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Abstract. Long interspersed nuclear element‑1 (L1) is highly 
expressed in the early embryos of humans, rodents and fish. To 
investigate the molecular mechanisms underlying high expres‑
sion of L1 during early embryonic development, a C1‑open 
reading frame (ORF)2 vector was constructed in which ORF2 
of human L1 (L1‑ORF2) was inserted into a pEGFP‑C1 
plasmid. C1‑ORF2 vector was injected into early zebrafish 
embryos (EZEs) to observe expression of EGFP reporter protein 
by fluorescence microscopy. RNA‑seq and RT‑qPCR were used 
to detect the effects of lipovitellin (LV)  on gene expression in 
EZEs. The binding ability of LV to L1‑ORF2 DNA was detected 
by electrophoretic mobility‑shift assay (EMSA). The chromatin 
recombinant DNase I digestion and ATAC‑seq assay were 
used to evaluate the accessibility of plasmid DNA. C1‑ORF2 
vector induced high expression of enhanced green fluorescent 
protein (EGFP) reporter gene after it had been injected into 
0 h post‑fertilization (hpf) zebrafish embryos, although histone 
octamer inhibited expression of EGFP in C1‑ORF2. SDS‑PAGE 
was used to show that LV was the predominant protein binding 
ORF2 DNA in 0 hpf zebrafish embryo lysate (ZEL). Both ZEL 
and purified LV from ZEL attenuated the inhibitory effects 
induced by histone. LV bound histone to interfere with the 
binding of histone to ORF2 DNA. Both in vitro chromatin 
reconstitution experiments and assay for transposase‑accessible 
chromatin with sequencing with HeLa cells were utilized to 
demonstrate that the interference induced by LV resulted in 

increased accessibility of C1‑ORF2. Transcription experi‑
ments in vitro verified that LV could enhance the mRNA levels 
of zebrafish early embryo expression genes grainyhead‑like 
transcription factor 3 (GRHL3), SRY‑box transcription factor 
19a (SOX19A) and nanor (NNR) and also of the EGFP gene. 
LV was found to increase the expression levels of the zebrafish 
early embryo expression genes in liver tissue after LV had been 
injected into the abdominal cavity of adult male zebrafish. 
Taken together, the findings of the present study demonstrated 
that LV activates the expression of EGFP induced by ORF2 in 
EZEs by enhancing the accessibility of ORF2 DNA.

Introduction

Long interspersed nuclear element‑1 (L1) is a transposable 
element in vertebrate genomes, including zebrafish, frogs and 
humans (1‑4). Human and zebrafish L1 exhibit 70% homology 
and both human and zebrafish L1 contain two open reading 
frames (ORFs), ORF1 and ORF2 (3,5). ORF2‑encoded protein 
is evolutionarily conserved between zebrafish and humans, 
containing both endonuclease and reverse transcriptase, 
whereas no conserved domains are found in ORF1‑encoded 
protein (6‑8). L1 is silenced in differentiated cells to prevent 
uncontrolled mutagenesis (9). L1 is highly expressed in early 
embryos of humans, rodents and fish  (9‑12). L1 elements 
exhibit active expression prior to the 8‑cell stage, which is 
subsequently decreased in blastocysts during human embryo 
development. The expression of zebrafish L1 is increased 
during the stage of 50% epiboly [5.25 h post‑fertilization 
(hpf)], although the expression was reduced from the 4‑somite 
(11 hpf) stage onwards (10,11). L1 serves a crucial role in early 
embryonic development; inhibition of L1 transcription has 
been suggested to impede embryo development in mice (1). 
Although numerous studies have reported the processes 
associated with L1 activation during early embryonic develop‑
ment, the underlying molecular mechanisms that regulate L1 
transcription have yet to be fully elucidated (10,11).

Lipovitellin (LV), constituting the majority of vitellogenin, 
is an energy ‘reservoir’ that is gradually used during embryonic 
development (13,14). Additionally, LV has antioxidant activity 
and contributes to immune defense functions (15). However, 
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whether LV serves a key role in the high expression of L1 in 
early zebrafish embryos (EZEs) has been unclear.

The present study aimed to elucidate the mechanisms by 
which LV increasing the expression of EGFP gene induced by 
L1‑ORF2 (ORF2) and EZE expression genes, which is related 
with the ability of LV binding with ORF2 DNA and increasing 
chromatin accessibility.

Materials and methods

Plasmid construction. The expression vectors C1‑ORF2, 
C1‑Alux14 and C1‑LacZ were constructed as previously 
described (16). C1‑delPolyA vector was obtained by deleting 
the poly(A) DNA sequence (240 bp) from the C1‑ORF2 vector 
using the MluⅠ and ApaⅠ restriction enzymes.

ZE and plasmid microinjection. TU strain zebrafish were 
purchased from Nanjing Yaoshunyu Biotechnology Co., 
Ltd. and maintained under a 14/10‑h light/dark cycle at 
28.0±0.5˚C, as previously described  (17,18). Experimental 
procedures were approved by the Institutional Animal Care 
and Use Committee of Hebei Medical University (approval 
no.  IACUC‑Hebmu‑2021009). Adult fish were fed twice a 
day. A total of 10 pairs of adult male and female (>16 weeks) 
zebrafish (weight, 0.36‑0.44 g) were maintained at 28˚C and 
the embryos were obtained from breeding pairs at 8‑9 a.m. 
Fertilized embryos collected within 45  min (1‑cell stage 
embryos) were considered 0 hpf zebrafish embryos (ZEs). 
Spawns for which the survival rate of the normal embryos 
up to 24 h was >90% were considered good‑quality embryos, 
whereas survival rate of the normal embryos up to 24 h was 
<30% was considered to contain poor‑quality embryos.

The plasmids were diluted into a buffer of 0.1  mol/l 
NaCl and 10 mmol/l Tris‑HCl (pH 7.2); final concentration 
of plasmids was 0.1 µg/µl. A total of 1.7 nl plasmid solution 
was microinjected into ZE animal pole or yolk sac and the 
embryos were then cultured in a Petri dish to 6, 12, 24, 48 or 
72 h at 28˚C.

The expression of the EGFP reporter protein in ZEs 
was observed under a f luorescence microscope (Leica 
Microsystems GmbH) in 40X at an excitation wavelength of 
490 nm. ImageJ software 1.53 (National Institutes of Health) 
was used to analyze the fluorescence intensity.

