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Abstract 

An increasing body of evidence suggests that acylphosphatase-2 (ACYP2) polymorphisms are correlated 
with an increased susceptibility to a range of malignancies. Nevertheless, its potential functions, molecular mechanisms 
in hepatocellular carcinoma (HCC) and whether it can be act as a therapeutic target remain uninvestigated. Herein, 
ACYP2 was found to be lowly expressed in HCC and was negatively correlated with tumor size, tumor differentiation, 
microvascular invasion and the prognosis of HCC patients. Functional investigations revealed that overexpression 
of ACYP2 inhibited the proliferation and metastasis of HCC cells while promoting apoptosis; knockdown of ACYP2 had 
the exact opposite effect. Additionally, it was observed that ACYP2 was distributed in both the cytoplasm and nucleus 
of HCC cells. According to the mechanistic studies, the expression of potassium calcium-activated channel subfamily N 
member 4 (KCNN4) was negatively regulated by cytoplasmic ACYP2, resulting in the inhibition of K+ outflow and sub-
sequent inactivation of the ERK pathway, which impeded the growth and metastasis of HCC. Furthermore, the activity 
of telomerase reverse transcriptase (TERT) was inhibited by nuclear ACYP2, leading to the reduction in length of tel-
omeres and consequent reversal of HCC cell immortalization. Additionally, a novel targeted nanotherapy strategy 
was developed wherein the pcDNA-ACYP2 vector was encapsulated within polyetherimide nanoparticles (PEI/NPs), 
which were subsequently coated with HCC cell membranes (namely pcDNA/PEI/NPs@M). Safety and targeting charac-
teristics abound for these nanocomposites, in both subcutaneous graft tumor models and orthotopic mouse models, 
they inhibited the progression of HCC by impeding TERT activity and the KCNN4/ERK pathway. In conclusion, our 
research identifies novel molecular mechanisms involving cytoplasmic and nuclear ACYP2 that inhibit the progression 
of HCC. Moreover, pcDNA/PEI/NPs@M represents a targeted therapeutic strategy for HCC that holds great promising.
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Introduction
Hepatocellular Carcinoma (HCC) is the most preva-
lent form of liver cancer and the second leading cause of 
cancer-related mortality globally. It is categorized as one 
of the most preponderant malignancies [1]. During the 
initial phases of HCC, symptoms are not conspicuous, 
leading to the diagnosis of more than 60% of patients at 
an advanced stage, thereby substantially reducing their 
5-year survival rate. Furthermore, the absence of effica-
cious treatment modalities frequently renders punc-
tual intervention unattainable for patients afflicted with 
advanced HCC [2]. This necessitates an immediate inves-
tigation into precise biomarkers for early detection and 
the identification of more effective therapeutic targets for 
this fatal disease.

Acylphosphatase-2 (ACYP2), an isoform of ACYP, is 
extensively distributed in vertebrate tissues and is located 
at chromosome 2p16.2 [3]. It is one of the enzymes that 
has been identified thus far with the smallest molecular 
weight. Its specific function is to facilitate the hydrol-
ysis of acylphosphate compounds in  vitro. ACYP1 
and ACYP2 are isoforms that consist of 60% identi-
cal sequence and display identical substrate specificity. 
Research has shown that ACYP is involved in numerous 
vital biological processes in vertebrates, including regu-
lation of the glycolytic pathway, induction of apoptosis, 
and regulation of Na+, K+, and Ca2+ ion transporters [4, 
5]. Furthermore, it has been documented that ACYP2 
polymorphisms are correlated with an increased suscep-
tibility to a range of malignancies, such as gastrointestinal 
cancer, renal cell cancer, and squamous carcinoma of the 
larynx [6, 7]. Li et  al. [8] showed that ACYP2 is closely 
associated with gliomas. Except for this, the expression 
mechanism of ACYP2 in other cancers is not clear. Based 
on these results, it appears that ACYP2 can play a role 
in the formation and progression of the vast majority of 
cancers. Nonetheless, the precise functions of ACYP2 in 
HCC carcinogenesis require additional investigation.

Potassium calcium-activated channel subfamily 
N (KCNN), a Ca2+-dependent potassium channel is 
encoded by four distinct genes (KCNN1–4), the expres-
sion of which is regulated in a manner that is specific 
to progression, development and tissue, which plays an 
important role as a key biomarker in a variety of biologi-
cal processes [9, 10]. However, although a large number 
of studies on KCNN expression have been conducted, the 
specific mechanisms of its role in HCC are still not fully 
understood.

An increasing body of evidence supports the notion 
that nonviral vector-mediated gene delivery offers a 
viable strategy for effective gene transfer owing to its 
enhanced biosafety, diminished likelihood of detrimental 
immune responses, and capacity to integrate viral genes 

into the genome of the host [11]. The utilization of nano-
particles (NPs) in the development of gene-drug deliv-
ery systems has become increasingly prevalent in recent 
times [12]. NPs fail to progress to the clinical stage on 
account of their toxicity and degradation [13]. Increas-
ing the biocompatibility of materials is necessary to sur-
mount these obstacles and enhance the implementation 
of NPs. Cationic polyethyleneimine (PEI) is a substance 
utilized in the delivery of nucleic acids [14]. PEI and its 
derivatives are extensively utilized as reference agents in 
the field of polymer-based gene delivery and in funda-
mental investigations [15]. As a result, PEI was employed 
in conjunction with NPs to enhance the therapeutic 
impact [16]. Furthermore, the encapsulation of nonviral 
vector-mediated gene delivery systems in nanomaterials 
coated with tumor cell membranes can prevent unantici-
pated losses during transport to the target site, enabling 
effective local gene therapy while minimizing nonspecific 
diffusion into other tissues [17, 18]. However, additional 
research is necessary to ascertain whether the treatment 
is more effective with the PEI/NPs encapsulating the vec-
tor coated with HCC cell membrane.

The present study documented a notable reduction in 
the expression of ACYP2 in HCC. Furthermore, it was 
observed that cytoplasmic ACYP2 inhibited the ERK 
pathway by negatively regulating potassium calcium-acti-
vated channel subfamily N member 4 (KCNN4), thereby 
effectively impeding K+ efflux and thereby inhibiting 
tumor growth and metastasis in HCC cells. Furthermore, 
through its regulation of telomerase reverse transcriptase 
(TERT) activity, nuclear ACYP2 may possess the abil-
ity to halt the immortalization process of HCC cells by 
inducing telomere shortening. Furthermore, the pcDNA-
ACYP2 vector was encapsulated within PEI/NPs nano-
materials and subsequently coated with the HCC cell 
membrane to create the pcDNA/PEI/NPs@M nanocom-
posites. These nanocomposites demonstrated remarkable 
inhibitory effects on the development of orthotopic HCC 
in mouse models. These results indicate that ACYP2, in 
its capacity as a tumor suppressor, may have therapeutic 
potential as a target for HCC.

Materials and methods
Clinical sample
Fifty-two HCC tissues and their corresponding adjacent 
normal tissues were collected at the Affiliated Hospital 
of Nantong University between May 2018 and May 2020. 
A pathological examination was performed on each tis-
sue prior to its storage at − 80  °C for subsequent analy-
sis. Before undergoing surgery, none of the patients had 
been administered chemotherapy or radiation therapy. 
The ethics committee of the Affiliated Hospital of Nan-
tong University approved this research, and informed 
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consent was obtained from all participants. In Table S1, 
the clinicopathological characteristics of the HCC cases 
are detailed.

