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Clustered regularly interspaced short palindromic repeats/Cas9 gene editing technique was used to 
construct the human liver Lo2 stable cell line with low density lipoprotein receptor gene deletion. 
According to the design principle of clustered regularly interspaced short palindromic repeats/Cas9 
target, the single guide RNA specifically target low density lipoprotein receptor gene was designed and 
the recombinant plasmid lenticlustered regularly interspaced short palindromic repeats v2 was used to 
construct the recombinant plasmid which can express this single guide RNA and Cas9 protein. After 
sequencing identification, the recombinant plasmid was transferred into Human embryonic kidney 
293T cells together with retroviral packaging plasmids VSVG and PAX2. 48 h after transfection, the 
virus supernatant was collected and directly infected with human liver Lo2 cell. Puromycin was used 
to screen low density lipoprotein receptor-deficient Lo2 cells, which was verified by polymerase chain 
reaction, western blotting, and immunofluorescence staining. Then polymerase chain reaction and western 
blotting were used to verify the effects of low density lipoprotein receptor knockout on the function, lipid 
metabolism, glucose metabolism pathway, and insulin resistance of the Lo2 cell line. In this paper, the 
clustered regularly interspaced short palindromic repeats/Cas9 plasmid targeting low density lipoprotein 
receptor was successfully constructed. The results of polymerase chain reaction and western blotting 
showed that the human liver Lo2 cell with a stable knockout of low density lipoprotein receptor was 
obtained. The results of immunofluorescence staining showed that compared with the control group, the 
content of prealbumin in low density lipoprotein receptor knockout cells decreased significantly, while the 
content of diacylglycerol increased. At the same time, low density lipoprotein receptor gene knockout can 
increase the expression level of fatty acid synthase, peroxisome proliferator-activated receptor-γ, sterol 
regulatory element binding protein 1c, and inhibit the expression of carnitine palmitoyltransferase 1a. 
In addition, compared with the control group, there was no significant difference in mRNA expression 
and protein level of mammalian target of rapamycin and phosphatidylinositol-3-kinase, and there was no 
significant change in epsilon isoform of protein kinase C and insulin receptor substrates 1 expression level. 
The Lo2 cell line with low density lipoprotein receptor gene knockout was constructed by clustered regularly 
interspaced short palindromic repeats/Cas9 technique, and the role of low density lipoprotein receptor in 
lipid metabolism and glucose metabolism was proved by Polymerase chain reaction and Western blotting. 
The low density lipoprotein receptor knockout polyclonal and monoclonal cells constructed in this study 
can provide a useful tool for future research. 
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Low density lipoprotein receptor (LDLR) was a kind 
of transmembrane protein, which was distributed in the 
liver, arterial wall smooth muscle cells, and vascular 
endothelial cells. It was mainly responsible for the 
removal of LDL particles in blood[1]. The LDLR gene 

was located on the human 19th chromosome and consists 
of 18 exons and 17 introns. The total length of the gene 
was about 45.5 kb, encoding 839 amino acid residues. 
At present, there were more than 1700 kinds of LDLR 
gene mutations, including insertion, deletion, nonsense, 
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and missense mutations, with the most reported 
mutations in 4th exon[2]. LDLR gene mutations can 
lead to dyslipidemia, such as hypercholesterolemia and 
familial hypercholesterolemia[3], and can also induce 
hepatocyte degeneration and promote the development 
of non-alcoholic fatty liver disease (NAFLD)[3].

Some studies have shown that the abnormal expression 
of LDLR may be related to insulin resistance. Free 
cholesterol accumulation can activate the expression 
of proteins related to insulin resistance in the liver[4,5]. 
LDLR has been shown to play a key role in mediating 
cholesterol and LDL-induced β-cell dysfunction 
and impaired insulin secretion[6]. NAFLD was an 
independent risk factor for type 2 diabetes and 
cardiovascular disease[7]. In the general population, 
the prevalence of NAFLD was about 30 %, while 
in patients with type 2 diabetes, the prevalence rate 
has tripled. Studies have shown that the abnormal 
expression of LDLR can associate NAFLD with liver 
insulin resistance. Therefore, LDLR may be a key 
signal molecule in the insulin resistance pathway and 
participate in the pathogenesis of NAFLD.

