses a challenge for gene agents in PCa treatment, which
can be addressed through the utilization of nano-delivery
systems. An ideal gene delivery system should possess attri-
butes such as biodegradability, non-toxicity, non-immuno-
genicity, specific targeting, and a reliable capacity to stimu-
late gene expression [20]. Metal nanoclusters have garnered
considerable attention, owing to their extraordinary
physical and chemical properties, demonstrating potential
applications in optics, catalysts, sensing, targeted imaging,
and therapy [21]. Gold nanoclusters (AuNCs), particles
with a diameter of less than 2 nanometers, have exhibited
immense potential in intracellular delivery and diagnos-
tics, biosensing, bioimaging, drug delivery, and the detec-
tion of biomacromolecules (DNA, proteins, enzymes) due
to their facile synthesis, high biocompatibility, and robust
fluorescent properties [22-25]. The high surface area-to-
volume ratio and an affinity for biomacromolecules render
AuNGCs a judicious selection for gene and drug delivery
[26]. Furthermore, functionalizing AuNCs with polymers
can further augment their drug-carrying capacity. Polyeth-
ylenimine (PEI), a classic cationic agent, possesses the
capacity to protect plasmids from degradation and improve
lysosomal gene release, thus finding widespread use as a
gene transfection vector for both animals and cells [27].
Employing the PEI reduction method enables the acquisi-
tion of PEI-functionalized gold nanoclusters (PEI-AuNCs),
and the positively charged nature of PEI-AuNCs are more
prone to binding with DNA, which carries a negative charge
[28]. Through the proton sponge effect, PEI-AuNCs facili-
tate the delivery of plasmid DNA (pDNA) into cells, subse-
quently releasing it within the cells, thereby playing a role in
protecting and aiding the entry of DNA into the cells, with
an efliciency 15 times greater than its counterpart without
PEI modification [26].

In this research, AuNCs were synthesized and subjected
to subsequent surface modification with PEIL The resulting
PEI-AuNCs were employed for the delivery of the tumor-
suppressing gene CMTMS5 into PC-3 cells. The physicochem-
ical properties and cytotoxicity of PEI-AuNCs were charac-
terized through in vitro experiments, subsequently delving
into their targeted therapeutic efficacy and elucidating the
mechanism of action in delivering CMTMS5 for PCa.

Materials and methods

Cell culture. The human cell lines, RWPE-1 and PC-3
cells, were obtained from the American Type Culture Collec-
tion (ATCC, Rockville, MD, USA). All cells were maintained
in Ham’s F-12K medium (Procell) supplemented with 10%
fetal bovine serum (FBS, Gibco) at 37°C in a 5% CO, humid-
ified incubator.
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Preparation of PEI-AuNCs and PEI-AuNCs@pCMTMS5.
All glassware used was soaked in freshly prepared aqua
regia for 24 h and thoroughly rinsed with ultrapure water
before use. In a synthesis flask, 25pul of 1% HAuCl,-3H,0
solution and 2.5 ml of H,O were added, and the mixture
was stirred for 2 min until homogenized. Subsequently,
1.5ml of 2.5 mg/ml PEI solution was added, and stirring was
continued for 5 min until the solution turned pale yellow.
Finally, 80 pl of 0.10 mol/l ascorbic acid was introduced, and
stirring continued. After 5 min, the solution turned into a
transparent colorless solution, followed by a transition to
purple-red within 1 h. The reaction was allowed to proceed for
24h to yield PEI-AuNCs. Then, 0.5 mg of plasmid CMTM5
(pCMTM5) was added to 10 ml PEI-AuNCs solution. After
being magnetically stirred for 24 h, the solution underwent
dialysis to eliminate free pCMTMS5, ultimately yielding
PEI-AuNCs@pCMTMS5. Finally, the resultant solution was
stored in a refrigerator at 4°C.