Preparation of ZE lysate (ZEL) and LV protein purification. 
The 0 hpf ZEs were collected and 10X embryo buffer was 
added to the 0 hpf ZEs at a concentration of 1X (0.1 mol/l 
NaCl, 0.5 mmol/l PMSF, 2 mmol/l dithiothreitol, 0.5 mmol/l 
EDTA and 10 mmol/l Tris‑HCl, pH 7.4). The embryos were 
crushed using an ultrasonic cell processor (VIBRA‑Cell™ 
Sonics VCX105; Sonics & Materials, Inc.). The homogenized 
embryos were centrifuged at 13,400 g for 5 min at 4˚C and 
supernatant (ZEL) was collected. The optimal density (OD) 
was measured by ultraviolet spectrophotometer (UV‑2800A; 
UNICO Instrument Co., Ltd. Shanghai) at 280 nm and the 
ZEL was subsequently diluted using 1X embryo buffer (0.475, 
0.95, 1.90, 3.80 and 7.60 µg/µl).

LV was purified from ZEL as previously described (19). 
Purified LV was analyzed using Easy‑nLC1200 high‑perfor‑
mance liquid chromatography (HPLC; Shanghai Luming 

Biotechnology Co., Ltd.). The purified LV was labeled 
using fluorescein isothiocyanate (FITC), as described by 
Li  et al  (20). Aliquots of 1.7 nl FITC‑LV (20 µg/µl) were 
injected into the animal pole or yolk sac of 0 hpf or 3 hpf ZEs 
under the stereomicroscope and fluorescence was observed 
at 72 h after injection. Male zebrafish plasma (MZP) was 
isolated as described by Medina‑Gali et al (21). Globin was 
extracted from MZP using a Micro Protein PAGE Recovery 
kit [Real‑Times (Beijing) Biotechnology Co., Ltd.] and identi‑
fied by SDS‑PAGE (15% gel), as previously described (22).

In vitro chromatin reconstitution. A total of two chromatin 
reconstitution methods were used: Incubation reconstitution, 
as described by Stein et al (23), and the salt‑dialysis reconstitu‑
tion method described by Lusser and Kadonaga (24).

In incubation reconstitution process  (7,25), plasmids 
were diluted into plasmid solution to a final concentration of 
0.1 µg/µl. Each plasmid was incubated with histone octamer 
(0.000, 0.005, 0.010, 0.020, 0.040, 0.080 and 0.160 µg/µl) 
and LV (0.000, 0.625, 1.250, 2.500, 5.000 and 10.000 µg/µl) 
or BSA (0.000, 0.625, 1.250, 2.500 and 5.000 µg/µl) (Yuanye 
Biotechnology Co., Ltd.) in buffer comprising 0.1 mol/l NaCl 
and 10 mmol/l Tris‑HCl at room temperature for 30 min.

In the salt‑dialysis reconstitution  (24), each plasmid 
(at a final concentration of 0.1 µg/µl) was mixed with histone 
octamer and LV (or BSA) in initial buffer containing 2 mol/l 
NaCl, 1 mmol/l EDTA and 10 mmol/l Tris‑HCl (pH 7.2). The 
chromatin was placed into a dialysis bag (0.5 kDa; Beijing 
Solarbio Science & Technology Co., Ltd.) for 4 h dialysis 
at 8˚C. Finally, the volume of the reconstituted chromatin was 
adjusted to 0.4 ml using buffer containing 0.1 mol/l NaCl and 
10 mmol/l Tris‑HCl (pH 7.2).

SDS‑PAGE. The samples loaded were as follows: Sample 1, 
75 µl 1 mg/ml salmon sperm DNA (Beijing Solarbio Science 
& Technology Co., Ltd.) was incubated with 75  µl ZEL 
(57 mg/ml) at 4˚C for 15 min, and centrifuged for 5 min at 
13,400 g at 4˚C. For sample 2, the supernatant of sample 1 
was incubated with 7.5 µl 10 mg/ml salmon sperm DNA at 
4˚C for 15 min, then centrifuged for 5 min at 13,400 g at 4˚C. 
Samples 3 and 4 were obtained via repeating this procedure. 
The samples were added to 40 µl Tris‑HCl containing 10 µl 
10% SDS and 10 µl loading buffer. Sample 5 contained 8 µl 
supernatant from the fourth salmon‑sperm DNA precipitate 
mixed with 8 µl Tris‑HCl, 4 µl 10% SDS and 4 µl loading 
buffer. Sample 6 comprised 4  µl ZEL mixed with 12  µl 
Tris‑HCl, 4 µl 10% SDS and 4 µl loading buffer. For sample 
7, 75 µl 1 mg/ml salmon‑sperm DNA was mixed with 75 µl 
ZEL (57 mg/ml); 750 µl 0.075 mol/l NaCl was then added and 
the mixture was incubated at 4˚C for 15 min and centrifuged 
for 5 min at 13,400 g. The precipitate was dissolved in 40 µl 
Tris‑HCl containing 10 µl 10% SDS and 10 µl loading buffer. 
Sample 9 (histone) was prepared in the same way as sample 7 
(histone) above. To generate sample 10, 175  µl FCS was 
incubated with 75 µl 1 mg/ml salmon‑sperm DNA at 4˚C for 
15 min and centrifuged for 5 min at 13,400 g. This precipitate 
was dissolved in 40 µl Tris‑HCl containing 10 µl 10% SDS and 
10 µl loading buffer. Sample 11 was generated by mixing 4 µl 
FCS with 12 µl Tris‑HCl containing 4 µl 10% SDS and 4 µl 
loading buffer. All samples were boiled at 100˚C for 2 min. 
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A total of 5 µl each sample was loaded onto each lane and 
subjected to SDS‑PAGE (15% gels).

Establishment of in  vitro transcription system. Nuclear 
Extraction kit (Beyotime Institute of Biotechnology) was used 
to extract nuclei from 20 hpf ZEs using 0.42 mol/l NaCl for 
two sequential extractions. Each 1 ml supernatant was mixed 
with 330  mg ammonium sulfate, centrifuged at 13,400  g 
for 5 min at 4˚C and the resulting precipitate was dissolved 
in 0.5X Tris‑EDTA (TE) buffer (10 mmol/l Tris, 1 mmol/l 
EDTA, pH 8.0) and loaded onto an equilibrated Sephadex G50 
column (1.5x20 cm height, Pharmacia) to obtain crude RNA 
polymerase II for use in the following experiments.

