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A B S T R A C T

The cationic liposome is well-known as an efficient nucleic acid delivery tool; however, the stress responses
induced by liposome per se have been rarely revealed. In this study, we found that Lipofectamine™ 2000
(lipo2000), a commonly used commercial cationic liposome transfection, could upregulate EphA2 mRNA
expression in multiple cells at transfection dose. Furthermore, lipo2000 treatment could increase the level of
EphA2 hnRNA (heterogeneous nuclear RNA). Lipo2000-induced EphA2 upregulation could be depleted upon
global transcription inhibition, proving that lipo2000 upregulates EphA2 expression via activating its transcrip-
tion. Moreover, HDAC4 depletion, a known EphA2 trans-acting regulatory factor, could eliminate the lipo2000-
induced EphA2 upregulation, demonstrating that lipo2000 promotes EphA2 transcription in an HDAC4 dependent
manner. Functionally, EphA2 knockdown did not affect GFP expression level and the interfering efficacy of
siGAPDH, suggesting that EphA2 is unrelated to the nucleic acid delivery capacity of lipo2000. Nevertheless,
EphA2 depletion significantly activated autophagy and apoptosis, increasing the cytotoxic effects of lipo2000,
which could be rescued by EphA2 restoration, indicating that EphA2 is essential to overcome liposome-related
cytotoxicity. Finally, we found that lipo2000 could activate EphA2 transcription in an HDAC4-dependent
manner. EphA2 is not associated with the transfection efficiency of lipo2000, but it is vital to reduce lipo2000
cytotoxicity, suggesting that when conducting liposome-mediated gene function studies, especially for EphA2, the
stress response of liposomes should be considered to obtain objective results.
1. Introduction

Transfection, a tool for delivering foreign nucleic acids into living
cells, plays a critical role in biological function studies of target genes/
proteins [1, 2]. Transfection methods are generally classified into bio-
logical, chemical, and physical approaches [1]. Chemical transfection,
mediated by liposome and non-liposome chemicals, is widely applied for
the merits such as easy use, lower cost, high performance, and wide
applicability [1, 2]. Lipofectamine 2000™ (referred to as lipo2000
hereafter), one of the commercial cationic liposome transfection re-
agents, has been broadly used to efficiently introduce synthetic DNAs and
RNAs into various mammalian cell types [3, 4]. In addition to being a
transfection reagent, it can trigger stress responses in treated cells, also
known as off-target effects [1, 3, 5, 6, 7]. More attention and efforts
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should be taken to reveal these off-target effects and the corresponding
mechanisms for preventing mis-interpretation results obtained through
transfection-mediated methods.

For instance, when exploring the functions of rat stress-inducible
Hspa1b gene, researchers found that cationic liposomes like lipo2000
could activate Hspa1b promoter activity in B16F10 mouse melanoma
cells [8]. Importantly, the microarray-based gene profile analysis
revealed that lipo2000 altered many genes involved in stress response,
apoptotic signaling, cell cycle regulation, metabolism, etc. [8]. Further-
more, Lipo2000/siNC (negative control of small interfering RNAs)
complexes could induce autophagosome formation and autophagy in
hepatoma cells in a dose and time-dependent manner [6]. Lipofectamine
2000/siRNA complexes could also induce protective autophagy, and
endoplasmic reticulum unfolded protein response in human endothelial
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cells [3]. Moreover, proteomic analysis indicates that transfection re-
agent and DNA complexes could remarkably evoke interferon-response
at mRNA and protein levels in HeLa cells [9]. These reporters strongly
emphasize the urgency and significance of studies focusing on the
off-target effects of transfect reagents.

During exploring the function of EphA2 in hepatocellular carcinoma
(HCC), upregulation of EphA2 was always observed in the control group
treated with lipo2000/siNC and lipo2000/vector plasmid complexes
compared to the untreated blank group (unpublished data). In this study,
we systematically investigated the functions and mechanisms of this
phenotype. Lipo2000, at transfection dose, was found to promote EphA2
transcription in an HDAC4-dependent manner significantly. Function-
ally, EphA2 knockdown did not affect the transfection efficiency of
lipo2000 but significantly increased its cytotoxicity, suggesting that
EphA2 upregulation serves as a protective response to liposome treat-
ment to maintain cell viability.