Characterization of PEI-AuNCs and PEI-AuNCs@
pCMTMS5. Initially, the dispersibility and stability of
PEI-AuNCs were assessed in water, PBS, and F12 cell
culture medium. The solutions were stored in a cell culture
incubator to simulate the cellular growth environment and
were preserved for 7 days. Images of the solutions were
captured on the 1%, 3™, and 7" day to observe their states.
Additionally, the size and zeta potential of PEI-AuNCs
were continuously measured using dynamic light scattering
(DLS) for 7 days. For the assessment of the morpholog-
ical characteristics of the PEI-AuNCs and PEI-AuNCs@
pCMTMS5, samples were dropped onto a copper grid
and subjected to negative staining with a 2% UO, acetate
aqueous solution. After drying, the morphological changes
before and after the encapsulation of pCMTM5 were
observed under a transmission electron microscope (TEM;
FEI Talos F200S, FEI). The average particle sizes and zeta
potential of PEI-AuNCs and PEI-AuNCs@pCMTM5 were
measured through DLS.

Cell Counting Kit-8 (CCK-8). RWPE-1 cells and PC-3
cells in 100 pl of complete medium (F-12K containing 10%
FBS) were seeded in a 96-well plate at a density of 1x10* cells/
well and incubated at 37°C under 5% CO, for 24 h. Subse-
quently, the freeze-dried and collected prepared PEI-AuNCs
nanoparticles were subjected to weighing, calculating the
corresponding dosage concentration (refers to the concen-
tration of PEI-AuNCs in the cell culture medium). Following
this, the freshly prepared PEI-AuNCs suspension at various
concentrations of0, 50, 100, 200, 400, 600, 800, and 1000 pg/ml
was introduced into each well containing the seeded cells and
further incubated at 37°C for 24 and 48 h. After determined
intervals, 10pl of CCK-8 solution was added to each well
and reacted at 37°C for 1 h. Cell viability was assessed by
measuring the absorbance at 450nm through a microplate
reader. The cell survival rate was calculated as cell viability
(%) =[0OD450 (sample) - OD450 (blank)]/[OD450 (control)
- OD450 (blank)] x 100%.

The transfection efficiency verification. PC-3 cells were
cultured on 10 mm? glass coverslips placed in 24-well cell
culture plates, with a cell density of 5x10* cells/well. After a
24 h pre-incubation period, PEI-AuNCs loaded with 2.5ug
pGFP were added. A mixture of commercial transfection
reagent Lip2000 with an equivalent amount of pGFP, was
used as a control, with the Lip2000 dosage following the usage
instructions. After a further 48 h incubation, the cultured
cells were washed with PBS and fixed with 4% (V/V) parafor-
maldehyde. Finally, confocal laser scanning microscopy was
employed for cellular imaging to observe and calculate the
GFP overexpression efficiency in PC-3 cells.

Electrophoretic mobility shift assay (EMSA). The
protective capability of PEI-AuNCs@pCMTMS5 complex for
pDNA was analyzed by incubating PEI-AuNCs@pCMTM5
with DNase-I. For the analysis, synthesized PEI-AuNPs were
centrifuged for 30 min at 12,000xg at 20 °C to obtain the pellet
that was then treated with CMTM5 DNA and incubated for
30 min. Subsequently, various concentrations (0.25, 0.5, 1.0,
1.5, and 2.0 ug/ul) of DNase-I were added and incubated for
a further period of 30 min. To arrest the activity of DNase-I
enzyme, 10% sodium dodecyl sulfide (SDS) was introduced
into the solution. The PEI-AuNCs@pCMTM5 was then
incubated with heparin sulfate for 30 min. Following the
incubation, the samples were electrophoresed on a 1% agarose
gel and stained with EtBr for visualization under UV light.

Drug release. Seal 1 ml of free pPCMTM5/PEI-AuNCs@
pCMTMS5 solution in a dialysis bag. Subsequently, place the
dialysis bag into 10 ml of PBS and set it on a constant-temper-
ature (37°C) shaker system. At specific time points (0-72 h),
withdraw 1 ml of the dialysate and promptly replenish an
equivalent volume of buffer. Utilize a microspectropho-
tometer (NanoDrop 2000) to measure the concentration of
pCMTMS5 in the dialysate.

Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR). Total RNA was extracted from the cells
using the TRIzol reagent, and the RNA’s purity was assessed
through a UV-visible spectrophotometer. The RNA concen-
tration was then standardized and mixed in a 20 ul reverse
transcription reagent. After instantaneous centrifugation,
the mixture was placed in a reverse transcription apparatus
to convert it into cDNA. Afterward, the mRNA expression
levels of CMTMS5 and EGFR were quantified using a SYBR
Green qRT PCR Master Mix on an ABI 7300 Plus Real-time
PCR System, following the manufacturer’s instructions. The
mRNA expression level was normalized to B-actin expres-
sion in the same sample. The relative expression of CMTM5
and EGFR mRNA was calculated using the 27444 method.
The PCR primer sequences were shown as follows: CMTM5:
5-GGAGGACCACATCCGCTAGAT-3’ (upstream), 5-CA-
GGGAGTGGAAGCAGAT-3’ (downstream); EGFR:5’-GGT-
CTTGAAGGCTGTCCAACG-3’ (upstream),5-CCTCAAG-
AGAGCTTGGTTGGG-3" (downstream); p-actin: 5-CTG-
GAACGGTGAAGGTGACA-3’ (upstream), 5-AAGGGAC-
TTCCTGTAACAATGCA-3’ (downstream).
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Western blot. The total protein was extracted from
PC-3 cells using RIPA lysis and extraction buffer, followed
by centrifugation at 12,000xg for 10 min at 4°C, yielding
the protein sample in the supernatant. The protein sample
concentration was determined using the BCA protein assay
kit. The proteins were separated by 10% SDS-PAGE and
transferred to a PVDF membrane. After washing with Tris-
buffered saline (TBST) at room temperature, the membrane
was blocked with skimmed milk in TBS for 1 h. Subsequently,
it was incubated with CMTMS5 (1:1000; Abcam; ab187980)
and EGFR (1: 1000; Abcam; ab52894) antibodies overnight
at 4°C. On the following day, the membrane was washed
three times with TBST for 10 min each, followed by incuba-
tion with HRP-conjugated IgG secondary antibody at room
temperature for 2 h. The membrane was then washed with
TBST. The target protein was detected using an ECL chemi-
luminescence detection kit, with B-actin (1: 5000; Abcam;
ab8226) serving as the internal reference. The grey values of
the protein bands were calculated using Image] software.

Wound healing assay. PC-3 cells were cultured in 6-well
plates until they reached 70-80% confluency. Subsequently,
the tips of sterile pipette heads were gently used to create
straight scratches. The PBS buffer was used to gently wash
away the detached cells, and the cells were then cultured
in a serum-free co-culture system. Cells from 0 h and 24 h
of co-culture were taken separately, and cell migration was
observed. Images were captured using an inverted micro-
scope, and the width of the scratch before and after co-culture
was measured for analysis using Image]J software.

Transwell. The Transwell filter chamber underwent
pre-coating with Matrigel (50 mg/l) at a ratio of 1:8 at 4°C
for 30 min. PC-3 cells were cultivated in Hams F-12K
medium for 24 h. Subsequently, they were rinsed twice with
PBS and resuspended in the medium to achieve a density of
2x10° cells/ml. A total of 200 pl of cell suspension/well was
introduced into the upper chamber, while 400 ul of medium
containing 15% FBS was added to the lower chamber in a
24-well plate. Following an incubation period of 48 h at
37°C with 5% CO,, all fixations were carried out using a
4% formaldehyde solution (1 ml) at room temperature for
10 min. After inhaling the stationary fluid, the cells on the
upper surface were eliminated using cotton swabs, and those
adhering to the bottom of the membrane were stained with
0.1% crystal violet at 37 °C for 30 min. The count of invasive
cells was performed under a light microscope (Shanghai Cai
Kang Optical Instrument Co., Ltd.) at a magnification x100
in five randomly selected fields/well.

