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ABSTRACT

The traditional method to establish a cardiovascular disease model induced by 
high fat and high cholesterol diets is time consuming and laborious and may not be 
appropriate in all circumstances. A suitable pig model to study metabolic disorders 
and subsequent atherosclerosis is not currently available. For this purpose, we applied 
the CRISPR/Cas9 system to Bama minipigs, targeting apolipoprotein E (ApoE) and low 
density lipoprotein receptor (LDLR) gene simultaneously. Six biallelic knockout pigs 
of these two genes were obtained successfully in a single step. No off-target incidents 
or mosaic mutations were detected by an unbiased analysis. Serum biochemical 
analyses of gene-modified piglets showed that the levels of low density lipoprotein 
choleserol (LDL-C), total cholesterol (TC) and apolipoprotein B (APOB) were elevated 
significantly. This model should prove valuable for the study of human cardiovascular 
disease and related translational research.

INTRODUCTION

Atherosclerosis is primarily caused by the imbalance 
of blood lipids, particularly cholesterol-containing low 
density lipoprotein (LDL) particles [1]. ApoE and LDLR 
gene mutations play a large role in the disease progression. 
ApoE protein has a great effect on cholesterol metabolism 
in the liver and is an important component of very low 
density lipoprotein (VLDL) and chylomicrons. The 
functional deficiency of ApoE protein contributes to 
the risk of familial dysbetalipoproteinemia or type III 
hyperlipoproteinemia (HLP III) [2]. LDLR protein, when 
located on the surface of hepatocytes, plays a critical role 
in low density lipoprotein cholesterol (LDL-C) clearance 
in liver. Loss-of-function mutations in this gene result 
in the accumulation of LDL-C in circulation, leading to 
familial hypercholesterolemia (FH) [3]. ApoE-/-/LDLR-/- 
mice have been broadly used in atherosclerosis research; 

however, lipoprotein profiles and metabolism in mice are 
different from humans and pigs [4]. For example, most of 
the cholesterol of mice was transported by high density 
lipoprotein (HDL). However, in humans and pigs it was 
mainly through the LDL. Furthermore, pig models could 
reproduce many important atherosclerosis features, such 
as palque rupture and thrombosis. However, these features 
were hardly ever observed in mouse models [5].

Pigs are widely used in biomedical and human 
diseases research [6]. They share many similarities to 
humans with regard to nutrition, anatomy, physiology, 
pathology and the cardiovascular system [7]. For example, 
their heart size, blood supply, function of coronary system 
and feature of aorta are comparable to humans [8]. Thus 
the pig is an important model of cardiovascular disease 
research. However, pig atherosclerosis process is quite slow 
on normal physiological condition. So the diet inducing 
or gene modification is needed in this model. During the 

www.impactjournals.com/oncotarget/              Oncotarget, 2017, Vol. 8, (No. 23), pp: 37751-37760

Research Paper



Oncotarget37752www.impactjournals.com/oncotarget

last five years, numerous genetically modified pigs have 
been produced using gene targeting approaches to model 
human metabolic diseases, neurodevelopmental disorders, 
immunodeficiency and muscle development [6, 7, 9–14]. 
Gene edited pig models of dyslipidemia or lipid metabolism 
disorders provide large amounts of material to bridge the 
gap between preclinical evaluations in humans and rodents 
[15]. However, few pig models related to atherosclerosis 
have been generated using gene editing methods.

CRISPR/Cas9 is a newly emerging versatile 
genome engineering tool, which is composed of a 
single guide RNA (gRNA) and the Cas9 enzyme for 
genome cutting [16]. This system exhibits the merits of 
convenience, versatility and high efficiency for targeted 
genome editing compared with ZFNs and TALENs [17]. 
In the past two years, the CRISPR/Cas9 system has been 
successfully used to introduce zygotes to generate gene-
edited pigs [9, 11, 14, 18–20]. However, CRISPR/Cas9-
mediated cleavage would occur at the early embryonic 
development stage multiple times, which might result in 
chimeric piglets with multiple genotypes [18]. Therefore, 
the founder piglets exhibit more than two mutations in 
different tissues, including the gonads. Thus, one or two 
rounds of additional breeding to obtain stable genetic 
offspring are required [12]. This procedure is time-
consuming and costly in pigs, which have long gestation 
cycles. The CRISPR/Cas9 system has been used to target 
two genes in pigs for establishing a neurodegenerative 
disease model [12]. As such, we aimed to target multiple 
genes related to arthrosclerosis in pigs simultaneously. 
Hence, we utilized the CRISPR/Cas9 system to mediate 
gene editing in porcine embryonic fibroblasts (PEFs). 
These somatic cells, which carry stable and identical 
mutations, were then used as nuclear donors to produce 
the knockout pigs described in this study.