2. Methods and materials

2.1. Cell lines and reagents

All cells, including HepG2 (HCC), Huh7 (HCC), HEK-293T (Human
embryonic kidney cell), AGS, DLD1, HeLa, and H460,were purchased from
Procell Life Science&Technology Co., Ltd (Wuhan, China). HepG2, Huh7,
293T, and HeLa cells were cultured in DMEM (BI, Jerusalem, Israel) me-
dium supplemented with 10% fetal bovine serum (FBS, BI, Jerusalem,
Israel). AGS, DLD1, and H460 cells were maintained in RPMI-1640 (BI,
Jerusalem, Israel) with 10% fetal bovine serum (BI, Jerusalem, Israel). All
cells were grown in a humidified cell incubator at 37 �C with 5% CO2.

Lipofectamine™ 2000 (Lip2000) and Lipofectamine™ 3000
(Lipo3000) were purchased from Thermo Fisher (CA, USA). PEI 40000
was purchased from BIOHUB (Shanghai, China). Actinomycin D and
puromycin were obtained from MCE (Shanghai, China). Hoechst 33342
Staining Solution was obtained from Beyotime (Shanghai, China). siR-
NAs (small interfering RNAs), including siNC and siGAPDH, were syn-
thesized by Sangon Biotech (Shanghai, China). pEGFP-N1 plasmids were
purchased from HonorGene (Changsha, Hunan).

2.2. Transfection performance detection

pEGFP-N1 plasmids and siGAPDH were introduced into HCC cells via
lipo2000 to detect lipo2000 performance after EphA2 depletion, as pre-
viously described [10]. The rate of positive fluorescent GFP was calculated
by GFP expressing cells (green fluorescence)/total cells (Hoechst positive,
blue fluorescence). The interfering efficacy was demonstrated by the
relative expression of GAPDH with the siNC group as normalization.

2.3. Western blot

Western blot was performed as previously described [10]. Briefly, total
proteins were isolated from RIPA (NCM, Suzhou, China) treated cell lysis
via centrifugation at 4 �C. The denatured proteins were then separated
through SDS-PAGE, incubated with antibodies, and visualized. The anti-
bodies used in the studywere listed as follows: rabbit anti-EphA2 (CST, CA,
USA); rabbit anti-HDAC4, mouse anti-GAPDH, and mouse anti-GFP-tag
(Abclonal, Wuhan, China); mouse anti-α-Tubulin (Abmart, Shanghai,
China); rabbit anti-Cleaved-PARP-1 (D214) (Immunoway, Suzhou, China);
mouse anti-LC3B (MBL, MA, USA); anti-rabbit or anti-mouse IgG
HRP-conjugated secondary antibodies (BBI, Shanghai, China).

2.4. Quantitative reverse transcription polymerase chain reaction
(qRTPCR) assay

Total RNA extraction and the qPCR assay were performed as previ-
ously described [10]. Total RNAs were extracted from HCC cells using
Trizol reagent (Simgen, Hangzhou, China) and transcribed into cDNA by
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Hifair® III 1st Strand cDNA Synthesis SuperMix for qPCR (gDNA digester
plus) (Yeasen, Shanghai, China). The level of targeted genes in HCC cells
was then tested by qPCR using Hieff® qPCR SYBR Green Master Mix
(Yeasen, Shanghai, China) with GAPDH as normalized control. The
primer sequences are listed in Supplementary able 1.

2.5. Lentivirus package and stable cell line establishment

Lentivirus interfering plasmids pLKO.1-shEphA2 and pLKO.1-
shHDAC4 were constructed from pLKO.1-TRC-puro plasmid as described
previously [11]. Lentivirus expression plasmid, pCDH-CMV-EphA2 (with
hygromycin resistance), and control plasmid, were purchased from Hon-
orGene (Changsha, China). The primer sequences are listed in Supple-
mentary able 1. The shEphA2 and EphA2 lentivirus particles and control
lentivirus were packaged as previously described [10]. Then, HepG2 and
Huh7 cells were infected twice by shEphA2 lentivirus particles for 48 h.
The cells were then cultured in media containing puromycin (2 μg/mL).
The HepG2 and Huh7 cells with EphA2 depletion were re-infected with
EphA2 lentivirus particles and cultured withmedia containing hygromycin
(500 μg/mL) to obtain EphA2 expression rescue HCC cells. The living cells
were harvested for interfering efficacy validation by PCR andWestern blot.
The control cell lines were parallelly produced.