RNA extraction, reverse transcription, and qRT‑PCR
QRT-PCR, RNA extraction, and reverse transcription 
Total RNA was reverse-transcribed into cDNA using a 
reverse transcription kit (Thermo Fisher Scientific, USA) 
after being extracted with TRIzol reagent (Invitrogen, 
USA). The cDNAs were amplified using a Plus SYBR real-
time PCR mixture (BioTeke, Beijing, China) on a Light 
Cycler 480 instrument (Roche, Germany). Compara-
tive cycle threshold values (2−ΔΔCt) were computed in 
order to assess the expression levels of ACYP2, KCNN4, 
and TERT. The reference gene for ACYP2, KCNN4, and 
TERT was GAPDH. The comprehensive primer specifi-
cations are detailed in Table S2.

Cell culture
Human HCC cell lines and LO2, a normal liver cell line, 
were supplied for cell culture by the Cell Bank of the Chi-
nese Academy of Sciences (Shanghai, China). LO2 cells 
were cultured in RPMI-1640 medium (Corning, NY, 
USA), while HCC cells were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM, Corning, USA). 10% fetal 
bovine serum (FBS, Lonsera, USA) was added to each cell 
in a humidified environment with 5% CO2 and 37 °C.

Cell transfection
HCC cells were subjected to transfection with vari-
ous constructs, including si-ACYP2 (si-ACYP2-1, si-
ACYP2-2), siRNA negative control (si-NC), pcDNA 
negative control (vector), and pcDNA-ACYP2. Using 
Lipofectamine 3000 (Invitrogen, USA), the cells were 
transfected when confluence had approximated 70%. The 
qRT-PCR assay was utilized to evaluate the transfection 
efficiency following a 48-h incubation period. For a sum-
mary of the siRNA vectors used in this investigation, see 
Table S3.

Cell proliferation
For the cell proliferation assay, the CCK-8 reagent (Med-
ChemExpress, Shanghai, China) was utilized. In 96-well 
plates, HCC cells were seeded at a density of 3000 cells 
per well. Each well was supplemented with 10  µL of 
CCK-8 solution at 24, 48 and 72  h post-inoculation; 
incubation was then continued for an additional 2 h. The 
absorbance values were subsequently determined using 
a microplate reader (Thermo Fisher Scientific, USA) at a 
wavelength of 450 nm. Furthermore, an evaluation of cell 
proliferation was performed utilizing the EdU cell prolif-
eration assay reagent manufactured by Beyotim, China. 
HCC cells were incubated in 48-well plates containing 

100 µL of EdU working solution for a duration of 2 h. The 
cells were then immersed for 15 min in a 4% solution of 
paraformaldehyde before being encapsulated in a PBS 
solution supplemented with 3% bovine serum albumin 
(BSA). Following a 15-min immersion in a 0.3% Triton 
X-100 solution, the cells were subjected to a subsequent 
15-min staining step using Hoechst 33258 stain solution 
at a concentration of 1 µg/mL. In conclusion, a fluores-
cent microscope (Olympus Corporation, Japan) was uti-
lized to examine the cells.

Clone formation assay
In order to conduct the clone formation assay, an approx-
imate density of 1 × 103 HCC cells were seeded per well 
into six-well plates, followed by a 2-week incubation 
period. Following that, the cells were fixed using a for-
maldehyde solution containing 4% and subsequently 
stained using a crystal violet solution containing 0.1%. 
Positive clones are observed using a microscope. These 
clones are usually aggregates containing more than 50 
cells each. Clones are usually between 0.3 and 1.0 mm in 
size. The positive clones are photo documented under the 
microscope using a camera. Positive cells were counted 
and analyzed using imageJ.

Wound‑healing assay
For the wound-healing assay, the back of the six-well cell 
culture plates was annotated with a marker pen. Subse-
quently, cells were inoculated into each well in a man-
ner that ensured the inoculation fusion rate could attain 
100% as a monolayer during the overnight period. Sev-
eral uniformly spaced incisions were made with a 200-µL 
pipette tip positioned perpendicular to the culture plates, 
once the cells had completely covered the lower sur-
faces. Following the removal of cell fragments caused by 
the scratch, the cells were washed three times with PBS 
buffer and the cell culture solution was drained off. Each 
well was supplemented with serum-free medium, and 
the culture plates were incubated at 37 °C in an incuba-
tor containing 5% CO2. Following this, photographs were 
captured at 0 h and notes were made at 24 h, respectively. 
The recovery rate of the abrasion was assessed and com-
puted utilizing ImageJ software in conjunction with the 
gathered images.

Cell invasion assays
In order to conduct cell invasion assays, the upper cham-
ber was inoculated with 7 × 105 cells/mL of HCC cells in 
serum-free DMEM medium and positioned in a 100 µL 
Matrigel (1:10, BD Bioscience). In order to supplement 
the lower chambers, DMEM containing 10% FBS was 
added. The compartments were extracted following a 
48-h incubation period, followed by fixation in a 4% 
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solution of paraformaldehyde and staining with a 0.1%ssa 
solution of crystal violet. Following a gentle wiping of 
the upper chambers with a cotton swab, the quantity of 
invading cells in the lower chambers was determined 
using a microscope. Cell counting was performed with 
imageJ using the Multi-Point tool, and positive cells were 
counted and analyzed.

Cell apoptosis experiment
For the cell apoptosis experiment, 70% ethanol was used 
to stabilize HCC cells that were collected. After adding 
50 µL of enzyme solution, the mixture was incubated at 
37 °C. Following that, the cells were stained with 200 µL 
of Annexin V-Alexa Fluor 647/PI-containing dye (Beyo-
time, China) under dark conditions and incubated on ice. 
Flow cytometry was subsequently employed to analyze 
apoptotic cells (BD Bioscience, USA).

Nuclear and cytoplasmic RNA extraction
Extraction from the nucleus and cytoplasmic RNA was 
performed utilizing nuclear and cytoplasmic protein 
extraction kits, manufactured by Beyotime Biotechnol-
ogy. An qRT-PCR assay was subsequently utilized to 
determine the level of ACYP2 expression in the cyto-
plasm and nucleus. (18s serves as the nuclear reference 
control, while U6 serves as the cytoplasmic reference 
control).

Confocal microscope assay
In order to perform a confocal microscope assay utilizing 
immunofluorescence, the cells were cultured overnight 
on a coverslip, fixed for 3  min with 30% paraformalde-
hyde, and subsequently stained with DAPI (1 µg/mL). To 
perform PBFI AM (K+ Indicator) staining, cells were sub-
jected to a 1:400 dilution of PBFI AM (K+ Indicator) and 
incubated for 4  h with equivalent volumes of Pluronic 
F-127 (Maokangbio, China). The cells were subsequently 
rinsed with PBS supplemented with 0.5% BSA. Utilizing 
an Olympus FV1000 confocal laser microscope (Olym-
pus Corporation, Japan), confocal images were obtained.