In  vitro transcription of chromatin was performed as 
described by You  et  al  (26). Chromatin from deyolked 
3  hpf ZEs (1,000 cells) was extracted as described by 
Purushothaman et al (27). The chromatin was dissolved in 
buffer at 4˚C (0.1 mol/l NaCl and 10 mmol/l Tris‑HCl; pH 7.2).

A total of 10 nmol/l C1‑ORF2 recombinant (or chromatin) 
was incubated for 1 h at 30˚C in reaction buffer with crude RNA 
polymerase II for 1 h at 30˚C in 400 mmol/l Tris‑HCl reaction 
buffer, which includes 200 µmol/l nucleotides, 20 U RNase 
inhibitor, 200 mmol/l MgCl2, 25 mmol/l tris (2‑carboxyethyl) 
phosphine and 20 mmol/l spermidine.

The reaction was terminated by adding 125  mmol/l 
Tris‑HCl (pH 7.5) containing 12.5 mmol/l EDTA, 150 mmol/l 
NaCl, 1% SDS and 2 µg/µl protease K at 55˚C for 1 h. Reverse 
transcription‑quantitative (RT‑q)PCR analysis was used to 
detect the mRNA levels of EZE expression genes as previously 
described (28). Table I shows primers for RT‑qPCR analysis.

RT‑qPCR and RNA sequencing (RNA‑seq). Aliquots of 
20 µl LV (50 µg/µl) were injected into the abdominal cavity 
of adult male zebrafish (weight, 0.37‑0.43  g). Total RNA 
was extracted from zebrafish livers 24 h after the zebrafish 
had been fed at 28˚C in a flowthrough system. The zebrafish 
were submersed in water containing 100 mg/l 3‑aminoben‑
zoate methanesulfonate (Beijing Mreda Technology, Inc.) for 
anesthesia. The zebrafish enterocoelia were opened to obtain 
the zebrafish liver. Total RNA was extracted using TRIzol® 
(Thermo Fisher Scientific, Inc.) from liver tissues. Total RNA 
was reverse‑transcribed into cDNA using RevertAid First 
Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocol. Expression levels of 
the EZE expression genes GRHL3 (grainyhead‑like transcrip‑
tion factor 3), SOX19A (SRY‑box transcription factor 19a) and 
NNR (nanor) were detected using qPCR kit (cat. no. QP031, 
GeneCopoeia). qPCR was performed using the following ther‑
mocycling conditions: Initial denaturation at 95˚C for 2 min, 
followed by 40 cycles at 95˚C for 10 sec and 56˚C for 40 sec. 
The 2‑∆∆Cq method was used to calculate the relative mRNA 
expression levels (29). The primer pairs utilized for RT‑qPCR 
analysis are shown in Table I.

Zebrafish were placed into water containing 0.5  g/l 
3‑aminobenzoate methanesulfonate for ≥20 min to ensure 
death, prior to storage at ‑20˚C.

RNA‑seq analysis was performed by Shanghai OE Biotech. 
Co., Ltd., as previously reported (28). Total RNA was extracted 
from zebrafish liver tissue using TRIzol®. The purity and quan‑
tification of the RNA was evaluated using a NanoDrop™ 2000 

spectrophotometer (Thermo Fisher Scientific, Inc.), whereas 
RNA integrity was assessed using Agilent 2100 Bioanalyzer 
(Agilent Technologies, Inc.). Subsequently, the libraries were 
constructed using a TruSeq® Stranded mRNA LT Sample Prep 
kit (cat. no. NR616‑02, Illumina, Inc.). Gene Ontology (GO; 
geneontology.org/) enrichment analysis were performed.

Electrophoretic mobility‑shift assay (EMSA). Fragments 
were obtained by digesting C1‑ORF2 (XhoI/PstI), C1‑Alux14 
(HindⅢ/NheⅠ), C1‑LacZ (ApaI/XhoI) and C1 (XhoI/PstI). 
These fragments were precipitated with ethanol, centrifuged 
at 13,400 g for 5 min at 4˚C and precipitate was dissolved in 
double distilled water. All restriction enzymes were purchased 
from Takara Biotechnology Co., Ltd. The final concentration 
of fragments was 20 ng/µl and the concentration determina‑
tion method was measured by ultraviolet spectrophotometer 
(UV‑2800A; UNICO Instrument Co., Ltd. Shanghai) at 280 nm; 
these fragments were incubated with histone or LV for 15 min 
at room temperature in 10 mmol/l Tris‑100 mmol/l NaCl 
buffer. LV concentrations were 0.0000, 0.0625, 0.1250, 0.2500, 
0.5000, 0.7500, 1.0000, 1.2500, 1.5000 and 1.7500 µg/µl in the 
experiments that ORF2, Alux14, C1 fragments were incubated 
with LV. The LV concentrations were 0.0000, 0.0125, 0.0625 
and 0.3125 µg/µl and histone concentrations were 0.025 µg/µl 
in the experiments of the effects of incubation order. The LV 
concentrations were 0.0000, 0.0625, 0.1250, 0.2500, 0.5000, 
1.0000 and 2.0000 µg/µl, the histone concentrations were 
0.015, 0.020, 0.025, 0.030 µg/µl to assess effects of histone 
concentrations. A total of 10 µl of each sample was loaded into 
a well with the gel; all experiments were using 1.5% agarose 
gel with 5% ethidium bromide (cat. no.1239‑45‑8; Shanghai 
Yien Chemical Technology Co., Ltd.). Finally, images were 
captured using an Alpha Innotech gel‑imaging analyzer 
(Alpha Innotech Corporation).