Analysis of EGFR by flow cytometry. After transfecting
PC-3 cells for 48 h, they were subjected to trypsinization and
centrifuged at 1500xg for 5 min. The cells were then washed
with PBS and fixed with 3% paraformaldehyde at 4°C for
30 min. Subsequently, they were subjected to blocking
and incubation using an anti-EGFR monoclonal antibody
(Abcam; ab52894) and fluorescein isothiocyanate (FITC)-
conjugated goat anti-rabbit immunoglobulin (Abcam;

ab223339). A cell count of 3x10* was conducted via flow
cytometry (FACSCalibur) with excitation at 488 nm, and the
data were analyzed using CELLQuest software (BD Biosci-
ence, USA). This experimental procedure was replicated
three times.

Immunofluorescence. Four groups of PC-3 cells subjected
to distinct treatments were harvested and fixed with 4%
paraformaldehyde, permeabilized in 0.1% Triton-X-100,
and blocked with 3% FBS. Subsequently, the cells underwent
treatment with the anti-EGFR antibody (Abcam; ab52894)
for 1 h, followed by incubation with a FITC-conjugated
secondary antibody (Abcam; ab223339) for another hour.
This experiment was replicated three times. Cellular imaging
was conducted using a Leica TCS SP5 confocal microscope
to observe the co-localization of CMTMS5 and EGFR within
the cells.

Co-immunoprecipitation (co-IP) Assay. The PC-3 cells
were rinsed with PBS and subsequently incubated on ice with
RIPA lysis buffer for 30 min. After centrifugation for 10 min,
the supernatant was collected and incubated with the EGFR
antibody or control IgG at 4°C for 2 h. Subsequently, 20 ul
of protein A agarose beads were incubated overnight at 4°C
to facilitate the coupling of the antibody with the protein A
agarose beads. Post immunoprecipitation, the mixture was
centrifuged at 3,000xg for 3 min at 4°C, causing the agarose
beads to settle at the bottom of the tube. The supernatant was
carefully aspirated, and the agarose beads were washed 3-4
times with 1 ml of lysis buffer. Subsequently, 15 pl of 2xSDS
loading buffer was added, and the solution was boiled for 5
min. Finally, the western blotting analysis was conducted,
identifying the binding proteins through immunoprecipi-
tation, and the target protein was detected using the ECL
detection system.

Statistical analysis. The entire dataset was analyzed using
SPSS 20.0 and GraphPad Prism 6.0 (GraphPad Software, San
Diego, CA, USA). The experimental results are presented as
the means * standard deviation (SD). Student’s t-test and
one-way analysis of variance were employed to assess differ-
ences among groups. A significance level of p<0.05 was
deemed statistically significant.

Results

Characterization of PEI-AuNCs and PEI-AuNCs@
pCMTMS5. Evaluation of the dispersion of PEI-AuNCs in
water, PBS, and F12 cell culture medium over 1, 3, and 7 days
indicated favorable dispersion in all three groups, with no
apparent sedimentation observed (Figure 1A). Further assess
the average particle size and zeta potential of PEI-AuNCs in
the aforementioned three media over a continuous seven-
day period, with minimal variations observed (Figures 1B,
1C). Moreover, the average particle size of PEI-AuNCs was
examined under different pH conditions (neutral and acidic)
over seven days (Supplementary Figure S1A), as well as
continuously measured at six time points within the initial
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24 h (Supplementary Figure S1B), indicating the stability
of PEI-AuNCs. The TEM image reveals that PEI-AuNCs
and PEI-AuNCs@pCMTMS5 exhibit uniformly dispersed
spherical structures (Figure 1D). Additionally, DLS analysis
revealed minimal changes in the average particle size and zeta
potential before and after the encapsulation of pCMTMS5,
and the zeta potential result indicated a positive charge on
the surface of the composite, affirming the successful modifi-
cation by PEI (Figures 1E, 1F).