Western blot assay
HCC cells were collected and lysed with radio immuno-
precipitation assay buffer (RIPA, Solarbio, China) prior 
to Western blot analysis. In order to ascertain the con-
centration of total cellular protein, a NanoDrop One UV 
spectrophotometer (Thermo Fisher Scientific, USA) was 
employed. Following that, protein samples were extracted 
utilizing a 10% PAGE gel rapid preparation kit (EpiZyme, 
China) and subsequently transferred onto a PVDF mem-
brane (Milipore, Germany) with a pore size of 0.45 µm. 
The PVDF membrane was subsequently blocked at room 
temperature for two hours before being treated overnight 

at 4  °C with the diluted primary antibodies, followed by 
the designated secondary antibodies (Abcam, USA) for 
one hour. Enhanced chemiluminescence reagents (New 
Cell & Molecular Biotech, China) were employed to iden-
tify the bands. In order to quantify the data, Image J soft-
ware (NIH Image, Bethesda, MD) was utilized. GAPDH 
(Absin, China), ERK and p-ERK (Proteintech, China), 
P38, p-P38, JNK and p-JNK (Abmart, China), ACYP2, 
KCNN4, and TERT (Abcam, UK) were the primary anti-
bodies employed in this investigation.

Immunoprecipitation (IP) analysis
For immunoprecipitation (IP) analysis, cell lysates were 
obtained and subsequently subjected to protease inhib-
itor-containing lysis buffer. Immunoprecipitation was 
performed on cell extracts (2  mg/500  µL) utilizing the 
Pierce Co-immunoprecipitation Kit (Thermo Fisher Sci-
entific, USA). Overnight at 4 °C, diluted cell lysates were 
combined with 2 to 5 µg of antibody and incubated. Fol-
lowing a 2-h rotation at 4  °C the following day, protein 
complexes were isolated utilizing magnetic protein A/G 
dynabeads. Following that, the samples were rinsed with 
wash buffer and boiled in preparation for Western blot 
analysis.

Enzyme‑linked immunosorbent assay (ELISA)
The 96-well plates utilized in this enzyme-linked immu-
nosorbent assay (ELISA) were loaded with 100 µL of sam-
ples or standards. The comprehensive methodology was 
carried out in accordance with the guidelines provided by 
the manufacturer (Sangon Biotech, China). The amount 
of TERT in each well was determined by calculating the 
absorbance at 450 nm using a microplate reader (Thermo 
Fisher Scientific, USA) and the corresponding standard 
curve.

Fluorescence in situ hybridization
For fluorescence in situ hybridization, 24-well plates were 
inoculated with the cells. In order to enhance cell perme-
ability, the cells were fixated at an approximate conflu-
ence of 70%. Following that, the cells were subjected to 
treatment using probes (Ribobio, China) that contained 
either TERT or GAPDH in accordance with the guide-
lines provided in the fluorescence in situ hybridization kit 
(GenePharma, China). Following the staining of the cell 
nuclei with DAPI, the cells were examined via fluores-
cence microscopy.

Construction of nano‑drug carrier
For the fabrication of nano-drug-carrier membranes 
derived from HCC cells, a PEI-loaded PLGA core was 
coated (PEI/NPs). Following this, a solution was pre-
pared by combining 1 mL of aqueous NPs (10  mg/mL) 
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with 50 µL of PEI solution (10 mg/mL) and incubating at 
ambient temperature for 15 min. Following this, 500 µL 
of pcDNA-ACYP2 (500 ng/µL) was added to the mixture, 
and the mixture was incubated at ambient temperature 
for 20 min in order to produce pcDNA/PEI/NPs. Prepa-
ration of compounds comprising SK-Hep-1 cell vesicles 
and PEI nanoparticle complexes. The compounds were 
passed through 200 µm and 400 µm porous polycarbon-
ate membranes by means of a micro-extruder (Avanti 
Polar Lipid). A total of ten extrusion cycles were utilized 
in order to generate pcDNA, PEI, and NPs@M.

(Loading rate: 0.25  mg plasmid/10  mg nano-
spheres = 2.5%. Encapsulation rate: according to the gel-
blocking experiment, the encapsulation rate can reach 
100%).

Animal experiments
Animal experiments were approved by the Animal Care 
and Ethical Committee of Nantong University. Every 
experimental procedure was conducted in strict adher-
ence to the pertinent regulations and institutional pro-
tocols established by Nantong University. To generate 
stable expression cell lines for the HCC transplant tumor 
model, cells were transfected with pcDNA/PEI/NPs@M 
and its negative control (nc/PEI/NPs@M). Four weeks 
of age nude mice were injected subcutaneously with an 
estimated 1 × 107 cells, which were separated into left 
(nc/PEI/NPs@M) and right (pcDNA/PEI/NPs@M) axilla 
regions. The size of the tumor was assessed on a weekly 
basis utilizing calipers, and updates on tumor growth 
were documented accordingly. Subsequent to a duration 
of 3 weeks, the tumors were surgically removed from the 
rodents, and their mass and volume were documented. 
Moreover, sections of the lesions were prepared for H&E 
staining and immunohistochemistry analysis using par-
affin-embedded techniques. To initiate the development 
of the orthotopic HCC mouse model, chloral hydrate 
was used to anesthetize nude BALB/c rodents. Follow-
ing that, a surgical incision was made in the abdominal 
cavity, followed by the injection of 1 × 106 HCC cells into 
the designated area of the liver. After that, the abdomen 
was sealed. Every 7  days, saline, PEI/NPs@M, nc/PEI/
NPs@M, and pcDNA/PEI/NPs@M were administered 
intravenously through the tail vein of nude rodents. Fol-
lowing this, experimental data were gathered on days 
14, 21, and 28 utilizing the IVIS Spectrum (PerkinElmer, 
USA). In vitro studies: 100 µg/mL in cell culture. In vivo 
studies: in animal models, the dose of 10  mg/kg was 
administered intravenously.

Immunohistochemical staining
For immunohistochemical staining, paraffin-embedded 
sections were performed after the tumors were fixed in 
4% paraformaldehyde. Subsequently, the tumor sections 
underwent antigen extraction via microwave irradia-
tion after being defatted with xylene. Following that, the 
primary antibodies (H&E, PCNA, Ki67, Bcl-2, MMP2, 
ACYP2, and KCNN4) were incubated with the sections, 
which were then followed by the secondary antibod-
ies (Santa Cruz, CA, USA). Following a comprehensive 
cleansing process, the sections underwent staining with 
3,3′-diaminobenzidine (DAB) and hematoxylin. The 
sections were subsequently captured on film using an 
inverted microscope.

Statistical analysis
Statistical analysis was performed on the data utilizing 
SPSS 21.0 and GraphPad Prism Version 8.0. Using the 
chi-square test, the correlation between ACYP2 expres-
sion and clinicopathological characteristics of HCC 
was determined. A Kaplan–Meier survival analysis was 
employed to evaluate the overall survival rate. Considera-
tion was given to a two-sided analysis with a significance 
level of 0.05 in order to ascertain statistical significance. 
The formula used to represent all data is mean ± standard 
deviation. In order to compare the groupings, either a 
t-test or analysis of variance was implemented.