2.6. CCK-8 assay

CCK-8 assay was performed as previously described [10]. The cells
were seeded at a concentration of 5�103 cells per well in a 96-well plate.
Lipo2000 was added to the cells the following day. After 6 h, the medium
was replaced with fresh medium without lipo2000. After 48 h, CCK-8
reagent was added to the cell medium for 1 h, and the absorbance
value was measured at 450 nm by a spectrophotometer (BioTek, WI,
USA). The inhibitory rate was calculated with the shNC þ vehicle group
as normalized reference (OD (experimental group)/OD (shNC þ vehicle
group)). Three paralleled wells were set up, and the experiments were
independently performed in triplicate.

2.7. Plate clone formation assay

The plate clone assay was performed as previously described [12].
HCC cells with EphA2 depletion or restoration were digested into single
cell suspension enzymatically. Then, the cells were counted and seeded at
a density of 1000 cells per well in a 6-well plate. After treatment with
lipo2000 (2.5 μg/mL) for 6 h, the culture media was freshly replaced, and
the cells were cultured for seven days. The cells were then fixed with
methanol and stained with 0.1% crystal violet for 15 min, respectively.
Then, the pictures of 6-well plates were photographed and the clone
containing more than 50 cells was calculated under an inverted micro-
scope (Leica, Solms, Germany).

2.8. Transwell invasion assay

Transwell assay was also performed as per our previous description
[10]. HCC cells were treated with lipo2000 for 6 h. The transwell
chamber (8 μm pore size) (Costar, ME, USA), pre-coated with Matrigel
(Corning, NY, USA), was then filled with 300 μL basal DMEM medium
containing 2.5�104 treated cells. The lower well (24 well plate) was
filled with 700 μL DMEM medium containing 5% FBS to form a che-
moattractant. The chambers were treated with methanol and stained
with 0.5% crystal violet after 24 h. Finally, the cells on the upper side of
the membrane were swabbed, and the invasive cells were visualized with
an inverted microscope (Leica, Solms, Germany).

2.9. Statistical analysis

Graphpad Prism 9.0 software was used to perform statistical analysis
and plot charts. Analysis of variance followed bymultiple comparison tests



Figure 1. Lipo2000 upregulates EphA2 expression by activating its transcription. Western blot results indicating the level of EphA2 in HCC cells with different
treatments: (A) Vehicle (basal DMEM medium), lipo2000 (2.5 μg/mL)/siNC (5 nM) complexes and lipo2000 (2.5 μg/mL)/pEGFP-N plasmids (2.5 μg/mL) complexes.
(B) Vehicle, siNC (5 nM), pEGFP-N plasmids (2.5 μg/mL), lipo2000 (1 μg/mL) and lipo2000 (2.5 μg/mL). (C) Vehicle, PEI (3 μg/mL), lipo2000 (2.5 μg/mL), and
lipo3000 (3.75 μL). (D) Western blot results indicating the level of EphA2 in cells including 293T, HeLa, AGS, DLD1, and H460, treated with lipo2000 (2.5 μg/mL). (E)
and (F) qPCR results demonstrating the relative expression of EphA2 mRNA and hnRNA in HCC cells treated by lipo2000. (G) qPCR results showing the relative
expression of EphA2 mRNA co-treated with lipo2000 and actinomycin. (H) and (I) qPCR results showing the relative expression of EphA2 mRNA treated by lipo2000
at different times and doses. “Vehicle” means equal volume of pure DMEM medium. “Lipo” means lipo2000. *P < 0.05, **P < 0.01, ***P < 0.001, “ns” means no
significant difference.
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Figure 2. Lipo2000 upregulates EphA2 via HDAC4. (A) and (B) qPCR results indicating the relative mRNA level of HDAC2 and HDCA4 in HCC cells treated with
lipo2000, respectively. (C) qPCR results indicating the relative expression of HDAC4 in HCC cells with HDAC4 knockdown. (D) and (E) qPCR and Western blot results
indicating the relative expression of EphA2 in lipo2000 treated HCC cells with HDAC4 knockdown. **P < 0.01, ***P < 0.001, “ns” means no significant difference.