Here, we aimed to generate ApoE-/-/LDLR-/- double 
knockout pigs with biallelic mutations via the CRISPR/
Cas9 system and SCNT approach. These genetically 
modified pigs will provide an effective model for 
atherosclerosis studies.

RESULTS

CRISPR/Cas9 construction and efficiency tests 
of the designed gRNAs

To verify whether single nucleotide polymorphisms 
(SNPs) existed in these two loci, the nuclear acids of exon2 
for ApoE and LDLR genes were amplified and sequenced 
for gRNA design (Figure 1). The targeted regions of 
gRNAs for the ApoE and LDLR genes are shown in 
Figure 1A and 1B. After transfection, the sequencing 
chromatography of the two targeted genes showed 
overlapped peaks around the PAM sequence (Figure 1), 
indicating that only two gRNAs could induce indels in the 
target region and with different mutagenesis efficacies. 
However, as the bacterial TA colony analysis showed, as 

summarized in Supplementary Table 1, all four gRNAs 
could induce indels in the target gene and the mutation 
efficiencies ranged from 9.7% to 26.7% for the LDLR gene 
and from 12.5% to 86.3% for the ApoE gene. Consistent 
with our sub-clone analysis, the T7EN1 digestion analysis 
showed gRNA1 and gRNA3 had high rates of mutation 
genesis (Figure 1C). However, for gRNA2 and gRNA4, 
the digestion failed, suggesting the rates (12.5% and 9.7%) 
were under the detection capability of T7EN1 enzyme.

PEF cell transfection and gRNA-induced site-
specific indels of pig ApoE and LDLR genes

To target ApoE and LDLR genes simultaneously 
and to investigate whether the colony formation rate had 
a positive correlation with the gRNA mutation genesis, 
cas9 and gRNA1 (high 86.3%) were cotransfected with 
gRNA3 (moderate 26.7%) or gRNA4 (low 9.7%). After 
about 10 d in culture, the colonies were harvested, PCR 
was performed on each colony for identification, and 
Sanger sequencing was performed for each gene. For the 
ApoE gene, among all 62 colonies checked, the deletion 
range was from 1 bp to 247 bp, and the insertions were 
1-2 bp (Figure 2). The monoallelic and biallelic mutants 
were 26% and 55% of the total, respectively. For the 
LDLR gene, 26 gRNA3 targeted colonies were checked; 
the deletion and insertions were 4-132 bp and 1-83 bp, 
respectively, and the monoallelic and biallelic mutant 
rates were 19% and 31%, respectively. The 22 gRNA4 
targeted colonies showed 32% and 14% monoallelic and 
biallelic mutant rates, respectively (Table 1). These data 
indicated a positive correlation but a relatively narrowly 
gap of mutagenesis efficacies between gRNAs with high, 
moderate and low levels (Table 1). We had obtained 
8 biallelic mutants for LDLR gRNA3 and 3 for LDLR 
gRNA4. Fortunately, all the 11 cell colonies with LDLR 
biallelic mutants also had biallelic mutants for ApoE 
(Table 1 and Figure 3).

Production of ApoE/LDLR knockout pigs by 
SCNT and genotype assay

ApoE/LDLR double-mutant cell colonies (5# and 7#) 
(Figure 3) were selected as SCNT donors, and nearly 180-
300 reconstructed embryos were transferred to surrogates. 
Each cell colonony was used in four surrogates. One 
of these eight sows which was transferred with 7# cell 
colony generated six piglets. These offsprings were live 
born (Figure 4A) and genotyped. Mutations corresponding 
to the 7# donor colony were found at the target loci for all 
6 founder piglets (Figure 4A).