Results
ACYP2 is lowly expressed in HCC
Four most dysregulated genes, namely ERCC5, ABCC2, 
ACYP2, and YTHDF2, were firstly identified by analyz-
ing the Gene Expression Omnibus (GEO) dataset and fil-
tering them from heatmaps and volcano maps. (Fig. 1A). 
QRT-PCR analyses further verified that the expression of 
ACYP2 was drastically downregulated (p < 0.001) in HCC 
tissues relative to the adjacent normal tissues, whereas 
the expression of YTHDF2 was marginally overexpressed 
(p < 0.05). Conversely, there were no noteworthy vari-
ations in the expression levels of ERCC5 and ABCC2 
between the adjacent normal tissues and the HCC tis-
sues (Fig.  1B). Furthermore, as indicated by the TCGA 
data, ACYP2 was the most significantly associated with 
the G-grade of patients diagnosed with HCC among the 
four dysregulated genes (Fig. S1A). Additionally, western 
blot analyses indicated a 50% reduction in the expres-
sion of the ACYP2 protein in HCC tissues relative to 
the neighboring normal tissues (Fig.  1C). As a result, 
ACYP2 was selected as an individual worthy of additional 
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scrutiny. Additionally, upon conducting a correlation 
analysis of clinicopathologic attributes, it was observed 
that the tumor size, tumor differentiation, and microvas-
cular invasion (MVI) of patients with HCC were all sig-
nificantly correlated with downregulated ACYP2 (Fig. 1D 
and Table S1). Furthermore, a receiver operating charac-
teristic (ROC) curve was constructed, and its area under 
the curve was calculated to be 0.826. This value suggests 
that ACYP2, which was expressed at a low level, may pos-
sess diagnostic potential for hepatocellular carcinoma 
(Fig. 1E). Furthermore, according to both the TCGA data 
and follow-up of our enrolled cohort of HCC cases, the 
Kaplan–Meier survival analysis revealed that patients 
with low ACYP2 expression had a median survival time 
compared to high expression, with a significance level of 
p = 0.0203 (Fig. 1F and Fig. S1B). ACYP2 that is downreg-
ulated may collectively serve a crucial role in HCC.

ACYP2 inhibits HCC cell proliferation and metastasis
ACYP2 inhibits the proliferation and metastasis of HCC 
cells. The expression pattern of ACYP2 in HCC cell lines 
was analyzed in order to investigate its biological func-
tions. To this end, pcDNA-ACYP2 and si-ACYP2-1/3, 
which are ACYP2-targeted RNA interference vectors 
and an overexpression vector, respectively, were con-
structed. The qRT-PCR analyses demonstrated that the 
levels of ACYP2 expression were significantly reduced in 
all five HCC cell lines compared to the liver normal cell 
line (LO2, Fig.  2A). Furthermore, it was observed that 
SMMC-7721 and BEL-7404 cells transfected with si-
ACYP2-1 or si-ACYP2-2 exhibited significant transfec-
tion efficiencies, as did SK-Hep-1 cells transfected with 
pcDNA-ACYP2 (Fig.  2B). Subsequently, soft-agar col-
ony formation and CCK-8 assays revealed that pcDNA-
ACYP2-treated SK-Hep-1 cells exhibited a substantial 
inhibition in both colony-forming and cellular prolifera-
tion (p < 0.05). Conversely, SMMC-7721 and BEL-7404 
cells treated with si-ACYP2-1 or si-ACYP2-2 exhibited 
a substantial enhancement in these parameters (p < 0.05) 
(Fig. 2C, Fig. S2B and Fig. S2C) Moreover, flow cytometry 
experiments demonstrated a significant increase in the 

number of SK-Hep-1 cells undergoing apoptosis when 
treated with pcDNA-ACYP2 (p < 0.01). Conversely, the 
number of SMMC-7721 and BEL-7404 cells that under-
went apoptosis was drastically reduced when treated 
with either si-ACYP2-1 or si-ACYP2-2 (Fig. 2D and Fig. 
S2A). Furthermore, wound healing and transwell assays 
provided additional evidence [1] that pcDNA-ACYP2-
treated SK-Hep-1 cells exhibited significantly dimin-
ished cell migration and invasion capabilities (p < 0.001), 
whereas si-ACYP2-1 or si-ACYP2-2-treated SMMC-
7721 and BEL-7404 cells displayed conspicuous enhance-
ments in these parameters (p < 0.05) (Fig.  2E, F). The 
cumulative results of these studies suggest that ACYP2 
potentially functions as a tumor suppressor by impeding 
the proliferation and metastasis of HCC cells in vitro.

Cytoplasmic ACYP2 inhibits HCC progression 
through inactivating the KCNN4/ERK pathway
In order to obtain additional knowledge regarding the 
intracellular mechanisms of ACYP2 in HCC, a nucleo-
plasm separation assay was conducted. The presence of 
ACYP2 in both the nucleus and cytoplasm was identi-
fied in both normal (LO2) and HCC (SMMC-7721 and 
BEL-7404) cell lines via dual-localization. Furthermore, 
SK-Hep-1 cells that were treated with pcDNA-ACYP2 
exhibited increased expression of ACYP2 in both the 
cytoplasm and nucleus (Fig. S3A). In addition to cata-
lyzing the hydrolysis of phosphatase intermediates, 
ACYP2 decouples the Ca2+ and K+ channels across cel-
lular membranes [19]. Furthermore, it has been demon-
strated that ACYP2 influences Ca2+ concentration and 
is involved in the progression of glioma, whereas intra-
cellular calcium can mobilize KCNN, a Ca2+-dependent 
potassium channel. We therefore hypothesized that 
intracellular K+ homeostasis could be regulated via 
an interaction between ACYP2 and KCNN [8]. In line 
with findings reported in the literature, our qRT-PCR 
analyses revealed that the mRNA level of KCNN4 was 
the only one to decrease in SK-Hep-1 cells treated with 
pcDNA-ACYP2. This suggests that ACYP2 may play a 
regulatory role in the expression of KCNN4 in HCC (Fig. 