Figure 3. EphA2 depletion does not affect the transfection capacity of lipo2000. pEGFP-N plasmids (2.5 μg) were transfected into HCC shEphA2 and shNC cells using
lipo2000. (A) The representative pictures of fluorescent GFP and Hoechst of HCC cells, Magnification 200�, scale bar 50μm. (B) Western blot indicating the level of
GFP in HCC cells. SiNC (10 nm) and siGAPDH (10 nM) were transfected into HCC shEphA2 cells and shNC cells using lipo2000. (C) and (D) qPCR and Western blot
indicating the level of EphA2 in HCC cells. ***P < 0.001, “ns” means no significant difference.
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and non-paired Student t-test were applied for comparison between mul-
tiple and two groups. P < 0.05 was considered statistically significant.

3. Results

3.1. Lipo2000 treatment induces EphA2 levels to increase in multiple cells

The level of EphA2 in HCC cells transfected with siNC or vector
plasmids was found to be higher than the blank cells during lipo2000
mediated cell transfection (Figure 1A), suggesting that lipo2000 or
lipo2000/siRNA or plasmids complexes could upregulate EphA2 in HCC
cells. To determine which components caused EphA2 upregulation, we
4

evaluated the effects of siNC, vector plasmid, and lipo2000 treatments on
EphA2 levels in HCC cells, respectively. The results indicated that only
Lipo2000 could significantly upregulate EphA2 in HCC cells in a dose-
dependent manner (Figure 1B), suggesting that lipo2000 but not
nucleic acid treatment could upregulate EphA2 in HCC cells. Moreover,
we found that other cationic liposomes and cationic polymer transfection
reagents might upregulate EphA2. The results showed that lipo3000,
another cationic liposome, but not PEI, one of the widely used cationic
polymer transfection reagents, could similarly upregulate EphA2 in HCC
cells like lipo2000 (Figure 1C), demonstrating that cationic liposomes
share the same capacity in EphA2 upregulation. Furthermore, we vali-
dated this effect in several other cell lines, including 293T, HeLa, AGS,



Figure 4. EphA2 knockdown significantly enhances the cytotoxicity of lipo2000 and activates autophagy and apoptosis. HCC shEphA2 and shNC cells are parallelly
treated by lipo2000 (2.5 μg/mL). (A) CCK-8 assay indicating the growth of HCC cells. (B) Plate clone formation indicating the proliferation of HCC cells. (C) Transwell
assay indicating the invasion of HCC cells. Magnification 100�, scale bar 200μm (D) Western blot indicating the level of EphA2, LC3B-I, LC3B-II and cleaved-parp in
HCC cells. **P < 0.01, ***P < 0.001, “ns” means no significant difference.
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DLD1, and H460 cells (Figure 1D), demonstrating that these effects may
be common in human cells. Therefore, these findings indicated that the
cationic liposome lipo2000 could upregulate EphA2 in multiple cells.
3.2. Lipo2000 upregulates EphA2 via promoting its transcription

Next, we further explored the underlying mechanism of how lipo2000
upregulated EphA2 in HCC cells. Firstly, the qPCR results revealed that
lipo2000 treatment could significantly increase the level of EphA2mRNA
in HCC cells (Figure 1E). To determine whether lipo2000 regulates
EphA2 at the transcriptional or post-transcriptional level, the level of
EphA2 hnRNA (heterogeneous nuclear RNA) directly demonstrates the
level of primary transcription products, was further tested using primers
targeting the EphA2 transcript intron region [12]. Lipo2000 treatment
consistently increased the level of EphA2 hnRNA (Figure 1F). Further-
more, actinomycin D, a gene transcription inhibitor, could eliminate the
pro-transcription effects of lipo2000 on EphA2 (Figure 1G). Moreover,
the qPCR results demonstrated that lipo2000 induced EphA2 upregula-
tion in a dose-dependent manner, with the highest at 48 h (Fig. 1H, I).
These results revealed that lipo2000 upregulated EphA2 via promoting
its transcription.
5