Off-target analysis of gene-targeted pigs

A total of 28 (12 for ApoE and 16 for LDLR) 
potential off-target sites were successfully amplified 
and subjected to Sanger sequencing via PCR. Two 
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Figure 1: Design and CRISPR/Cas9 assay. (A, B) Schematic and sequencing chromatography of genomic DNA of the CRISPR/Cas9-
targeting sites in pig APOE (A) and LDLR (B) genes. Exons are shown as boxes. The black arrow indicates the direction of transcription. 
The gRNA-targeting sequence is labeled in red, and the protospacer-adjacent motif (PAM) sequence is labeled in green. The different 
gRNAs are named as gRNA 1-4, respectively. Sequencing chromatography of genomic DNA of ApoE (A) and LDLR (B) genes showd a 
double curve after the guided double strand break induced by the CRISPR/Cas9. (C) Agarose gel electrophoresis showing the PCR product 
of the target region derived from PEF cell lines digested with T7EN1 restriction enzymes. WT:wild type; g1:gRNA1; g3:gRNA3.
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sites (LDLR-OT5 and LDLR-OT6) in these 28 off-
target sites (OTs) were detected with overlapped peaks 
around the OTs. To further verify if off-target cleavage 
events occurred, the PCR products from LDLR-OT5 and 
LDLR-OT6 were subjected to TA-clone and subsequent 
Sanger sequencing. SNPs were observed in these OTs 
(Supplementary Figure 1A): LDLR-OT5 contained a 
ACCTAC/------ SNP (HGVS name:1:g.57898317_578
98322delACCTAC), and LDLR-OT6 contained a -------
---------------- / AAAAAAAAAGAAAGTGAATTAGA 
SNP 58bp upstream from this OT (Supplementary Figure 
1B). For the remaining 26 OTs, no CRISPR/Cas9-induced 

mutations were detected in any of the six target gene–
disrupted pigs.

Serum biochemical analyses

To assess the potential effects of ApoE/LDLR gene 
mutation on serum lipids, plasma samples collected from 
the knockout pigs and control pigs were analyzed. Plasma 
high density lipoprotein cholesterol (HDL-C), LDL-C, 
TC and triglyceride (TG) levels were measured in two-
month-old ApoE-/-/LDLR-/- and ApoE+/+/LDLR+/+ piglets 
(Figure 4B, 4C). As expected, TC and TG levels were 
significantly higher in ApoE-/-/LDLR-/- pigs than in wild-
type pigs (TC, 3.05 ± 0.12 mM, mean ± SEM VS 1.94 ± 

Figure 2: Mutations of APOE and LDLR genesis by CRISPR/Cas9. Detailed mutations of the modified alleles detected in PEF 
colonies. gRNA binding sites of APOE and LDLR gene are underlined; “∆”: deletion; “+”: insertion; WT: wild-type allele.

Table 1: The efficacy of CRISPR/Cas9-mediated gene targeting in PEFs

Target genes
Mutant alleles (Mutated colony/tested colonies)

Monoallelic mutant (%) Biallelic mutant (%) Total mutant (%)

ApoE 16/62 (26%) 34/62 (55%) 50/62 (81%)

LDLR
g3 5/26 (19%) 8/26 (31%) 13/26 (50%)

g4 7/22 (32%) 3/22 (14%) 10/22 (45%)

ApoE
LDLR-g3 - 8* -

LDLR-g4 - 3* -

Notes: * Both the 8 and 3 colonies were also had biallelic mutants for  ApoE. g3:gRNA3; g4:gRNA4.
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0.16 mM, P=0.0002; TG, 0.77 ± 0.08 mM VS 0.35 ± 0.06 
mM, (P=0.0015, t-test). A similar elevation is observed 
in LDL-C and APOB, which is the main apolipoprotein 
of LDL (LDL-C, 1.96 ± 0.06 mM, mean ± SEM VS 
1.39 ± 0.13 mM, P=0.0030; APOB, 186.21 ± 6.15 μg/
mL mean ± SEM VS 144.37 ± 12.56 μg/mL) (P=0.0115, 
t-test). Surprisingly, HDL-C was significantly elevated 
in APOE-/-/LDLR-/- pigs (1.15 ± 0.06 mM, mean ± SEM 
VS 0.83 ± 0.06 mM, P=0.0039, t-test). This result was 
corresponded with our another artherosclerosis pig model 
established by means of high cholesterol and fat food 
inducing (data not published). Meanwhile, the TC, LDL-C 
and HDL-C was also significantly elevated (TC, P=0.0281; 
LDL-C, P=0.0276; HDL-C, P=0.0029) in knockout pigs of 
twelve month old twelve-month-old (Figure 4B).