(See figure on next page.)
Fig. 1  ACYP2 is lowly expressed in HCC. A The heatmap and volcano map analysis of the dysregulated genes in HCC from GEO database; B 
the expressions of 4 selected genes (ERCC5, ABCC2, ACYP2 and YTHDF2) in 52 HCC tissues and paired para-cancerous tissues were detected 
by qRT-PCR; C the protein expression of ACYP2 in HCC tissues and paired para-cancerous tissues was analyzed by western blot; D association 
analysis of ACYP2 expression with tumor differentiation, tumor size, and microvascular invasion of HCC cases; E ROC curve analysis of ACYP2 
differentiating HCC from normal tissue; F Kaplan–Meier was used to assess the relationship between ACYP2 expression and the prognosis of HCC 
patients. *p < 0.05, **p < 0.01
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S3B). Furthermore, a negative correlation was observed 
between the expressions of KCNN4 and ACYP2 in 
HCC, as indicated by TCGA data (Fig. S3C). Addition-
ally, qRT-PCR assays confirmed the overexpression of 
KCNN4 in HCC and found it to be negatively corre-
lated with the expression of ACYP2 (p < 0.01) (Fig.  3A). 
Also, the cooperation between ACYP2 and KCNN4 was 
confirmed via co-IP experiments (Fig.  3B). In a similar 
fashion, qRT-PCR and western blotting were utilized to 
confirm their interaction at the molecular and protein 
levels; these techniques revealed that KCNN4 expression 
was upregulated subsequent to ACYP2 knockdown and 
downregulated subsequent to its overexpression (Fig. 3C, 
D). Following this, si-KCNN4 and si-KCNN4 + siA-
CYP2 transfection efficiency assays were validated (Fig. 
S4A). Through recuperation experiments, the interac-
tion between ACYP2 and KCNN4 was further clarified. 
As determined by the CCK-8, EDU, and soft agar col-
ony formation assays, si-KCNN4 significantly inhibited 
the cell proliferation and colony-forming capabilities of 
SMMC-7721 and BEL-7404 cells. However, these char-
acteristics were restored in cells treated with si-ACYP2 
(si-ACYP2-1) + si-KCNN4 (Fig. 3E, Fig. S4B, D). Further-
more, flow cytometry analyses demonstrated a significant 
increase in the number of SMMC-7721 and BEL-7404 
cells that underwent apoptosis when treated with si-
KCNN4. Conversely, the number of SMMC-7721 and 
BEL-7404 cells that underwent apoptosis decreased dras-
tically when treated with si-ACYP2 + si-KCNN4 (Fig. 3F 
and Fig. S4C). Additionally, wound healing and transwell 
assays demonstrated that si-KCNN4 significantly inhib-
ited the migratory and invading capabilities of SMMC-
7721 and BEL-7404 cells, whereas si-ACYP2 + si-KCNN4 
significantly increased these functions in the aforemen-
tioned cells (Fig. 3G and Fig. S4E). In addition, ion-colori-
metric analysis showed that both pcDNA-ACYP2-treated 
SK-Hep-1 and si-KCNN4-treated SMMC-7721 and 
BEL-7404 extracellular K+ concentrations were signifi-
cantly elevated, whereas si-ACYP2 + si-KCNN4-treated 
SMMC-7721 and BEL-7404 extracellular K+ concentra-
tions were significantly decreased (Fig. 3H and Fig. S4F). 
Subsequently, confocal fluorescence microscopy analysis 
revealed that the intracellular potassium fluorescence 

signals of SMMC-7721 and BEL-7404 cells treated with 
si-KCNN4 were significantly diminished, whereas they 
were reinstated to their initial levels in cells treated with 
si-ACYP2 + si-KCNN4 (Fig.  3I). By interacting with 
KCNN4, ACYP2 facilitates intracellular K+ efflux, as 
demonstrated by these experiments.

It has been documented that KCNN4 influences the 
development of various types of cancer via the MAPK 
signaling pathway [20]. Additionally, a significant corre-
lation was observed in the function of the downstream 
ACYP2 MAPK pathway according to KEGG data (Fig. 
S4G). Validation was performed on the signaling path-
ways of ERK, P38, and JNK and their phosphorylated 
proteins, which are essential for K+ transport. The results 
of Western blot analysis revealed a substantial decrease 
in the expression levels of ERK and p-ERK in SMMC-
7721 and BEL-7404 cells treated with si-KCNN4. Con-
versely, the expression levels of P38 and JNK remained 
unaltered. Furthermore, it was observed that si-
ACYP2 + si-KCNN4-treated SMMC-7721 and BEL-7404 
cells exhibited increased expression levels of both ERK 
and p-ERK, whereas pcDNA-ACYP2-treated SK-Hep-1 
cells displayed decreased expression levels (Fig.  3J and 
Fig. S4H). By impeding the activation of KCNN4 and 
subsequent release of K+, ACYP2 in HCC cells inhibits 
the ERK pathway and impedes the malignant progression 
of HCC.

Nuclear ACYP2 inhibits HCC progression and immortality 
through inactivating the TERT activity
As a telomere length-related gene, ACYP2 influences 
telomerase expression levels in addition to having its 
polymorphisms linked to the risk of multiple malignan-
cies [21]. Additionally, by modulating telomerase activ-
ity, TERT affects telomere length, which impacts the 
prognosis and diagnosis of cancer. As a result, we pos-
tulated that the interaction between ACYP2 and TERT 
influences the length of telomeres [7]. To determine the 
mechanism by which ACYP2 and TERT function in the 
nucleus, the TCGA database was used to obtain HCC 
patient information. The correlation between ACYP2 
and TERT expression levels were analyzed by Spearman 
correlation coefficient which correlation coefficient is 

Fig. 2  ACYP2 inhibits HCC cell proliferation and metastasis in vitro. A The expression of ACYP2 in HCC cell lines was detected by qRT-PCR; B 
the transfection efficiencies of knockdown ACYP2 (si-ACYP2) and overexpression of ACYP2 (pcDNA-ACYP2) were measured by qRT-PCR; C 
the proliferation abilities of HCC cells treated with pcDNA-ACYP2 and si-ACYP2-1, -2 were analyzed by CCK-8 assay; D the apoptotic rates of HCC 
cells treated with pcDNA-ACYP2 and si-ACYP2-1, -2 were detected by flow cytometry; E, F the migration and invasion abilities of pcDNA-ACYP2 
and si-ACYP2-1, -2 treated HCC cells were detected by wound healing and transwell methods. Scale bar: 200 μm; *p < 0.05, **p < 0.01, ***p < 0.001

(See figure on next page.)
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− 0.15 (p < 0.01) (Fig. S3C). In addition, qRT-PCR assays 
confirmed that ACYP2 expression was negatively corre-
lated with TERT overexpression in HCC (Fig.  4A). The 
interaction between ACYP2 and TERT was subsequently 
confirmed using a Co-IP assay (Fig.  4B). In a similar 
fashion, qRT-PCR and western blotting were utilized to 
confirm their interaction at the molecular and protein 
levels; these techniques revealed that the expression of 
TERT increased subsequent to ACYP2 suppression and 
decreased subsequent to its overexpression (Fig. 4C, D). 
The results of the enzyme immunoassay demonstrated 
that the level of TERT was considerably higher subse-
quent to the suppression of ACYP2, while it was con-
siderably lower following its overexpression (Fig.  4E). 
Following this, si-TERT and si-TERT + si-ACYP2 con-
structs were fabricated and their transfection efficien-
cies were validated (Fig. S5A). By means of recuperation 
experiments, the relationship between ACYP2 and TERT 
was elaborated. The CCK-8, EDU, and soft agar colony 
formation assays provided evidence that si-TERT treat-
ment substantially diminished the cell proliferation and 
colony-forming capabilities of SMMC-7721 and BEL-
7404 cells. However, si-ACYP2 + si-TERT treatment 
restored these properties in SMMC-7721 and BEL-7404 
cells (Fig.  4F, Fig. S5B, D). In the interim, wound heal-
ing and transwell assays demonstrated that si-TERT 
significantly inhibited the migratory and invading capa-
bilities of SMMC-7721 and BEL-7404 cells, whereas 
si-ACYP2 + si-TERT-treated cells exhibited enhanced 
capabilities in these respects (Fig. 4G and Fig. S5E). Fur-
thermore, flow cytometry experiments demonstrated a 
significant increase in the number of SMMC-7721 and 
BEL-7404 cells undergoing apoptosis when treated with 
si-TERT. Conversely, the number of SMMC-7721 and 
BEL-7404 cells undergoing apoptosis decreased drasti-
cally when treated with si-ACYP2 + si-TERT (Fig. 4H and 
Fig. S5C). The results of fluorescence in  situ hybridiza-
tion and qRT-PCR analysis revealed a notable decrease 

in telomere length in SMMC-7721 and BEL-7404 cells 
treated with si-TERT. Conversely, si-ACYP2 + si-TERT 
resulted in an increase in telomere length in these cells 
(Fig.  4I). Collectively, ACYP2 inhibits TERT in the 
nucleus, thereby reducing Telomere length (TL) and pre-
venting HCC cells from surviving indefinitely.