Chromatin immunoprecipitation (ChIP)‑PCR assay. ChIP 
assay was employed to validate the affinity of LV with ORF2. 
ZEs (25 mg, 0 hpf) were microinjected using C1‑ORF2 or 
C1‑Alux14 (control) plasmids. Subsequently, the injected 
embryos were incubated at 28˚C for 2 h and frozen at ‑20˚C 
for processing. Samples were prepared using the SimpleChIP® 
Plus Enzymatic chromatin IP kit (Cell Signaling Technology, 
Inc.; cat no. #9005), following the manufacturer's protocol. A 
total of 1.5% formaldehyde was added into the embryos for 
30 min at room temperature to produce cross‑linked protein 
and DNA and then chromatin fragments were obtained using 
sonication (20 sec per time; 800 Hz) at intervals of 30 sec 
(20 cycles) at 4˚C, followed by centrifugation at 13,400 x g 
for 5 min at 4˚C. The chromatin fragments were incubated 
with 0.03 µg/µl anti‑LV antibody at 4˚C for overnight. PCR 
was performed using the following EGFP primers: Forward, 
5'‑ACA​TCC​TGG​GGC​ACA​AGC‑3' and reverse, 5'‑CTT​GTA​
CAG​CTC​GTC​CAT​GC‑3'. PCR kit [cat. no. ET101, TIANGEN 
BIOTECH (BEIJING) CO., LTD.] was performed using the 
following thermocycling conditions: Initial denaturation at 
94˚C for 3 min, followed by 30 cycles of 94˚C for 30 sec, 55˚C 
for 30 sec and 72˚C for 60 sec and final extension at 72˚C for 
5 min. PCR products (311 bp) were separated by 1% agarose 
gels and visualized using a UV transilluminator (Alpha 
Innotech Corp. USA).
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Assay for transposase‑accessible chromatin with sequencing 
(ATAC‑Seq). HeLa cells (Shanghai Tongpai Biotechnology Co., 
Ltd.) were seeded (1x105 cells/well) in 24‑well plates and cultured 
in Dulbecco's Modified Eagle Medium (cat no.  10566016, 
Thermo Fisher Scientific, Inc.) with 10% fetal bovine serum (cat 
no. ZF181FBS‑500, Zeta Life Co., Inc.) at 37˚C with 5% CO2. 
The cells (2x105 cells/well) were transfected with C1‑ORF2 
vector (0.2 µg/µl) using Lipofectamine®2000 (Thermo Fisher 
Scientific, Inc.) at room temperature for 5 min, following the 
manufacturer's protocol. After 48 h, cells were grown in selec‑
tive medium containing 1 mg/ml G418 (Beijing Biotopped Life 
Sciences, Inc.) for approximately 3 weeks. Then, the cells stably 
transfected with C1‑ORF2 were obtained. LV (1.18 µg/µl) was 
added into stably transfected HeLa cells for 48 h. Same volume 
saline was added into stably transfected HeLa cells as a control. 
ATAC‑seq was performed by Shanghai Jiayin Biotechnology 
Ltd. using a Novaseq 6000 Sequencing System (Illumina, Inc.) 
as previously described (30,31). Trimmomatic software (version 
0.36, usadellab.org/cms/?page=trimmomatic) was used for quality 
control. Burrows Wheeler Aligner‑maximal exact matches soft‑
ware (version 0.7.13‑r1126, bio‑bwa.sourceforge.net/) compared 
the clean data to the reference (CMV‑EGFP‑ORF2‑PolyA) (32). 
MACS2 software (version 2.1.2, pypi.org/project/MACS2/) 
was used for analysis, and Q<0.05 was used as the screening 
threshold. DeepTools software (3.4.3, deeptools.readthedocs.
io/en/develop/) was used to analyze signal distribution near to the 
CMV‑EGFP‑ORF2‑PolyA reference.

DNa se  I  d iges t i o n .  C1‑ OR F 2‑h i s tone ‑LV a nd 
C1‑Alux14‑histone‑LV recombinants were obtained by the 
incubation reconstitution (see subsection: In  vitro chro‑
matin reconstitution). The recombinants were digested with 
0.045 U/µl DNase Ⅰ for 0 sec, 30 sec, 2 min or 4 min at room 
temperature. Next, the recombinants of C1‑ORF2‑histone‑LV 
and C1‑ORF2‑histone‑BSA were obtained using the dialysis 
recombination. Briefly, 100 µl of four different recombinant 
solutions were digested with DNase I (0.02, 0.04 or 0.08 U/µl) 
at room temperature for 1 min. Aliquots 10 µl termination 
solution (0.1 % SDS‑10 mmol/l EDTA) was added and then 
precipitated with absolute ethyl alcohol. The precipitates were 
washed twice with 75% ethanol, dried, dissolved with 50 µl 
2.5% SDS and 1/10 volume of xylene cyanol FF loading buffer. 

Each 10 µl sample was loaded into one lane and subject 1.5% 
agarose gel electrophoresis.

Statistical analysis. Each experiment was repeated at least 
three times. Data are presented as the mean ± standard devia‑
tions (SD). Statistical analysis was performed using SPSS 
software (version 17.0; IBM Corporation) and GraphPad Prism 
(version 6.0; Dotmatics). Group differences were assessed 
using one‑way ANOVA with Tukey's post hoc test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

L1‑ORF2 enhances EGFP expression in EZEs. To determine 
whether human L1‑ORF2 enhances EGFP expression in EZEs, 
C1‑ORF2, C1‑Alux14, C1‑LacZ and pEGFP‑C1 (C1) expres‑
sion vectors were injected into 0 hpf ZEs and subsequently the 
EGFP fluorescence intensity was observed at 24 h post‑injection. 
Brightest EGFP fluorescence was observed in the C1‑ORF2 group 
(Fig. 1A and B). C1‑ORF2 was injected into 0 hpf ZEs and the 
EGFP fluorescence intensity was observed at 6, 12, 24 and 48 h 
post‑injection. EGFP fluorescence intensity induced by C1‑ORF2 
increased with time (Fig. 1C and D). However, when C1‑ORF2 
was injected into 0, 2 and 4 hpf ZEs, EGFP fluorescence inten‑
sity of 0 hpf was higher than of 2 hpf and 4 hpf groups, which 
indicated that EGFP expression is related to embryo development 
stage (Fig. 1E and F). Taken together, these results suggested that 
the developmental stage affected expression of EGFP induced by 
C1‑ORF2 in EZEs. To determine whether ORF2 activates EGFP 
via transcriptional changes, RT‑qPCR was used to quantify EGFP 
mRNA. C1‑ORF2 significantly increased expression of EGFP 
mRNA compared with C1‑Alux14 or C1‑LacZ vectors (Fig. 1G). 
These results suggested that ORF2 could activate EGFP gene 
expression at the transcriptional level.

To exclude any enhancer role of poly(A) on EGFP 
activation, poly(A) was removed from the C1 plasmid, 
generating C1‑delPolyA. The C1, C1‑ORF2, C1‑delPolyA, 
C1‑delPolyA‑ORF2 and C1‑delPolyA‑ZORF2 vectors were 
injected into EZEs and the lowest EGFP fluorescence intensity 
was observed in the C1‑delPolyA group, whereas the EGFP 
fluorescence intensity induced by C1‑delPolyA‑ORF2 and 
C1‑delPolyA‑ZORF2 were significantly higher compared with 

Table I. Primers used for reverse transcription‑quantitative PCR.