The cytotoxicity and properties of PEI-AuNCs. The
toxicity of empty carrier PEI-AuNCs on PC-3 cells and
human normal prostate epithelial cells RWPE-1 was
examined using the CCK-8 assay. The results revealed that
even after exposure to different concentrations for varying
durations, the cell viability of both groups remained above
80%, and the growth and quantity of the cells were not signif-
icantly affected, indicating low cytotoxicity and excellent
biocompatibility of the prepared PEI-AuNCs (Figure 2A).
In addition, PC-3-GFP cells were employed as a cellular
model. PEI-AuNCs@pGFP was co-cultured with the cells,

A

and commercial transfection reagent Lip2000 served as a
positive control (pGFP group) to evaluate the gene overex-
pression efficiency. As depicted in Figures 2B-2D, Lip2000
transfection resulted in 42% of cells displaying GFP-positive
expression, but concurrently, there was a certain degree of
reduction in cell count, indicating certain toxic side effects
on the cells. In contrast, the GFP-positive efficiency of the
PEI-AuNCs@pGFP group was 75%, with an overexpres-
sion efficiency significantly higher than the pGFP group
(p<0.01), accompanied by a greater cell count. Furthermore,
EMSA was conducted to analyze the protective ability of
PEI-AuNCs for pDNA. The results suggested that, compared
to free pPCMTMS5, PEI-AuNCs@pCMTMS5 remained retained
in the wells, unable to migrate within the electrophoresis
field. In contrast, unprotected free pPCMTM5 was completely
degraded after cultivation with DNase-I (Figure 2E). The
drug release results showed that free pPCMTMS5 exhibits rapid
release in the medium, demonstrating a burst release effect,
with approximately 60% released after 6 h and nearly complete
release by 24 h. In contrast, the release of pPCMTMS5 encap-
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Figure 1. Characterization of PEI-AuNCs and PEI-AuNCs@pCMTMS5. A) The dispersion status, B) the average particle size, and C) the zeta potential
of PEI-AuNCs in water, PBS, and cell culture medium over seven days. D) The morphology of PEI-AuNCs and PEI-AuNCs@pCMTMS5 were deter-
mined by transmission electron microscope (TEM). E) The average particle size and F) the zeta potential before and after the encapsulation of pC-
MTMS5 were measured with dynamic light scattering (DLS). Three independent experiments were conducted in triplicate.
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Figure 2. The cytotoxicity and properties of PEI-AuNCs. A) CCK-8 assay was employed to evaluate the toxicity of PEI-AuNCs on human normal
prostate epithelial cells RWPE-1 and PC-3 cells at 24 and 48 h. B) Confocal laser scanning microscopy was utilized to observe the GFP overexpres-
sion efficiency in PC-3 cells. C) Cell viability following transfection was assessed via the CCK-8 assay. D) Quantitative representation of the positive
transfection rate. E) Electrophoretic mobility shift assay (EMSA) was employed to demonstrate the protective effect of PEI-AuNCs on free DNA. Three
independent experiments were conducted in triplicate. **p<0.01, compared with the pGFP group.

sulated in PEI-AuNCs@pCMTMS5 is stable and sustained,
indicating that PEI-AuNCs can protect the plasmid from
enzymatic degradation while facilitating its transfection into
cells and efhicient release (Figure 2F).

The regulatory function of CMTM5 on EGFR expression
and malignant cell progression. To elucidate the biological
function of CMTMS5 in the pathogenesis of PCa, CMTMS5
overexpression was induced in PC-3 cells, and the transfec-
tion efficiency of CMTMS5 was verified through qRT-PCR
and western blot experiments. Compared to the PEI-AuNCs
group, the transfection with PEI-AuNCs@pCMTMS5 signifi-
cantly elevated both CMTM5 mRNA and protein expression
(p<0.01), and the transfection efficiency was superior to free
pCMTMS5 (Figures 3A, 3B). Further examination through
qRT-PCR and western blot assessed the impact of CMTM5
overexpression on EGFR, the results showed no significant
changes in EGFR expression at both the mRNA and protein