Synthesis and identification of pcDNA/PEI/NPs@M 
nanocomposites
Identification and synthesis of pcDNA/PEI/NPs@M 
nanocomposites in light of the tumor suppressor func-
tion of ACYP2 in HCC, our objective was to utilize a 
vector that targets the delivery of ACYP2 as a possible 
therapeutic approach for HCC. Following encapsula-
tion of the pcDNA-ACYP2 vector within PEI/NPs, the 
NPs were coated with HCC cell membranes (pcDNA/
PEI/NPs@M). When analyzed using transmission elec-
tron microscopy (TEM), it was observed that pcDNA/
PEI/NPs@M formed spherical vesicles that exhibited 
a consistent particle size distribution (Fig.  5A). Addi-
tionally, the zeta potential and grain size analyses 
revealed that the distances between nc/PEI/NPs@M 
and pcDNA/PEI/NPs@M were around 17.2  mV and 
183.4  nm, and 16.5  mV and 241.7  nm, respectively. 
These results indicate that the NPs@M have the capa-
bility to serve as carriers for infiltration into the tumor 
tissues via the tumor vasculature wall (Fig. S6A). Fur-
thermore, in order to evaluate the safety profile, PBS, 
pcDNA/PEI/NPs, PEI/NPs@M, and pcDNA/PEI/
NPs@M labeled with Cy3 dye were synthesized. CCK-8 
proliferation experiments revealed that both of these 
scaffolds exhibited minimal cytotoxicity towards SK-
Hep-1 cells (Fig.  5B). Furthermore, flow cytometry 
analysis revealed that SK-Hep-1 cells exhibited remark-
able uptake efficiencies for both Cy3/PEI/NPs@M and 
Cy3/pcDNA/PEI/NPs@M, while Cy3/pcDNA/PEI/NPs 
showed no uptake activity. The above results show that 
the nanomaterials encapsulating HCC cell membranes 

(See figure on next page.)
Fig. 3  Cytoplasmic ACYP2 inhibits HCC progression through inactivating the KCNN4/ERK pathway. A KCNN4 expression was detected by qRT-PCR 
and correlation analysis its expression with ACYP2 in HCC; B the interaction between ACYP2 and KCNN4 was verified by Co-immunoprecipitation 
(IP) assay; C the mRNA expression of KCNN4 in si-ACYP2 (si-ACYP2-1) and pcDNA-ACYP2 treated HCC cells was detected by qRT-PCR; D 
the protein expression of KCNN4 in si-ACYP2 and pcDNA-ACYP2 treated HCC cells was detected by western blotting; E the proliferation 
abilities of HCC cells in si-NC, si-KCNN4 and si-ACYP2 + si-KCNN4 treatment groups were analyzed by CCK-8; F the apoptotic rates of HCC cells 
in si-NC, si-KCNN4 and si-ACYP2 + si-KCNN4 treatment groups were detected by flow cytometry; G the cell invasion abilities of si-NC, si-KCNN4 
and si-ACYP2 + si-KCNN4 treatment groups were conducted by transwell assay; H the concentration of K+ was detected by ion chromatography; I 
the fluorescence intensity of K+ in HCC cells was measured by confocal fluorescence microscopy; J The expression of ERK, p-ERK, p38, p-p38, JNK 
and p-JNK proteins of si-NC, si-KCNN4 and si-ACYP2 + si-KCNN4 treatment groups were verified respectively by western blotting. Scale bar: 100 μm; 
*p < 0.05, **p < 0.01, ***p < 0.001
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are better targeted (Fig.  5C). Following that, fluores-
cence imaging demonstrated that a greater concentra-
tion of Cy3/pcDNA/PEI/NPs@M nanocomposites was 
observed in the liver region. Furthermore, these nano-
composites exhibited a more proficient targeting capa-
bility compared to Cy3/pcDNA/PEI/NPs, thus exposing 
the HCC cell membrane’s exceptional biocompatibility 
(Fig.  5D, E). In conclusion, pcDNA/PEI/NPs@M dem-
onstrated exceptional safety and targeting capability 
in vivo.

Anti‑tumor effects of pcDNA/PEI/NPs@M nanocomposites 
in subcutaneous graft tumor models
For subcutaneous tumor formation experiments involv-
ing nude mice, pcDNA/PEI/NPs@M transfected SK-
Hep-1 cells were injected stably into the axilla. pcDNA/
PEI/NPs@M could substantially inhibit the growth of 
subcutaneous tumors after 3  weeks of observation, the 
pcDNA/PEI/NPs@M treatment group exhibited a 50% 
reduction in tumor volume compared to the control 
group (p < 0.001) (Fig. 6A, B). In the pcDNA/PEI/NPs@M 
treatment group, tumor volume and weight were sig-
nificantly reduced and rendered lighter in comparison 
to the negative vector group (Fig.  6C, D). Furthermore, 
the pcDNA/PEI/NPs@M treatment group exhibited a 
significantly decreased positive rate for Ki67 and PCNA 
(markers of tumor proliferation), Bcl-2 (marker of tumor 
apoptosis), and MMP2 (marker of tumor metastasis), as 
determined by H&E and immunohistochemical staining 
(Fig. 6E). Conversely, the rate of ACYP2 was significantly 
increased. Additionally, the pcDNA/PEI/NPs@M treat-
ment group exhibited increased levels of ACYP2 protein 
and decreased levels of p-ERK and TERT proteins, simi-
larly, increased levels of ACYP2 mRNA and decreased 
levels of KCNN4 and TERT mRNA, as determined by 
qRT-PCR and western blot assays (Fig. S7A, B). Further-
more, immunohistochemical analyses revealed a notable 
decrease in the expression of KCNN4 in the tissues of the 
group treated with pcDNA/PEI/NPs@M in comparison 
to the control group (Fig. S7C). Collectively, these results 

suggested that pcDNA/PEI/NPs@M inhibited the growth 
of HCC tumors in subcutaneous graft tumor models.