In this study, Clustered regularly interspaced short 
palindromic repeats (CRISPR)/Cas9 genome editing 
technique was used to establish LDLR gene knockout 
liver cell line. It was found that the intracellular lipid 
content of the cell line increased significantly. The 
gene expression levels of the key proteins [fatty acid 
synthase (FAS), peroxisome proliferator-activated 
receptor-γ (PPARγ), sterol regulatory element binding 
protein 1c (SREBP-1c), carnitine palmitoyltransferase 
1a (CPT1a), long chain 3-hydroxyacyl-CoA 
dehydrogenase deficiency α (HADHα)] involved in 
lipid metabolism pathway were analyzed, and the 
relationship between LDLR and the key proteins in 
insulin resistance pathway [epsilon isoform of protein 
kinase C (PKCε), insulin receptor substrates 1 (IRS-1)] 
and gluconeogenesis pathway [rapamycin (mTOR), 
phosphatidylinositol-3-kinase (PI3K/Akt)] was 
evaluated.

MATERIALS AND METHODS

Cell culture:

The human liver Lo2 cell line was purchased from 
the China Center for Type Culture Collection 
(Wuhan, China) and cultured in Dulbecco’s Modified 
Eagle’s medium (DMEM) (37°, 5 % CO2, 10 % fetal 
bovine serum, 100 U/ml penicillin and 100 µg/ml 
streptomycin). About 1×105 Lo2 cells (37°, 24 h) were 
treated with 10 μM LDLR inhibitor.

Design the single guide RNA (sgRNA) sequence to 
identify the target site:

The LDLR gene sequence was obtained by National 
Center for Biotechnology Information (NCBI). 
According to the CRISPR-Cas9 target design 
principle, the online Guide RNA (gRNA) design tool  
(http://chopchop.cbu.uib.no/) was used to design the 
sgRNA sequence that meets the requirements of the 
experiment. The Off-Targeting effect of sgRNA sequence 
was evaluated. After excluding the other homologous 
sequences, sgRNA interference sequence was obtained. 
The BsmB I restriction site (CACCG/AAAC) was 
added to the 5’ end of the sense and antisense chains 
of the sequence. The forward sequence of sgRNA: 
5’-AGGAGACGTGCTTGTCTGTC-3 and the reverse 
sequence: 5’-CTGAGCCGTTGTCGCAGT-3’. The 
designed single-stranded sgRNA was synthesized by 
the company and annealed by gradient Polymerase 
chain reaction (PCR) to form a double-stranded sgRNA, 
named LDLR-sg. At the same time, a general negative 
control was designed, named LDLR-sgcon.

Construction and identification of the recombinant 
plasmid:

The synthesized LDLR-sg and LDLR-sgcon were done 
denaturation at 95° for 10 min, and cooled to room 
temperature for annealed into double strands. The  
2 μg empty plasmid lentiCRISPR v2 was digested with 
BsmB I, then agarose gel electrophoresis was performed 
and the gel was recovered. The double-stranded sgRNA 
product was ligated with the gel recovery product, 
and the ligating system was as follows: 1 μL double-
stranded sgRNA, 100 ng digested plasmid, 1 μL T4 
ligase and 2 μL 10×T4 ligase buffer, adding water to  
20 μL and ligating overnight at 16°. The ligated products 
were transformed into DH5α competent cells, and the 
positive clones were screened by Luria broth (LB) 
plate (ampicillin resistance) and cultured overnight 
at 37°. The monoclonal bacterial colony was selected 
and the plasmids were extracted after enlarged culture, 
and then sequenced to identify the positive clones with 
lentiCRISPRv2-LDLR-sg and lentiCRISPRv2-LDLR-
sgcon.