Target	 Sequence, 5'à3'	 Length of product, bp

EGFP	 Forward: GCACCATCTTCTTCAAGGAC
	 Reverse: TTGTCGGCCATGATATAGAC	 181
GRHL3	 Forward: AGACGAGCAGAGAGTCCT
	 Reverse: TTGCTGTAATGCTCGATGATG	 210
SOX19A	 Forward: GAGGATGGACAGCTACGG
	 Reverse: CTATAGGACATGGGGTTGTAG	 179
NNR	 Forward: GAGACATACCACAGGTGAAGC
	 Reverse: CCGCTCTGGTCTGTTGC	 234

EGFP, enhanced green fluorescent protein; GRHL3, grainyhead‑like transcription factor 3; SOX19A, SRY‑box transcription factor 19a; NNR, 
nanor.
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that induced by C1‑delPolyA (Fig. 1H and I). These results 
further demonstrated that ORF2 activated EGFP gene expres‑
sion in EZEs.

Histone inhibits EGFP expression induced by ORF2, which 
is negated by ZEL. To observe the effects of histone on 
ORF2‑induced EGFP expression in EZEs, C1‑ORF2 was 

Figure 1. ORF2 activates EGFP expression in 0 h zebrafish embryos. (A) EGFP fluorescence (B) intensity following injection of the C1‑ORF2, C1‑Alux14, 
C1‑LacZ or C1 (pEGFP‑C1) vectors. (C) EGFP fluorescence (D) intensity after C1‑ORF2 injection. (E) EGFP fluorescence (F) intensity induced by C1‑ORF2 
injection into embryos at different developmental stages, observed after 24 h. (G) ORF2 activates EGFP expression at the transcriptional level. (H) EGFP 
fluorescence (I) intensity at 24 h after injection of C1‑delPolyA‑ORF2, C1‑delPolyA‑ZORF2, C1‑delPolyA, C1‑ORF2 and C1. Scale bar, 200 µm. *P<0.05, 
**P<0.01, ***P<0.001, ****P<0.0001. EGFP, enhanced green fluorescent protein; ORF2, open reading frame 2.

https://www.spandidos-publications.com/10.3892/ijmm.2024.5443
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incubated with histone and injected into 0 hpf ZEs. EGFP 
expression was then observed at 24 h post‑injection. EGFP 
fluorescence decreased as histone concentration increased 
(Fig. 2A). Upon incubation with 0.04 µg/µl histone, the inten‑
sity of EGFP induced by ORF2 decreased by almost 50% 
compared with 0 µg/µl histone (Fig. 2B).

Based on relative levels of histones and transcription 
factors, which both regulate the onset of transcription in the 
EZEs  (33), it was hypothesized that ZEL contains certain 
components that eliminate the inhibitory effect of histones on 
C1‑ORF2. As the concentration of ZEL increased, the inhibi‑
tory effect induced by histones decreased (Fig. 2D); 3.8 µg/µl 
ZEL could eliminate 80.49% of the histone‑mediated inhibi‑
tion of EGFP expression (Fig. 2C). These findings indicated 
that ZEL attenuates the suppression of ORF2‑dependent 
EGFP expression by histone.

LV ameliorates histone‑induced inhibition and enhances 
expression of EZE genes. It was hypothesized that DNA‑binding 
proteins of the ZEL could activate EGFP fluorescence via inter‑
action with C1‑ORF2 in 0 hpf ZEs. Salmon sperm DNA was 
incubated with ZEL and the key proteins were divided according 
to their molecular mass (~115, ~100 and ~25 kDa; Fig. 3A and B).

LV was purified from ZEL. The purified LV was 
analyzed using Easy‑nLC1200 high‑performance liquid 
chromatography (Table SI). The different concentrations of 
LV (0, 0.625, 1.25, 2.5, 5.0 and 10 µg/µl) were incubated with 
histone and C1‑ORF2. LV could attenuate the inhibitory 
effect of histone on C1‑ORF2‑induced EGFP expression 
(Fig. 3C and D); by contrast, BSA failed to alleviate the 
inhibitory effect of histone on EGFP expression at any 
concentration (Fig. 3E).

MZP, which does not contain LV, was used as an appro‑
priate control for demonstrating the specificity of LV. MZP 
was found not to attenuate histone‑induced inhibition on EGFP 
expression (Fig. 4A and B). Globin is an abundant protein in 
MZP, with a molecular weight of ~13 kDa (34,35). SDS‑PAGE 
showed that globin was one of the abundant proteins in MZP 
(Fig. 4C). Different concentrations of globin did not weaken 
histone‑induced inhibition (Fig. 4D and E).

In a previous study, the concentration of LV was higher 
in good‑ compared with poor‑quality eggs (36). To explore 
the role of LV in EGFP gene activation, C1‑delPolyA, 
C1‑delPolyA‑ORF2 and C1‑delPolyA‑ZORF2 were injected 
into 0 hpf ZEs with poor or good quality, and EGFP fluores‑
cence was observed at 24 h post‑injection. ORF2 and ZORF2 

Figure 2. ZEL attenuates histone‑dependent suppression of C1‑ORF2 EGFP fluorescence. (A) EGFP fluorescence (B) intensity following incubation with 
histone. (C) EGFP fluorescence intensity (D) induced by C1‑ORF2 following incubation with 0.04 µg/µl histone and ZEL. Scale bar, 200 µm. ***P<0.001, 
****P<0.0001. ZEL, zebrafish embryo lysate; EGFP, enhanced green fluorescent protein; ORF2, open reading frame 2; OD, optical density.
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could induce strong EGFP fluorescence in good‑ but not in 
poor‑quality embryos (Fig. 5A and B).

An in vitro transcription assay was employed to explore 
whether LV serves a role in gene expression regulation. 
Histone inhibited EGFP transcription, whereas LV attenuated 
this inhibitory effect (Fig. 5C). LV increased the mRNA levels 
of the GRHL3, SOX19A and NNR (Fig. 5D).