3.3. Lipo2000-induced EphA2 upregulation depends on HDAC4

A recent study found that HDAC2 and HDAC4 activity is necessary for
EphA2 transcription, implying that HDAC2 and HDAC4 may be involved
in the Lip2000-induced EphA2 upregulation [13]. Initially, the effects of
lipo2000 treatment on HDAC2 and HDAC4 expression were observed.
The qPCR results indicated that lipo2000 had no regulatory influence on
HDAC2 (Figure 2A) but significantly increased the level of HDAC4
(Figure 2B), suggesting that HDAC4 may be involved in the lipo2000
related EphA2 upregulation. Subsequently, the stable cell lines with
HDAC4 depletion were successfully constructed to detect its effects on
lipo2000-induced EphA2 upregulation (Figure 2C). Indeed, HDAC4
depletion stopped the lipo2000-related EphA2 overexpression, as
demonstrated by qPCR and Western blot (Figure 2D, E). Therefore, these
results suggest that Lipo2000-induced EphA2 upregulation was depen-
dent on HDAC4.
3.4. EphA2 depletion does not affect the performance of lipo2000

Subsequently, the study further investigated whether EphA2 deple-
tion affects the transfection performance of lipo2000. First, HCC cells
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with EphA2 knockdown and corresponding control cells were equally
transfected with pEGFP-N1 plasmids using lipo2000, and the relative
transfection efficacy was determined by comparing the positive rate of
fluorescence and GFP expression level. Both rates of GFP positive cells
and GFP levels were comparable between HCC control cells and cells
with EphA2 knockdown, suggesting that EphA2 depletion did not change
the DNA transfection efficacy of lipo2000 (Figure 3A, B). Moreover,
siRNAs targeting GAPDH were introduced into HCC control cells and
cells with EphA2 knockdown. The interfering rate was then determined
by qPCR and Western blot. As a result, siGAPDH significantly decreased
GAPDH expression in both HCC control cells and cells with EphA2
knockdown (Figure 3C,D), indicating that EphA2 depletion did not affect
the RNA delivery efficacy of lipo2000. Therefore, these results revealed
that EphA2 alteration does not affect the transfection performance of
lipo2000.

Lipo2000-induced EphA2 upregulation enhances liposome-related
cytotoxicity tolerance of cells, possibly by suppressing autophagic
apoptosis.

Because EphA2 is a potent pro-survival regulator in many cells, the
effects of EphA2 depletion on lipo2000-induced cytotoxicity were
explored [14]. Lipo2000 had no significant inhibition on control cells in
CCK-8, plate clone formation, and Transwell invasion assays but signif-
icantly suppressed the proliferation and invasion of cells with EphA2
depletion, as shown by lower OD450nm values (Figure 4A), fewer cell
clones (Figure 4B), and invasive cells (Figure 4C). A previous study found
that lipo2000/siNC complexes and EphA2 depletion were involved in
autophagy and apoptosis regulation [3, 6, 15, 16]. Thus, we measured
autophagy and apoptosis level in control cells and cells with EphA2
depletion after lipo2000 treatment. Lipo2000 and EphA2 depletion could
promote LC3B-II accumulation in control cells, respectively (Figure 4D),
and lipo2000 exhibited remarkably synergistic effects in the promotion
of LC3-II accumulation in cells with EphA2 knockdown. Furthermore,
lipo2000 significantly increased the level of cleaved-parp (Figure 4D), a
critical apoptotic marker [17] in HCC cells with EphA2 depletion,
Figure 5. EphA2 restoration recovers tolerance of HCC cells with EphA2 depletion to
are parallelly treated by lipo2000 (2.5 μg/mL). (A) Western blot indicating the lev
indicating the growth of HCC cells. (C) Plate clone formation indicating the prolife
Magnification 100�, scale bar 200μm. ***P < 0.001, “ns” means no significant diff

6

suggesting that EphA2 knockdown aggravated lipo2000-induced auto-
phagy and subsequently activated autophagic apoptosis in HCC cells.

To further validated the protective role of EphA2 in respond to
lipo2000, the expression of EphA2was exogenously restored (Figure 5A).
Consistently, the results demonstrated that EphA2 rescue recovered the
cell viability indicated by the level of LC3B-II and cleaved-parp
(Figure 5A), the OD450nm values (Figure 5B), cell clones (Figure 5C),
and invasive cells (Figure 5D).

Thus, these results reveal that lipo2000-induced EphA2 over-
expression improves cell tolerance to liposome-related cytotoxicity,
potentially by suppressing autophagic apoptosis.