expression levels among the groups, indicating that CMTM5
does not directly inhibit EGFR synthesis or promote EGFR
degradation (Figures 3C, 3D). Moreover, the cell pheno-
typic experiments demonstrated the anti-cancer effect after
transfection with PEI-AuNCs@pCMTM5 loaded with
2.5ug pCMTMS5. The proliferation capacity of PC-3 cells
was significantly inhibited (p<0.001), and their migration
and invasion capabilities were markedly reduced (p<0.01;
p<0.001), with the effects being superior to those observed in
the free pPCMTMS5 group (2.5 ug pPCMTMS5) (Figures 4A-4E).
Additionally, under various treatments of RWPE-1 cells,
as illustrated in Supplementary Figure S2, the outcomes
revealed no significant variance in cell viability among the
different groups, indicating the safety of PEI-AuNCs and the
targeted anti-cancer efficacy of pCMTMS5.

The mechanism of CMTM5 promoting EGFR endocy-
tosis in PCa cells. To delve deeper into the regulatory mecha-
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nism of CMTM5 on EGEFR, cell surface EGFR expression
was assessed through flow cytometry. The results revealed a
significant reduction in cell surface EGFR expression in the
PEI-AuNCs@pCMTMS5 group compared to the PEI-AuNCs
empty control (p<0.01, Figures 5A, 5B). Additionally, fluores-
cence microscopy was employed to detect the co-localiza-
tion between EGFR and CMTMS5. While the control group
and the PEI-AuNCs group showed EGFR localization on
the plasma membrane, transfection with PEI-AuNCs@
pCMTMS5 resulted in the internalization of the majority of
EGEFR into the cells, displaying a significant co-localization
with CMTMS5 (Figure 5C). Quantification of EGFR protein
expression within the cells was further conducted through
western blot experiments. The results demonstrated a signifi-
cant decrease in cell surface EGFR expression (p<0.01) and
a notable increase in intracellular EGFR protein expression
(p<0.01) in the CMTM5-overexpressing PC-3 cells. Detec-
tion of total EGFR protein levels confirmed that the overex-

pression of CMTMS5 had no significant impact on the total
EGEFR level (Figure 6A). Moreover, the results of immuno-
precipitation confirmed that there was no mutual interaction
between CMTMS5 and EGFR, suggesting that CMTMS5 does
not directly interact with EGFR but regulates the malignant
progression of PC-3 cells by promoting EGFR endocytosis
(Figure 6B).

Discussion

Owing to the absence of clinical symptoms in the incip-
ient stage of PCa, its definitive detection relies on prostate
biopsies, alterations in PSA levels, a digital rectal examina-
tion (DRE) [29]. Research to date posits that cell surface
proteins, glycoproteins, receptors, enzymes, and peptides
serve as considered targets for PCa therapy [30]. Tumorigen-
esis emanates from aberrations in the normal expression of
tumor suppressor genes or oncogenic factors [31, 32], and
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Figure 3. The efficiency of CMTM5 overexpression and its impact on EGFR expression. A) RT-qPCR was utilized to assess the mRNA levels of CMTM5.
B) Western blot analysis was conducted to evaluate the protein expression of CMTM5. C) RT-qPCR was utilized to assess the mRNA levels of EGFR. D)
Western blot analysis was conducted to evaluate the protein expression of EGFR. Three independent experiments were conducted in triplicate. *p<0.05,
compared with the control group; ##p<0.01, compared with the PEI-AuNCs group.
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Figure 4. The impact of CMTM5 on the malignant progression of PCa cells. A) The CCK-8 assay was performed to assess the cell viability of PC-3 cells.
B, D) The wound healing assay was employed to investigate alterations in the migratory capacity of PC-3 cells. C, E) The Transwell assay was utilized to
detect variations in the invasive ability of PC-3 cells. Three independent experiments were conducted in triplicate. *p<0.05, **p<0.01, compared with
the control group; ##p<0.01, ###p<0.001, compared with the PEI-AuNCs group.