DISCUSSION

As the “third generation” of gene editing systems, 
distinct from ZFNs and TALENs, CRISPR/Cas9 is easily 
applicable and low cost. Thus, it provides a robust tool 
for deleting target genes and creating genetically modified 

large livestock animals such as pigs. Considering the 
random genotypes and chimeric piglet generated from a 
one-cell stage co-injection of Cas9 mRNA and gRNA, in 
this study, we used the CRISPR/Cas9 system combined 
SCNT to generate ApoE/LDLR gene modified pigs and 
obtained double gene knockout animals with a single 
round of the procedure. The circular plasmid of CRISPR/
Cas9 system could not be integrated into the genome; 
we just needed to enrich transfected cells with transient 
expression of puromycin for about 3 to 5 days. And then 
another 7 days of culture would generate cell colony with 
designed mutation. To confirm whether puromycin marker 
was integrated into the genome of pigs, we attempted to do 
the detection of genomic plamid integration. As showed in 
Supplementary Figure 3, four pigs of F1 generation did not 
have any puromycin marker integration. Thus, we are not 
concerned about the constitutive expression of CRISPR/
Cas9, which would increase the frequencies of off-target 
mutations [7]. Additionally, the antibiotic-mediated cell 
enrichment for several days could increase screening 
efficiency without affecting cell viability. Obviously, we 
found a high probability biallelic knockout, consistent 

Figure 3: ApoE/LDLR double-mutant cell colonies for SCNT. The chromatogram for a partial genomic sequence of ApoE/LDLR 
double mutant PEF colonies. Sequencing was used to verify insertions or deletions produced by the non-homologous end joining repair 
pathway after the double strand break induced by the CRISPR/Cas9. gRNA binding sites are underlined; “∆”: deletion; “+”: insertion; WT: 
wild-type allele of ApoE and LDLR gene, respectively.
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with the results of previous studies [7, 12, 18]. Hence, 
the CRISPR/ Cas9 system demonstrated an enhanced 
ability to introduce a biallelic mutant on homologous 
chromosomes, which permitted us to edit multiple genes 
simultaneously.

Because of the metabolic and immune similarities 
between pigs and humans, the establishment of swine 
models is important for the study of disease-related genes. 
ApoE is a polymorphic protein, and there is a significant 
association between molecular polymorphisms and several 

Figure 4: ApoE/LDLR knockout pigs and serum biochemical status. (A) Photographs and genotypes of the six ApoE-/-/LDLR-/- 
founder pigs. (B) Serum TC, TG, LDL-C and HDL-C in male founders and WT males. The data comprise fasting serum measurements 
at two-months and twelve-months of age in founders and age-matched WT pigs. (C) Serum APOB and ApoE levels at two-months and 
twelve-months of age. The data comprise fasting serum measurements at two-months and twelve-months of age in founders and age-
matched WT pigs. * P<0.05, ** P<0.01.
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biological processes, including Alzheimer’s disease, 
cognitive function, immunoregulation, cerebrovascular 
and cardiovascular pathologies and possibly infectious 
diseases. The polymorphisms of the LDLR gene are the 
most frequent genetic cause of FH in humans and are 
linked to coronary heart disease in humans, mice, and 
pigs. By introducing ApoE/LDLR mutations into the pig 
genome, we found that serum LDL-C was elevated by 
approximately 41% from WT at an early age. Furthermore, 
APOB, the main apolipoprotein component on LDL, 
increased approximately 29% in genetically modified pigs. 
We also observed that there was nearly a 57% elevation 
of serum total cholesterol and a 120% elevation of serum 
TG. Considering all the serum biochemical analyses were 
processed in two-month-old weanling piglets, it could 
reflect the real physiological state of the juvenile piglets 
and totally eliminate the effects of lipids in sow milk. We 
also confirmed that the increased TC and LDL-C in mutant 
piglet serum could be persisted in long-term observation. 
The serum of twelve-month-old knockout and WT pigs 
were collected for biochemical analyses. As we expected, 
TC and LDL-C was still increased significantly in twelve-
month-old knockout pigs (Figure 4B). One can speculate 
that the knockout of ApoE and LDLR genes in pigs did 
increase their susceptibility to cardiovascular diseases 
at an early age and could recreate the same situation as 
human cardio-metabolic disease. Several type of LDLR 
knockout pigs have been used for atherosclerosis research 
[3, 21, 22]. Davis et al [3] and Li Y et al [21] generated 
LDLR knockout pigs through disrupting exon 4. They 
used conventional homologous recombination to insert 
resistance genes into such region to achieve the purpose 
of destroying LDLR gene. These models have significant 
dyslipidemia phenotypes, such as a significant rise in TC 
and LDL-C levels. In this study, we used CRISPR/Cas9 to 
edit exon 2 of of LDLR gene, and obtained a similar pig 
model of dyslipidemia.