4. Discussion

Liposome-mediated transfection, an efficient tool for delivering
nucleic acids into cells, serves as a stress stimulus for treated cells,
evoking a series of cellular responses. For instance, lipo2000/siNC RNA
complexes significantly suppress cholesterol biosynthesis and induce
autophagy in hepatoma cells without affecting cell viability [6, 18].
Lipo2000/siNC RNA complexes treatment induces cell apoptosis in
human endothelial cells via synchronously modifying protective auto-
phagy, and endoplasmic reticulum unfolded protein response [3]. Lip-
o2000/vector plasmid complexes could alter genes involved in interferon
type I/II response in HeLa cells [9]. At physiological temperature,
lipo2000-mediated transfection could activate the promoter of Hspa1b,
one of the heat shock/stress genes, and modify the expression of several
genes involved in the regulation of cell survival and stress responses in
mouse B16F10 cells [8]. Lipo2000 alone could promote EphA2 tran-
scription and expression in an HDAC4-dependent manner. Functionally,
EphA2 depletion effect lipo2000 transfection efficiency but significantly
enhances lipo2000 cytotoxicity, which may be related to autophagic
apoptosis induced by EphA2 knockdown.

EphA2, a receptor tyrosine kinases (RTK) from Eph family, is a key
regulator in multiple physiological and pathological processes, especially
lipo2000 related cytotoxicity. HCC shNC, shEphA2 and shEphA2 þ EphA2 cells
el of EphA2, LC3B-I, LC3B-II and cleaved-parp in HCC cells. (B) CCK-8 assay
ration of HCC cells. (D) Transwell assay indicating the invasion of HCC cells.
erence.
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carcinogenesis [14]. EphA2 is upregulated and acts as an oncogene in
multiple cancers, as previously demonstrated [14, 19, 20]. EphA2
expression regulation has been revealed at both the transcriptional and
post-transcriptional levels. Non-coding regulatory RNAs, such as miR-
NAs, circRNAs, and lncRNAs, are the main post-transcriptional regulators
in EphA2 mRNA level regulation targeting EphA2 mRNA for degradation
[21, 22, 23, 24]. Moreover, several transcript factors, such as c-Myc, p53,
and Sp1, and trans-acting factors like HDAC2 and HDAC4, are involved in
the regulation of EphA2 transcription [13, 14, 25, 26]. In this study,
lipo2000 induces overexpression of EphA2 hnRNA, and global tran-
scription arrest abolishes EphA2 upregulation, confirming the tran-
scriptional mechanism accounting for lipo2000 induced EphA2
upregulation, leading us to investigate and validate the function of
HDAC4 in EphA2 regulation.

EphA2 activation and upregulation are essential for cancer cells to
maintain malignant phenotypes, such as proliferative capacity, apoptosis
resistance, high metastasis and stemness priority, and therapeutic toler-
ance [14, 19]. Downregulation and inactivation of EphA2 could effec-
tively induce cell death and limit cell growth, migration, and invasion in
tumors such as HCC [14, 19, 20, 27]. Thus, in our study, decreased
survival capacity 1 is mostly responsible for the significant toxicity and
inhibitory effects of lipo2000 on HCC cells with EphA2 depletion, as
shown by excessive autophagy and apoptosis.

EphA2 is a key host receptor for regulating virus infection and entry
than an oncogenic RTK. Studies implying functional RNAi kinase
screening strategies reveal that EphA2 is the major receptor to bind virus
proteins and mediate the fusion and entry processes of viruses, including
human herpesvirus [28], hepatitis C virus [29], Epstein-Barr Virus, and
Kaposi's Sarcoma-Associated Herpesvirus [30, 31]. Virus-mediated
transfection is also an efficient gene delivery method [2]. Although
EphA2 is vital for virus infection and entry, EphA2 depletion does not
affect the nucleic acid delivery performance of liposomes, suggesting that
EphA2 is not essential for liposome entry.

5. Conclusion

Finally, we report that lipo2000 induces EphA2 transcription and
expression in an HDAC4-dependent manner. EphA2 is not associated
with lipo2000 transfection efficiency; however, it is vital for lipo2000
cytotoxicity reduction. The results emphasize that when conducting
liposome-mediated gene function studies, especially for EphA2, the stress
response of the liposome should be considered to obtain objective results.
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