All the positive clone vectors of sgRNA were 
transfected into Human embryonic kidney (HEK) 
293AT cells by three-plasmid packaging system. When 
the fusion degree of HEK293T cells was 70 %-80 %,  
10 μg recombinant vector GlentiCRISPRv2-LDLR-sg 
and 10 μg packaging plasmids psPAX and 5 μg pMD2.G 
were added to every 10 cm petri dish. The complete 
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Oil Red O staining and determination of optical 
density (OD) value:

WT Lo2 cells and LDLR knockout Lo2 cells grown in 
24-well plates were harvested. As mentioned earlier[8], 
the cells were stained with oil red O and the steatosis 
based on oil red O was quantified. The cell nuclear 
were stained with hematoxylin for 15 sec and washed 
with saturated Lithium carbonate (Li2CO3) solution. 
The image was captured using a Leica DFC 420C 
microscope. The experiment was repeated three times.

Reverse transcriptase-Quantitative polymerase 
chain reaction (RT-qPCR) analysis:

The total RNA (1 μg) extracted by RNeasy Mini kit 
was used to synthesize complementary DNA (cDNA), 
and then the target gene was amplified at 25 μl reaction 
volume. The reaction system consists of 150 ng cDNA, 
0.2 μM primers, 12.5 μl 2X SYBR buffer (10 mM dNTP 
and 1 U Taq polymerase). All tests were repeated three 
times with Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) as internal reference and quantified using 
2-ΔΔCq method[9].

Western blotting analysis:

As mentioned before, the proteins were extracted from 
cells using Radio-Immunoprecipitation Assay (RIPA) 
buffer[8] and quantified using Pierce bicinchoninic acid 
kits, which (80 μg) were then used for 10 % sodium 
dodecyl sulphate–polyacrylamide gel electrophoresis 
(SDS-PAGE) separation and transferred to 
polyvinylidene fluoride (PVDF) membranes. At room 
temperature, the PVDF membrane was blocked with 
Phosphate-buffered saline (PBS) buffer containing  
3 % bovine serum albumin and 0.5 % v/v Tween-20 for  
1 h. The membrane was then incubated with the primary 
antibodies targeting FAS (1:500), CPT1a (1:300), 
PPARγ (1:500), mTOR (1:500), IRS1 (1:500;), p-IRS1 
(1:300), LDLR (1:500), SREBP-1c (1:500), AKT 
(1:500), and p-AKT (1:300) at 37° for 1 h. Then, the 
goat anti-rabbit immunoglobulin G (IgG) polyclonal 
antibody labeled with horseradish peroxidase (HRP) 
was incubated together. After incubation, the PVDF 
membrane were placed at 37° for 1 h and observed 
on Tanon 5500 chemiluminescence imaging system. 
According to the manufacturer’s procedures, the 
protein level was visualized using the Supersignal West 
Pico chemiluminescence detection system. The protein 
level was measured by ImageCal software.

culture medium was changed 6 h after transfection, 
and the recombinant lentivirus LVLDLR-sgRNA was 
collected after 48 h and 72 h, respectively. After mixing 
the virus collected twice, the virus was filtered with a 
0.45µm filter and stored at -80°. The titer of the virus 
was detected, and the recombinant lentiviruses of LV-
LDLR-sg and LV-LDLR-sgcon were obtained.

Construction and detection of Lo2 cell line with 
LDLR gene knockout:

Human liver Lo2 cells in logarithmic growth phase 
were inoculated in 6-well plate (37°, 5 % CO2, 10 % 
fetal bovine serum, 100 U/ml penicillin and 100 μg/ml 
streptomycin) at a density of 2×105 cells per well. It was 
digested with 0.25 % trypsin solution every 2-3 d for 
routine passage. When the cells grow to a fusion degree 
of 30 %-40 %, 5 μg/mL polybrene was added, and the 
cells were infected with Cas9 overexpression lentivirus 
(LVCas9-Puro), and the multiplicity of infection (MOI) 
was 10. After 24 h of infection, the DMEM medium 
was changed and cultured for 2 d, and the cells were 
screened with 2 μg/mL puromycin. Finally, the  
Lo2 cells which could stably express the Cas9 protein 
were obtained named Cas9/Lo2 cells.