To verify whether results were reflective of the role of LV 
in terms of regulating transcription of ZEs, LV was injected 
into the abdominal cavity of adult male zebrafish. RT‑qPCR 
was then used to detect the expression levels of the GRHL3, 
SOX19A and NNR genes. LV could increase transcription of 
the GRHL3, SOX19A and NNR genes (Fig. 5E). Furthermore, 
RNA‑seq method was used to detect the influence of LV on 
the gene expression profile of liver tissue. LV increased the 

transcription of SOX19A by 4.89‑fold; RT‑qPCR shows that 
LV increased the transcription level of SOX19A by 2.73‑fold 
(Fig. 5E). However, GRHL3 and NNR genes were not detected 
by RNA‑seq. Sensitivity of RNA‑seq is lower than that of 
RT‑qPCR  (35). GO enrichment analyses showed that the 
upregulated genes induced by LV injection were significantly 
enriched in ‘cell development’ (Fig. 5F). These results demon‑
strated that LV increased the expression of genes associated 
with early embryo development.

LV binds ORF2 to loosen the structure of chromatin, subse‑
quently regulating gene expression. As LV is primarily 
found in the yolk sac of embryo, it was important to ensure 
that LV could move into cell nucleus. FITC‑LV was injected 
into the animal pole or yolk sac of ZEs at 0 or 3 hpf and 

Figure 3. LV alleviates histone‑induced inhibition. (A) SDS‑PAGE of ZEL incubated with salmon‑sperm DNA. Lanes 1‑4, First to fourth precipitate of 
salmon‑sperm DNA and ZEL, the supernatant of the fourth precipitate (lane 5), ZEL (lane 6), diluent (lane 7), Marker (lane 8), histone (lane 9), precipitate of 
salmon‑sperm DNA and FCS (lane 10) and FCS (lane 11). (B) IOD. (C) EGFP fluorescence (D) intensity induced by C1‑ORF2 incubated with histone and LV 
(scale bar, 200 µm). (E) Embryos showing EGFP fluorescence induced by C1‑ORF2 incubated with histone and BSA. ****P<0.0001. NS, not significant; LV, 
lipovitellin; ZEL, zebrafish embryo lysate; EGFP, enhanced green fluorescent protein; ORF2, open reading frame 2; IOD, integrated optical density.
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fluorescence was observed after 72 h. When FITC-LV was 
injected into the animal pole, green fluorescence was found 
in both zebrafish and cells, including the nucleus. This 
indicated that FITC‑LV could cross the zebrafish cell and 
nuclear membrane (Fig. 6A and C). When FITC‑LV was 
injected into the yolk sac of zebrafish embryo at 0 hpf, both 
zebrafish and cells (including nuclei) showed green fluores‑
cence (Fig. 6B). However, when FITC‑LV was injected into 
yolk sac of 3 hpf embryos, the fluorescence was only found 
in yolk sac (Fig. 6D). These findings indicated that FITC‑LV 
was unable to penetrate the syncytial layer at 3  hpf of 
embryonic development.LV was passed through the cell and 

nuclear membrane and might therefore have an important 
role in early embryos.

Since LV serves an important role in gene regulation, the 
present study explored which DNA fragment best binds LV. 
ChIP analysis of the embryo tissue revealed LV bound ORF2 
more readily than it did Alux14 (Fig. 7A). In addition, ORF2, 
Alux14 and C1 fragments were incubated with LV. EMSAs 
showed that the binding ability of ORF2 and LV was greater 
compared with that of LV with C1 or Alux14 (Fig. 7B and C).

LV could ameliorate the inhibitory effect on C1‑ORF2 
mediated by histone, To determine the underlying mechanism, 
histone, C1/ORF2 fragments and LV were mixed. Histone was 

Figure 4. MZP and globin do not alleviate histone‑induced inhibition. (A) EGFP fluorescence (B) intensity induced by C1‑ORF2 incubated with histone and 
5 µg/µl LV or 2 OD MZP. (C) Globin was purified from MZP. SDS‑PAGE of MZP, showing that globin was the primary protein in MZP. (D) EGFP fluorescence 
induced by (E) C1‑ORF2 incubated with histone and globin. Scale bar, 200 µm. ***P<0.001, ****P<0.0001. MZP, male zebrafish plasma; NS, not significant; LV, 
lipovitellin; EGFP, enhanced green fluorescent protein; ORF2, open reading frame 2; OD, optical density.
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Figure 5. LV activates EGFP gene expression in good‑quality 0 h ZEs and promotes expression both of EGFP reporter gene and genes of EZEs. (A) Embryos 
injected with C1‑delPolyA‑ORF2, C1‑delPolyA‑ZORF2, C1 and C1‑delPolyA expression vectors. The scale bar represents 200 µm. (B) EGFP fluorescence 
intensity. (C) LV attenuates the inhibitory effect of histone on EGFP mRNA. LV promotes expression of GRHL3, SOX19A and NNR genes in (D) EZEs and 
(E) adult male zebrafish liver. *P<0.01, **P<0.01, ***P<0.001, ****P<0.0001. (F) GO gene function classification. GO, Gene Ontology; GRHL3, grainyhead‑like 
transcription factor 3; SOX19A, SRY‑box transcription factor 19a; NNR, nanor. BP, biological process; CC, cell component; MF, molecular function; LV, 
lipovitellin; EGFP, enhanced green fluorescent protein; ORF2, open reading frame 2.
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incubated with LV and C1/ORF2 fragments. EMSA showed 
that C1/ORF2 fragments underwent complete hysteresis at 
0 µg/µl LV (Fig. 8A, lane 2). With increasing LV concentra‑
tions (0.0125 and 0.0625 µg/µl), both C1 and ORF2 underwent 

partial gel shifts (Fig. 8A; lanes 3 and 4); but when LV concen‑
tration was high (0.03125 µg/µl), the C1 and ORF2 fragments 
underwent complete shifts (Fig. 8A, lane 5). When C1/ORF2 
fragments were incubated with histone first and subsequently 

Figure 6. FITC‑LV enters zebrafish embryo cells and nuclei. Representative images of the zebrafish larvae and cells when FITC‑LV was microinjected into 
0 hpf (A) animal pole, 0 hpf yolk sac (B), 3 hpf animal pole (C) and 3 hpf yolk sac (D), observed after 72 h. The scale bar on the fish image represents 500 µm. 
The scale bar on the cell image is 20 µm. LV, lipovitellin; F, fluorescence; W, white light; hpf, h post‑fertilization.
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with LV, all concentrations of LV caused complete gel retarda‑
tion of the C1 and ORF2 fragments (Fig. 8A). Similarly, when 
C1/ORF2 fragments were incubated with LV first and with 
histone, all concentrations of LV caused complete gel retarda‑
tion of the C1 and ORF2 fragments (Fig. 8A). Fig. 8B shows 
the sum of the IOD values of the C1 and ORF2 fragments in 
each lane. Subsequently, effects of histone concentration on 
gel retardation when histone was incubated with LV prior to 
addition of C1/ORF2 were examined. LV induced the partial 
shift of C1/ORF2 with 0.015 µg/µl, 0.02 and 0.025, but not 
0.03 µg/µl histone (Fig. 8C and D).