Anti‑tumor effects of pcDNA/PEI/NPs@M nanocomposites 
in orthotopic HCC transplantation model
The objective of this study was to investigate the potential 
therapeutic effects of pcDNA/PEI/NPs@M nanocompos-
ites on HCC. To achieve this, laparotomy was performed 
on nude mice, and SK-Hep-1 cells were injected into the 
liver of each mouse in order to establish an orthotopic 
HCC transplantation model. The mice were allocated 
arbitrarily into four groups and subsequently adminis-
tered tail vein injections containing different types of 
substances: normal saline, PEI/NPs@M, nc/PEI/NPs@M, 
and pcDNA/PEI/NPs@M (Fig.  7A). Therefore, a signifi-
cant reduction in fluorescence intensity was observed 
in the group of rodents treated with pcDNA/PEI/
NPs@M at 7-day intervals, as compared to the remain-
ing three groups (Fig. 7B, C). A concurrent and substan-
tial decrease in both the quantity and mass of tumors 
was identified (Fig.  7D, E). Furthermore, the pcDNA/
PEI/NPs@M treatment group exhibited decreased con-
centrations of aspartate aminotransferase (AST), alanine 
aminotransferase (ALT), alkaline phosphatase (ALP), 
and creatinine (Cr) when compared to the other groups. 
However, there were no abnormalities detected in total 
protein (TP), albumin (ALB), globulin (GLB), and urea 
nitrogen (BUN) (Fig. S8A-H). In the interim, western 
blot and qRT-PCR analyses revealed that pcDNA/PEI/
NPs@M treatment increased the expression of ACYP2 
while decreasing the expression of KCNN4 and TERT in 
tumor tissues (Fig. 7F–I). In conclusion, the enzyme cor-
relation immunoassay demonstrated that the administra-
tion of pcDNA/PEI/NPs@M resulted in a reduction in 
the concentration of TERT in tumor tissues when com-
pared to the three groups that came before it (Fig.  7J). 
Altogether, pcDNA/PEI/NPs@M has a relatively high 
therapeutic effect on HCC.

Immunohistochemical analysis demonstrated a sub-
stantial decrease in tumor proliferation and metastasis 

Fig. 4  Nuclear ACYP2 inhibits HCC progression and immortality through inactivating the TERT activity. A TERT expression was detected by qRT-PCR 
and correlation analysis its expression with ACYP2 in HCC; B the interaction between ACYP2 and TERT was verified by Co-IP; C the mRNA expression 
of TERT in si-ACYP2 and pcDNA-ACYP2 treated HCC cells was detected by qRT-PCR; D the protein expression of TERT in si-ACYP2 and pcDNA-ACYP2 
treated HCC cells was verified by western blotting; E the concentration of TERT in si-ACYP2 and pcDNA-ACYP2 treated HCC cells was analyzed 
by enzyme-linked immunoassay; F the proliferation abilities of HCC cells in si-NC, si-TERT and si-ACYP2 + si-TERT treatment groups were analyzed 
by CCK-8; G the cell invasion abilities of si-NC, si-TERT and si-ACYP2 + si-TERT treatment groups were detected by transwell assay; H the apoptostic 
rates of si-NC, si-TERT and si-ACYP2 + si-TERT cells treatment groups were detected by flow cytometry. I The changes of telomere length in si-NC, 
si-TERT and si-ACYP2 + si-TERT treatment groups were observed by fluorescence in situ hybridization and qRT-PCR. Scale bar: 100 μm; *p < 0.05, 
**p < 0.01, ***p < 0.001

(See figure on next page.)
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Fig. 5  Synthesis and identification of pcDNA/PEI/NPs@M nanocomposites. A The structures of PEI/NPs@M, nc/PEI/NPs@M and pcDNA/PEI/NPs@M 
were observed by transmission electron microscopy (TEM); B the cytotoxicity of PBS, Cy3/pcDNA/PEI/NPs, Cy3/PEI/NPs@M and Cy3/pcDNA/PEI/
NPs@M complexes was tested using CCK-8 assay; C the particle uptake efficiencies of Cy3/pcDNA/PEI/NPs, Cy3/PEI/NPs@M and Cy3/pcDNA/PEI/
NPs@M complex were measured by flow cytometry; D, E fluorescence imaging revealed that more Cy3/pcDNA/PEI/NPs@M nanocomposites were 
concentrated in the liver area, and their targeting ability was more superior than that of Cy3/pcDNA/PEI/NPs. ns, non-significant, *p < 0.05



Page 16 of 22Wu et al. Journal of Nanobiotechnology          (2024) 22:557 

within the pcDNA/PEI/NPs@M treatment group 
(Fig.  8A) whereas apoptosis was conspicuously aug-
mented. Following H&E staining, the pcDNA/PEI/
NPs@M treatment group exhibited lung, spleen, and 
heart tissues that were normal in appearance, devoid 
of substantial necrosis (Fig.  8B). pcDNA/PEI/NPs@M 
inhibited the proliferation and metastasis of HCC cells in 
orthotopic HCC transplantation model. And there were 
no obvious nodules and necrosis in the organs of mice, 
indicating that the nanoparticles encapsulated in tumor 
cell membranes were not organ toxic.

Discussion
HCC is an extremely lethal malignant tumor of the liver. 
Research has been dedicated to understanding the patho-
genesis, early diagnosis, treatment, and prognosis of this 
malignant tumor [22–25]. Owing to inadequate rates of 
early detection, the majority of HCC patients are diag-
nosed once the disease has advanced to a point where 
surgical intervention is no longer viable [23, 26]. Conse-
quently, chemotherapy has emerged as a prevalent ther-
apeutic approach for patients with advanced HCC [27]. 
Nevertheless, despite its high propensity for drug resist-
ance, HCC remains a highly resistant malignancy [28]. 
Therefore, further analysis of the pathogenesis of HCC 
and search for new diagnostic and therapeutic targets are 
of certain significance for the prognosis and survival of 
HCC patients.

The expression of ACYP2 has been observed exclu-
sively in metastatic colorectal cancer cells in humans, 
which implies a potential association with metastatic 
characteristics [29]. Its precise function in human malig-
nancies, including HCC, remains unknown. We present 
compelling evidence in this study that ACYP2 functions 
as a tumor suppressor gene in HCC. Initially, we estab-
lished a statistically significant association between 
diminished ACYP2 expression and poorer survival in 
HCC patients, as well as demonstrated that ACYP2 
expression is substantially reduced in HCC tissues rela-
tive to control groups. Furthermore, ACYP2 inhibition 
induced cell apoptosis and substantially enhanced cell 
proliferation, colony formation, migration and invasion 
in HCC cells.