Cas9/Lo2 cells were infected with the packaged LV-
LDLR-sgRNA lentivirus (LV-LDLR-sg) and control 
lentivirus (LV-LDLR-sgcon). Cas9/Lo2 cells in the 
logarithmic growth phase were inoculated on a 6-well 
plate at a density of 2×105 cells per well, and were infected 
with LV-LDLR-sgRNA lentivirus when the cells grew 
to a fusion degree of 30 %-40 %, as described before. 
After 24 h of infection, changing the culture medium 
and continuing to culture, LDLR gene knockout Lo2 
polyclonal cells (Lo2 LDLR-sg) and negative control 
Lo2 polyclonal cells (Lo2 LDLR-sgcon) which could 
express the Cas9 protein and LDLR-sgRNA bacterial 
colony were obtained. Because the recombinant 
lentiCRISPRv2-LDLR-sgNA vector contains enhanced 
green fluorescent protein (EGFP) gene sequence,  
Lo2 cells infected with LV-LDLR-sgRNA lentivirus will 
emit green fluorescence. Therefore, the virus infection 
was observed under the fluorescence microscope and 
the photos were collected, and then the photos were 
collected with the phase contrast microscope. Finally, 
the cells in each group were digested and the percentage 
of green fluorescent cells was detected by Fluorescein 
isothiocyanate (FITC) channel of flow cytometry 
(FCM), which was called infection efficiency.
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staining showed that the intracellular lipid content of 
Lo2 cells with LDLR gene knockout was 40 % higher 
than that of the control group (fig. 2). As expected, the 
content of PA in LDLR knockout cells was significantly 
lower than that in the control group cells (fig. 2), while 
the content of DAG was increased (fig. 2).

In this study, the expression levels of genes related 
to lipid synthesis (FAS, PPAR γ and SREBP-1c) and 
genes related to lipolysis (CPT1a and Hydroxyacyl-
Coenzyme A dehydrogenase alpha (HADHα)) in LDLR 
knockout Lo2 cells were detected at mRNA and protein 
levels. The results showed that compared with the 
control group, LDLR gene knockout could increase the 
expression of FAS, PPARγ and SREBP-1c, and inhibit 
the expression of CPT1a (fig. 3).

The results showed that there was no significant 
difference in mRNA expression and protein level 
between mTOR and Akt compared with the control 
group, which indicated that LDLR gene knockout did 
not affect neither the mRNA expression nor the protein 
level of mTOR and Akt (fig. 4).

In this study, we examined whether the knockout of 
LDLR would affect the expression of PKCε and IRS-1 
in insulin resistance. The results showed that there was 
no significant change in the expression levels of PKCε 
and IRS-1 by LDLR knockout at the mRNA or protein 
level (fig. 5).

In this study, LDLR gene knockout liver Lo2 cell 
line was successfully constructed by CRISPR/Cas9 
technique, and the intracellular lipid accumulation was 
significantly increased. By evaluating the expression of 
genes related to lipid and glucose metabolism in this 
cell line, it was confirmed that the established cell line 
could be used to study the NAFLD and related liver 
insulin resistance.

After continuous improvement and development 
since its appearance, CRISPR/Cas9 gene knockout 
technology has successfully realized the single-gene, 

Detection of Phosphatidic acid (PA) and 
diacylglycerol (DAG):

Lo2 cells infected with LV-LDLR-sgRNA lentivirus 
and negative control cells were cultured for 48 h, and 
the cells were lysed with RIPA buffer. RIPA buffer 
contains 50 mM Tris (pH 7.5), 150 mM Sodium chloride 
(NaCl), 1 % nonidet P-40, and 0.1 % sodium dodecyl 
sulfate (SDS), and 1 mM phenylmethanesulfonyl 
fluoride. The total lipids in the lysate were collected 
after centrifugation at 4°, 10 000 rpm/min for 10 min. 
According to the manufacturer’s instructions, total PA 
kit was used to quantify PA. The human DAG ELISA 
kit was used to determine the amount of DAG in each 
sample.

Statistical analysis:

The quantitative analysis of gene expression was 
repeated 3 times in each group. All the data were 
expressed by x±s and processed by SPSS 10.0. The 
difference between the two samples was analyzed by 
t-test. p<0.05 indicates that the difference is significant.