Transcription factors act on specific regions of chromatin 
to improve chromatin accessibility, manifested as an increased 
sensitivity to DNase I digestion (37). The present study investi‑
gated whether LV was able to promote the sensitivity of C1‑ORF2 
to DNase I digestion. C1‑ORF2 DNA was more easily digested 

compared with C1‑Alux14 (Fig. 9A and B). LV or BSA was 
incubated with C1‑ORF2 and histone by salt‑dialysis reconstitu‑
tion and digested with different concentrations of DNase I. The 
brightness of the C1‑ORF2 fragments incubated with LV was 
significantly lower compared with BSA when digested using the 
same concentration of DNase I (Fig. 9C and D). Taken together, 
these results suggested that LV promoted sensitivity of C1‑ORF2 
to DNase I digestion, which indicated that LV increased the chro‑
matin accessibility of C1‑ORF2 recombinant.

To verify that LV was able to improve chromatin acces‑
sibility of the cytomegalovirus (CMV) region (enhancer 
and promoter) of the EGFP gene in the C1‑ORF2 plasmid, 
HeLa cells were stably transfected with C1‑ORF2 plasmid 
and treated with LV. ATAC‑seq was performed to measure 
the degree of chromatin opening in the CMV region of the 
EGFP gene in stably transfected plasmids. There were more 
CMV‑area ATAC‑seq signals in the LV compared with the 
control group (Fig. 9E and F). Taken together, the results 
of ATAC‑seq confirmed that LV enhanced the CMV chro‑
matin accessibility of C1‑ORF2, consistent with the DNase I 
digestion experiments.

Discussion

L1 is dynamically expressed in early embryos, although its 
expression decreases with embryonic development (10,38,39). 
Here, C1‑ORF2 could induce the high expression of EGFP 
gene in 0 hpf ZEs, whereas C1‑Alux14 or C1‑LacZ could not. 
However, when C1‑ORF2 was transfected into HeLa cells, the 
EGFP gene was almost non‑expressed (16,40). To exclude the 
enhancer role of poly(A) on EGFP gene expression, poly(A) 
was removed from the C1 plasmid to generate C1‑delPolyA 
expression vector and both human ORF2 and zebrafish ORF2 
(ZORF2) were inserted into C1‑delPolyA. In the absence of 
poly(A), both ORF2 and ZORF2 induce EGFP expression in 
0 hpf ZEs.

The relative levels of histone and transcription factors 
regulate onset of transcription in embryos  (33). Methyl-
cytosine-modifying 10‑11‑translocation 1 activates L1 by 
attenuating histone repression (41,42). In the present study, 
histone decreased EGFP expression and ZEL eliminated 
histone inhibition in 0 hpf ZEs. Therefore, it was hypothesized 
that a component of the ZEL could reduce histone inhibition.

EZEs contain various DNA‑binding proteins that fulfill 
important roles in the zygotic genome activation (43). It has 
been reported that purified zebrafish LV is a phospholipogly‑
coprotein with molecular mass of ~445 kDa, which can be 
resolved into polypeptides corresponding to ~117, ~102 and 
~23.8 kDa by SDS‑PAGE (44). Therefore, the DNA‑binding 
proteins in the ZEL were identified by SDS‑PAGE following 
precipitation of DNA. LV was the most abundant protein in 
the precipitate. As a predominant DNA‑binding protein in 
embryos, LV is involved in lipid and metal storage and is 
utilized gradually during embryonic development  (13,45); 
several proteins have been shown to regulate L1 expres‑
sion  (46); therefore, LV may serve an important role in 
regulating L1 expression. Furthermore, purified LV was shown 
to attenuate histone‑induced inhibition similarly to ZEL. In 
addition, it was shown that neither ORF2 nor ZORF2 induced 
EGFP expression in poor‑quality embryos, which were similar 

Figure 7. LV binds ORF2 more readily than with Alux14. (A) ChIP analysis 
of LV binding to ORF2 or Alux14. Rabbit‑IgG immunoprecipitate was used 
as the negative control. (B) Purified ORF2, Alux14 or C1 fragments were 
incubated with LV in EMSA. 1‑10 lanes: 0, 0.0625, 0.125, 0.25, 0.5, 0.75, 1.0, 
1.25, 1.5 and 1.75 µg/µl LV.M, Marker. (C) IOD value. IOD, integrated optical 
density; LV, lipovitellin; ORF2, open reading frame 2; ChIP, chromatin 
immunoprecipitation assay; EGFP, enhanced green fluorescent protein.
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to embryos featuring LV knockout (36). Therefore, LV might 
affect ORF2 expression.

Furthermore, LV increased the EGFP mRNA levels when 
incubated with the C1‑ORF2. The GRHL3, SOX19A and NNR 
genes have been shown to be EZE expression genes (47,48). 
Both in vitro transcription system and in vivo LV injection 
experiments showed that LV increased the mRNA expression 
levels of the EZE genes GRHL3, SOX19A and NNR. Therefore, 
LV may be the regulating factor of ORF2 in early embryos.

When FITC-LV injected into yolk sac of zebrafish, 
FITC‑LV could penetrate into the cytoplasm and nucleus in 0 
but not 3 hpf embryos. In 3 hpf embryos, the embryo genome 
is transcriptionally activated and cells were able to synthesize 
the required proteins by themselves, so LV may regulate gene 
expression only in the early embryos (49).

Multiple DNA‑binding proteins affect gene transcrip‑
tion, and several proteins regulate L1 expression (46). ChIP 

analysis and EMSAs showed that the affinity between ORF2 
DNA and LV was higher compared with between Alux14 and 
LV. These results suggested that LV may be an activator of 
ORF2; however, the underlying mechanism governing how LV 
regulates ORF2 transcription and acts as a trans‑acting factor 
has yet to be elucidated.