Prior to delving deeper into the intracellular mechanism 
of ACYP2 in HCC, we established that ACYP2 exhib-
its a dual localization pattern, occurring simultaneously 
in the nucleus and cytoplasm. The hydrolysis of phos-
phatase intermediates and the decoupling of Ca2+ and 
K+ channels across the cell membrane are both processes 
facilitated by ACYP2. Also, ACYP2 has been proved to 
be implicated in cancer progression in gliomas by affect-
ing Ca2+ concentration, whereas the potassium-calcium-
activated channel subfamily N (KCNN) serves as a Ca2+ 
dependent potassium channel which can be mobilized 
by intracellular calcium [30]. Among them, KCNN4 has 
been extensively researched in a diverse array of physio-
logical processes, including immunomodulation, cell pro-
liferation, and apoptosis [31, 32]. In addition, it has been 
found to promote a malignant phenotype in cancer cells 
by regulating invasion and metastasis in many types of 
cancer [9, 33]. For example, KCNN4 is highly expressed in 
triple-negative breast cancer that has been found to pro-
mote migration and EMT of triple-negative breast cancer 
cells [34]. In clear cell renal carcinoma, high expression of 
KCNN4 is associated with low survival and a high likeli-
hood of metastasis [35]. High expression of KCNN4 is 
associated with lower survival in patients with pancreatic 
cancer [36], and KCNN4 is overexpressed in proximal 
tumors compared to distal tumors of colorectal cancer 
[37]. Therefore, we hypothesized that ACYP2 in the cyto-
plasm leads to K+ efflux by interacting with KCNN4. This 
hypothesis was additionally corroborated in this investi-
gation through the observation that KCNN4 knockdown 
resulted in upregulation of ACYP2 expression, which 
inhibits K+ efflux. Furthermore, ACYP2 knockdown was 
capable of reversing the inhibitory impact of KCNN4 
knockdown on cellular proliferation and migration. 
Additionally, it has been reported that KCNN4 modu-
lates the progression of multiple malignancies via the 
MAPK signaling pathway. ERK is frequently observed in 
human cancers, such as HCC, where its expression regu-
lates invasion, migration, apoptosis, and cell proliferation 
[38, 39]. Our findings indicate that ACYP2 in cytoplasm 
inhibits KCNN4 activation and subsequent K+ release, 
thereby interfering with the ERK pathway and impeding 
the malignant progression of HCC.

Fig. 6  Anti-tumor effects of pcDNA/PEI/NPs@M nanocomposites in subcutaneous graft tumor models. A Image of nude mice inoculated with nc/
PEI/NPs@M and pcDNA/PEI/NPs@M treated HCC cells on left and right sides of armpit for 21 days, respectively; B images of subcutaneous tumors 
in nude mice after surgical dissection; C tumor growth volume and weight measurements of the tumors in nude mice; D 21-day growth curve 
of tumor in nude mice was drawn; E the expressions of Ki67, PCNA, Bcl-2, MMP2 (biomarkers of tumor proliferation, apoptosis and metastasis) 
and ACYP2 in subcutaneous tumors were detected by H&E and IHC staining. Scale bar: 200 μm; *p < 0.05, **p < 0.01

(See figure on next page.)
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TERT plays a pivotal role in the initiation of cancer, 
ensuring genomic stability by preserving telomere length 
and enabling cells to evade senescence [40]. By means 
of telomere-dependent or independent mechanisms, 
the telomerase complex is crucial in the development of 
cancer [41]. These complexes are specific to cancer at 
the level of individual cells and tissue types [42]. TERT 
is influenced by a range of genetic and epigenetic modi-
fications that impact telomerase activity within tumors 
[43]. The telomerase activity expressed via TERT influ-
ences the length of telomeres and can serve as a valuable 
marker for the diagnosis and prognosis of diverse types 
of cancer [44–46]. It was found that ACYP2 in nucleus 
inhibited TERT activity through down-regulation of 
TERT expression, which resulted in shortening of chro-
mosome telomere length, inhibiting cell immortality and 
hindering HCC progression, but the specific mechanism 
of ACYP2’s interaction with TERT needs to be further 
investigated.

Further research is required in order to comprehen-
sively comprehend the potential therapeutic benefits 
of ACYP2 in HCC. Alternative methods include non-
viral vector-mediated gene transfer, which is favored 
due to its exceptional biological safety and diminished 
likelihood of eliciting an adverse immune response, as 
well as integration into the host virus gene to facili-
tate efficient gene delivery [47]. The immunogenicity 
of non-viral vectors is comparatively low in compari-
son to viral vectors. However, their clinical applicabil-
ity is constrained by the low efficiency of transfection 
[48]. As a result, additional endeavors are required to 
create non-viral vectors that are not contagious but 
exhibit enhanced security. As research advances, an 
increasing number of non-viral vectors are being devel-
oped and investigated, with particular emphasis on the 
utilization and advancement of drug delivery systems 
associated with nanotechnology. These developments 
have yielded noteworthy progress, thereby fostering 
further investigation and application in this domain 
[49, 50]. NPs, in particular, are extensively employed 
in the fabrication of gene drug delivery systems due to 

their exceptional chemical and physical characteris-
tics [51]. NPs are frequently unable to advance to the 
clinical stage as a result of their toxicity and degrada-
tion. PEI and its derivatives, which function as cationic 
polymers designed for the delivery of nucleic acids, 
find extensive application in fundamental research 
and serve as benchmark agents within the domain of 
polymer-based gene delivery [16]. Consequently, PEI 
was employed in conjunction with NPs to enhance the 
efficacy of the action. In the course of our investiga-
tion, pcDNA vectors encapsulated in tumor cell mem-
branes encased PEI/NPs vectors to generate pcDNA/
PEI/NPs@M. According to our findings, pcDNA/PEI/
NPs@M accumulates significantly in HCC cells but 
has minimal impact on the lungs, spleen, and heart 
of rodents in orthotopic mouse models. More impor-
tantly, pcDNA/PEI/NPs@M demonstrated favorable 
therapeutic effects in both subcutaneous graft tumor 
models and orthotopic mouse models by effectively 
inhibiting tumor growth in nude mice, resulting in a 
significant reduction in both tumor weight and quan-
tity. As a result, ACYP2 could potentially be targeted 
therapeutically in patients with HCC. In the future, we 
will study the cell membrane-encapsulated nanomateri-
als more intensively, and strive to realize the simultane-
ous targeting of ACYP2, KCNN4 and TERT for better 
therapeutic efficacy.

Taken together, our current study demonstrates that 
lowly expressed ACYP2 acts as a tumor suppressor, 
which can inhibit HCC progression through its dual roles 
in the cytoplasm and nucleus of HCC cells. That is, cyto-
plasmic ACYP2 inhibits K+ efflux and ERK pathway by 
interacting with KCNN4 to impede the malignant pro-
gression of HCC; Nuclear ACYP2 impedes the progres-
sion of HCC by inhibiting the activity of TERT, leading 
to shortening of telomere length and inhibiting cellular 
immortalization. Moreover, pcDNA/PEI/NPs@M rep-
resents a promising targeted nano-therapeutic strategy 
for HCC. Thus, this study provides a new direction for 
exploring the mechanisms in hepatocarcinogenesis and a 
novel therapeutic target for this deadly disease.

(See figure on next page.)
Fig. 7  Anti-tumor effects of pcDNA/PEI/NPs@M nanocomposites in orthotopic HCC transplantation model. A Schematic diagram of in situ 
treatment; B, C the fluorescence intensity of nude mice HCC cells injected with saline, PEI/NPs@M, nc/PEI/NPs@M and pcDNA/PEI/NPs@M, 
was respectively detected by in vivo imaging; D, E tumor weight and number were respectively measured in mice after surgical dissection; F–H 
the expressions of ACYP2, KCNN4 and TERT in tumor tissues treated with saline, PEI/NPs@M, nc/PEI/NPs@M and pcDNA/PEI/NPs@M were detected 
by qRT-PCR, respectively; I the expressions of KCNN4 and TERT in tumor tissues treated with pcDNA/PEI/NPs@M were detected by western blotting; 
J the concentration of TERT in saline, PEI/NPs@M, nc/PEI/NPs@M and pcDNA/PEI/NPs@M was observed by enzyme-linked immunoassay. ns, 
non-significant, **p < 0.01, ***p < 0.001
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