RESULTS AND DISCUSSION

The results of phase contrast microscope and 
fluorescence microscope observation and FCM analysis 
showed that both the LV-LDLR-sgRNA lentivirus 
targeting LDLR gene and the negative control LV-
LDLR-sgcon lentivirus successfully infected Cas9/
Lo2 cells with an infection efficiency of more than 80 
% (fig. 1A). The results of quantitative analysis also 
showed that the expression level of LDLR protein in 
LDLR knockout group was significantly decreased 
(p≤0.01, fig. 1B). The above results showed that all the 
sgRNA designed in this study were effective, and the 
Lo2 polyclonal cell line with LDLR gene knockout was 
successfully constructed.

In this study, we analyzed the effect of LDLR gene 
knockout on the function of liver cells. Oil red O 

Fig. 1: Successful establishment of Lo2 polyclonal cell line with LDLR gene knockout
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efficiency was a key step in the construction of stable 
cell lines by CRISPR/Cas9 technology. In this study, 
the infection efficiency was determined by fluorescence 
observation and FCM analysis. If the infection efficiency 
was low, the cells would be infected with lentivirus 
again. According to past experience, continuous 
infection of lentivirus for 2 times can improve the 
infection efficiency effectively. Another key step in the 
construction of stable cell lines by CRISPR/Cas9 was 
the identification of positive cell lines. In this study, U87 
cell lines with LDLR gene knockout were identified by 
restriction endonuclease digestion of PCR products. 
Because the BsmB I endonuclease site was located 
on the target of sgRNA, this enzyme can be used to 
detect the mutation efficiency of this enzyme site, to 
preliminarily determine whether the monoclonal DNA 
strands have mutations in the double strands or not.

In this study, LDLR gene knockout Lo2 polyclonal 
cells were cloned by the limited dilution method, and a 
negative control monoclonal cell line and an LDLR gene 
knockout monoclonal cell line were obtained, which 
laid a good foundation for later study of the function and 
mechanism of the target genes. In this study, WB and 
DNA sequencing were used to determine the knockout 
efficiency of LDLR gene at the protein and gene level, 
which ensured the reliability of the results.

The results showed that the expression of all three 
lipid synthesis related genes (FAS, PPAR γ and 
SREBP-1c) in LDLR knockout liver cells increased, 
while the expression of lipolysis related gene CPT1a 
decreased, which may be the reason for the increase of 
intracellular lipid content. Notably, a study reported that 
the use of sgRNA to knock down the LDLR gene led 
to a decrease in SREBP-1c expression. However, this 
was carried out in the human adrenocortical cells[15], 
and its lipid metabolism pathway may be different 
from that of human liver cells. Studies have shown 
that the overexpression of FAS not only promotes the 
adipogenesis, but also promotes the growth of breast 
cancer cells[16]. This may explain why LDLR knockout 
liver cells show an increased growth rate. The increase 
of FAS and the decrease of CPT1a in LDLR knockout 
liver cells may be related to the increased activity of 
SREBP-1c. It was reported that SREBP-1 can activate 
FAS transcription[17] and down-regulate the expression 
of the lipase gene[18].

In previous studies, LDLR can regulate the cellular 
DAG and PA, PA further regulate the expression of 
DAG-sensitive proteins associated with liver insulin 
resistance (PKCε)[19], and the expression of PA-sensitive 

Fig. 2: Characterization of LDLR knockout human liver Lo2 
cell line

 Fig. 3: Effect of LDLR knockout on cell lipid metabolism

Fig. 4: Effect of LDLR knockout on the expression of mTOR 
and Akt in glucose metabolic pathway

Fig. 5: Expression of PKC ε and IRS-1 in insulin resistance 
induced by LDLR knockout

double-gene, and multi-gene knockout in animals, 
plants, and cells[10-14]. The confirmation of the infection 
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proteins (mTOR and Akt)[20-23]. The results of this 
study showed that the level of p-PKC ε expressed by 
LDLR knockout cells increased, which may be related 
to the increase of intracellular DAG and the decrease 
of p-IRS-1 level. In this study, LDLR knockout cells 
expressed low levels of p-mTOR and p-AKT, which 
may be caused by the decrease of PA.

In this study, LDLR gene knockout Lo2 cell line was 
constructed by CRISPR/Cas9 system, and the role of 
LDLR in lipid metabolism and glucose metabolism was 
proved by PCR and WB. The LDLR gene knockout 
polyclones and monoclonal cells constructed in this 
study can provide a useful tool for future research.
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