Competition between histone and transcription factor 
binding regulates the onset of transcription in ZEs (33). The 
present study identified a decrease in C1/ORF2 gel retardation 
when LV was incubated with histone before addition of ORF2. 
Histone is a universal DNA‑binding protein that forms octamers 
to package DNAs. Histone has a higher binding stability 
compared with other DNA‑binding proteins; therefore, tran‑
scription factors activate gene expression only prior to histone 
binding to DNA (50). Theoretically, binding of proteins to 
histone could also delay histone from packaging the DNA. In the 
present study, only the pre‑incubation of LV with histone could 

Figure 8. LV interferes with histone binding to C1 and ORF2 sequence. (A) EMSA following incubation of LV with histone and C1‑ORF2. Left, histone was 
incubated with LV, and incubated with C1/ORF2 fragments; middle, histone was incubated with C1/ORF2 fragments, and with LV; right, LV was incubated 
with C1/ORF2 fragments, then with histone. 1, control group, 2‑5 lanes: 0, 0.0125, 0.0625 and 0.3125 µg/µl LV. (B) IOD values of the C1 and ORF2 fragments 
in each lane. (C) Effect and (D) IOD of histone concentrations on gel retardation when histone was first incubated with LV, and with C1/ORF2. 1‑8 lanes: 0, 
0.0625, 0.125, 0.25, 0.5, 1.0 and 2.0 µg/µl LV, lipovitellin; ORF2, open reading frame 2; IOD, integrated optical density; M, Marker.
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reduce C1/ORF2 gel retardation that was caused by histone, 
indicating that LV had the capability of binding to histone. The 
histone in the ZEL is bound to the histone chaperone molecule, 
rather than being isolated (51), suggesting that LV is also a type 
of chaperone molecule. LV therefore exerts an important role in 
balancing the binding of histone to DNA.

Chromatin accessibility is directly associated with tran‑
scription in eukaryotes (52). Accessible regions associated 
with regulatory proteins are highly sensitive to DNase  I 
digestion  (37). The present study demonstrated that LV 
attenuated inhibition of histone‑induced EGFP expression 
in the C1‑ORF2 vector. Chromatin was reconstituted using 

Figure 9. LV increases DNase I digestion‑sensitivity of C1‑ORF2. (A) Representative DNase I digestion of C1‑ORF2 + histone + LV (C1‑ORF2) or C1‑Alux14 
+ histone + LV (C1‑Alux14) recombinants. (B) IOD values of each lane. (C) Representative image showing DNase I digestion according to the salt‑dialysis 
reconstitution method. C1‑ORF2 (0.06 µg), histone (0.18 µg) and 3 µg LV (or BSA) were recombined using the salt‑dialysis reconstitution method. The 
recombinants were digested for 1 min with 0.02, 0.04 or 0.08 U/µl DNase I. 1‑3 lanes: 0.02, 0.04 and 0.08 µg/µl LV; 4‑6 lanes: 0.02, 0.04 and 0.08 µg/µl 
BSA; 7 lane: 0.00 µg/µl LV; 8 lane: 0.00 µg/µl BSA. (D) IOD values of each lane. (E) C1‑ORF2 ATAC‑seq signals. CMV area (CMV enhancer and promoter) 
ATAC‑seq signals in the LV treatment group were stronger than those in control group. (F) Amplified CMV ATAC‑seq signals in the LV (blue) and control 
(purple) group. CMV ATAC‑seq signals in the LV group were more numerous than those in the control group. *P<0.01, **P<0.01, ***P<0.001. LV, lipovitellin; 
ORF2, open reading frame 2; IOD, integrated optical density, ATAC‑seq, assay for transposase‑accessible chromatin with sequencing; CMV, cytomegalovirus 
enhancer and promoter.
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LV, histones and C1‑ORF2 (or C1‑Alux14) and the DNase I 
digestion showed that LV, but not BSA, promoted DNase I 
digestion sensitivity of recombinant C1‑ORF2. ATAC‑seq 
is a novel method to detect chromatin accessibility  (53). 
ATAC‑seq was used to verify whether LV enhanced chro‑
matin accessibility; LV induced more ATAC‑seq signals 
in the CMV area when LV was added to C1‑ORF2 stably 
transfected HeLa cells.

The present study demonstrated that LV attenuates the 
inhibitory effect of histone on ORF2‑induced EGFP reporter 
gene expression, upregulated expression of EZE genes both 
in  vivo and in  vitro, bound ORF2 DNA and histones and 
increased accessibility of C1‑ORF2 DNA. Binding of DNA 
with histones forms nucleosomes, which are packaged into 
heterochromatin, inhibiting gene expression (54,55). LV inter‑
feres with nucleosome packaging by binding ORF2 DNA and 
histones, which prevents the formation of heterochromatin, 
which promotes DNA transcription. The present study has 
suggested that LV interfered with the binding of histones to 
ORF2 DNA through binding with both ORF2 and histones. 
Dissociation of histones from the ORF2 DNA results in a 
loosening of ORF2 DNA (56). When histone binds to LV, a 
complex of histone and LV is formed (histone‑LV), which 
decreases and interferes with binding between histone and 
DNA (57).

Fig. 10 shows potential molecular mechanisms that may 
explain how LV increases expression of the ORF2‑induced 
EGFP gene and EZE‑associated genes in ZEs. The packaging 
of histone and L1‑ORF2 into heterochromatin in the absence 
of LV caused the decreased L1‑ORF2 accessibility, however 
the presence of LV increased L1‑ORF2 accessibility due to 
LV interfering with the tight packaging of ORF2 DNA by 
histones. To the best of our knowledge, the present study is 
the first to demonstrate that LV is the main DNA‑binding 
protein in ZEL, acting as a trans‑acting factor. The binding 

of LV to DNAs had sequence specificity and LV had greater 
affinity for the ORF2 fragment. LV bound histone to inter‑
fere with binding between histone and DNA and promoted 
ORF2‑induced high expression of EGFP gene by increasing 
the accessibility of ORF2‑containing DNA constructs and 
expression of development‑associated genes.

The present study found that LV is a regulating factor of 
ORF2; however, the present study had limitations. During early 
embryonic development, gene expression regulation involves 
proteins, protein and DNA modifications and RNAs  (58); 
therefore, further studies should consider the potential syner‑
gistic effect of LV with other gene expression factors. LV 
affected the expression of the EGFP gene induced by both 
the ZORF2 and ORF2. There is no LV component in human 
embryos, although human ORF2 is also highly expressed in 
early human embryos, suggesting that equivalent components 
of LV are also present in human early embryos (59). These 
should be identified in future.
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