comprehending the regulatory mechanisms in the cancer
process can facilitate the discovery of novel anti-cancer
modalities. Nucleic acids present a promising tool for thera-
peutic targets, wherein pDNA and small vector DNA are
employed for repairing defective genes. Nevertheless, unlike
small molecule therapy, nucleic acids necessitate delivery
vehicles to shield them from nucleases and other environ-
mental factors and to facilitate their entry into cells. Inorganic
nanoparticles are emerging as promising carriers, presenting
several advantages over conventional lipid carriers [33].
AuNCs serve as ideal delivery carriers, particularly for
nucleic acid delivery applications, owing to a multitude
of advantages, rendering them suitable for a wide range
of biomedical applications [34]. A recent study has also
underscored the efficient transfection of nucleic acids into
mammalian cells mediated by gold nanoparticles, thereby
being employed in the treatment of various types of cancers
[35]. In this study, branched PEI was employed as a reducing
and stabilizing agent in the synthesis of cationic AuNCs,
and both the PEI-AuNCs and PEI-AuNCs@pCMTMS5

underwent characterization through various physicochem-
ical methods. The PEI-AuNCs were well dispersed, and
the variations in particle size and zeta potential over time
were minimal, indicating the commendable stability of the
nanomaterials. Moreover, the morphology, average particle
size, and zeta potential were assessed through TEM and
DLS before and after the encapsulation of pCMTMS5. The
surface of PEI-AuNCs particles appeared rough, composed
of numerous nanoscale pores and channels, which facili-
tates the encapsulation of biologically active molecules
such as proteins, drugs, and genes within the nanoparticles,
PEI-AuNCs@pCMTMS5 also manifested uniformly dispersed
spherical structures. Additionally, the measured average
particle sizes of PEI-AuNCs and PEI-AuNCs@pCMTM5
adhered to the theoretical dimensions of nanoparticles
capable of entering cells [36], and both stability and biocom-
patibility were satisfactory. Moreover, in comparison to the
commercial transfection reagent Lip2000, the group treated
with PEI-AuNCs carrying pGFP exhibited a higher positivity
rate for GFP protein and a greater cell count, demonstrating
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Figure 5. The influence of CMTM5 on EGFR internalization. A, B) Flow cytometry was employed to assess cell surface EGFR expression. C) Immuno-
fluorescence was utilized to investigate the EGFR internalization and co-localization of CMTMS5 and EGFR within the cells. Three independent experi-
ments were conducted in triplicate. **p<0.01, compared with the control group; ##p<0.01, compared with the PEI-AuNCs group.

that PEI-AuNCs@pGFP not only possesses higher trans-
fection efficiency but also exhibits lower toxic side effects.
Furthermore, the structural integrity of the therapeutic gene
is imperative to ensure its intended efficacy both in vitro
and in vivo. An efficacious carrier should provide sufficient
protection to pDNA against endonucleases degradation
[37]. Thus, we evaluated this aspect via gel-based assays by
combining a fixed concentration of PEI-AuNPs nanoconju-
gate with pPCMTM5 DNA. DNase-I was employed as a model
enzyme, effectuating DNA degradation by cleaving phospho-
diester bonds [38]. Complexes were prepared as described in
methods and subjected to varying concentrations of DNase I.
The outcome of EMSA revealed that pPCMTM5 DNA associ-
ated with positively charged PEI-AuNCs through electro-
static interactions, offering complete protection to the bound
CMTM5 DNA. Furthermore, drug release results demon-
strated that PEI-AuNCs can safeguard the efficient release of
pCMTMS5 in cells. Hence, PEI-AuNCs hold the potential to
efficiently achieve targeted delivery of CMTM5 and repre-
sent a promising nanomaterial.

CMTMS5, a multi-pass membrane protein consisting
of 223 amino acids, has been documented for its poten-

tial anti-cancer properties [16]. We investigated the thera-
peutic impact of the CMTMS5 gene in the delivery system
targeting PCa, and the findings revealed that PEI-AuNCs
stably delivered pCMTMS5 DNA into PC-3 cells, markedly
inhibiting the malignant progression of PCa, with superior
efficacy compared to the administration of free pPCMTMS5.
Nevertheless, the precise mechanism by which CMTM5
exerts its anti-PCa effects remains unclear. Presently, most
research findings suggest that PCa cells exhibit malignant
characteristics and metastasis in advanced stages, with the
aberrant activation of the EGFR signaling pathway serving
as a pivotal mechanism in PCa development [39]. Upon the
upregulation of androgen receptor (AR) expression levels in
non-androgen-dependent PCa cells, it was discovered that the
AR could bind with EGFR, thereby inhibiting downstream
PI3K pathway activation. However, with the employment of
anti-androgen drugs, the interaction between AR and EGFR
tended to decrease [40]. Based on the MARVEL domain and
the multi-pass transmembrane domain contained within the
structure of CMTM5, we speculate that CMTMS5 is involved
in the transport process of EGFR. In our study, following
the overexpression of CMTMS5, no significant alteration was
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Figure 6. Detection of CMTMS5 interaction with EGFR. A) Western blot analysis was conducted to assess the protein expression levels of total EGFR, as
well as the protein expression levels of EGFR in the cell membrane and cytoplasm. B) Co-immunoprecipitation experiments were performed to inves-
tigate the interaction between CMTMS5 and EGFR. Three independent experiments were conducted in triplicate. *p<0.05, compared with the control

group; ##p<0.01, compared with the PEI-AuNCs group.

observed in the expression levels of EGFR mRNA and protein,
indicating that CMTMS5 does not facilitate the specific degra-
dation of EGFR or inhibit the synthesis of EGFR.
Internalization and intracellular trafficking of the stimu-
lated EGFRs play a crucial role in diversifying intracellular
signals [41]. Previous studies have shown that CMTMS is
associated with the EGFR membrane complex, and could
regulate EGFR signaling by accelerating membrane receptor
internalization and subsequent degradation in tumor cells
[42]. In addition, CMTM?7 also inhibits cancer cell growth
and represses oncogenic EGFR signaling by promoting EGFR
internalization and further suppressing the Akt signaling
pathway [43]. Yuan et al. [12] suggested that CMTM5 does
not directly inhibit the synthesis of EGFR but speculated
that it may suppress the progression of PCa by promoting
the internalization and degradation of EGFR, thereby
reducing the cell surface EGFR and weakening ligand-EGFR
complex signaling. These findings prompted us to conduct
further mechanistic studies to investigate whether CMTM5-
overexpressing cells lead to an increase in the EGFR inter-
nalization rate. The outcomes of our experiments unveiled
that the overexpression of CMTMS5 in PC-3 cells expedi-

tiously enhances the ligand-induced removal of EGFR from
the cellular membrane surface, with the majority of EGFR
being internalized into the cell and exhibiting a signifi-
cant co-localization with CMTMS5. The western blot results
further elucidated that the overexpression of CMTMS5 facili-
tates the internalization of EGFR, yet fails to elicit heightened
specific degradation of EGFR, as evidenced by the constancy
in total EGFR protein levels. Nevertheless, it is worth noting
that CMTMS5 and EGFR do not engage in direct reciprocal
interactions. A large portion of the internalized receptors
are destined for lysosomal degradation, thereby deactivating
the signaling of the receptor [44]. As far as our knowledge
extends, this is the first evidence confirming that CMTM5
guides EGFR into the endocytic pathway, facilitating the
removal of EGFR from the cell membrane surface, thereby
suppressing its oncogenic potential.

In summary, this study has employed the establishment
of a well biocompatible PEI-AuNCs nano-delivery system to
effectively deliver pPCMTMS5 to PCa cells. The experimental
evidence validates CMTMS5 as a novel negative regulatory
factor in EGFR-induced signal transduction, exerting its
anti-PCa effects by inducing EGFR endocytosis. With the
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assistance of nanomaterial formulations, we posit that this
combined approach is well-suited for in vivo targeted delivery
of anti-cancer genes for therapeutic purposes. Further explo-
ration of the in vivo mechanisms of biological distribution is
warranted, and the current findings carry substantial signifi-
cance for future in-depth investigations into the endocytosis
and signal transduction mechanisms of EGFR.

Supplementary information is available in the online version
of the paper.
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