Off-targets are of great importance to be considered 
when using the CRISPR/Cas9 genome engineering 
system. Base pairing between the gRNAs and the target 
sequence will affect the off-target mutations rates. A short 
seed sequence (usually the first 10-12 nucleotides adjacent 
to PAM) was found to be generally more important than 
the rest of the guide region. Additionally, several groups 
independently reported that more than five mismatches in 
total and more than two mismatches in the seed sequence 
will most likely prevent CRISPR/Cas9-mediated DSB 
induction. Notably, we administered a relatively stringent 
rule, such as the 0-1 mismatch of the 12 nt seed sequence 
and the 1-5 mismatch of the total, yet we failed to identify 
any off-target incidents in all of the 28 off-targets detected. 
Furthermore, CRISPR/Cas9-mediated gene disruption 
demonstrated high fidelity for each target sequence 
among all six founders because no off-target mutations 
were detected at any of the predicted 28 off-target sites. 
Even for these three sites, the most potential off-target 
sites, ApoE-OT2 (with 1 nt mismatch within the 12 nt seed 

sequence and only 2 nt mismatch total), ApoE-OT3 and 
LDLR-OT1 (with an exact match of a 12 nt seed sequence 
and only a 3 mismatch total), there were no off-target 
mutagenesis detected. There has been speculation that 
particular gene-modified cell colonies may exhibit poor 
competency to develop to term because of off-target side 
effects. This probably explains why there was no off-target 
mutagenesis detectable. Nonetheless, this result is based 
on a limited locus; more sensitive and unbiased detection 
of genome-wide mutations will be needed to determine 
if CRISPR/Cas9 induced off-target cutting. Moreover, 
the consistency of the genetic background of the six 
founders also suggests that no CRISPR/Cas9-mediated 
DNA cleavage occurred at the one-cell stage or the later 
embryonic stage. These results testify to the effectiveness 
of puromycin enrichment of resistant cells after circular 
plasmid transfection.

In conclusion, herein, we presented the successful 
generation of genetically modified pigs targeting the 
ApoE and LDLR genes simultaneously via the CRISPR/
Cas9 approach. The gene-modified swine showed an 
abnormal lipid metabolism related to atherosclerosis. 
This will aid in determining the gene function in pigs and 
in establishing valuable animal models for the study of 
human cardiovascular disease.

MATERIALS AND METHODS

Ethics statement

The pigs used in this study were maintained in the 
National Germplasm Resources Center of Laboratory 
Miniature Pig (Beijing, China). All pig experiments were 
conducted in accordance to the guidelines provided by 
the Committee on the Ethics of Animal Experiments of 
the Institute of Animal Science of Chinese Academy of 
Agriculture Sciences (IAS of CAAS) (Beijing, China). 
The protocols were approved by the IAS of CAAS.

CRISPR/Cas9 construction

U6 promoter-driven gRNA cloning vector 
pGL3-U6-gRNA-PGK-puromycin (51133) and Cas9 
expressing plasmid (44758) were purchased from 
Addgene (Cambridge, USA). Four gRNAs targeting 
exon 2 of pig ApoE or LDLR were designed following 
the protocol described previously [19]. Briefly, 2 
gRNAs for ApoE and LDLR genes were selected based 
on the original Cas9 approach G-18(19)N-GG. Each 
pair of complementary DNA oligos were synthesized, 
subsequently dephosphorylated, and then annealed to 
double-strand fragments with BbsI-compatible overhangs. 
All constructs were subjected to Sanger sequencing (Taihe 
Biotechnology, Beijing, China) and then electroporated 
into PEF cells individually. PCR products flanking the 
target site were sequenced and then analyzed by T7EN1 
and TA clones for identification of the mutagenic efficacy.
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Targeting efficiency of gRNAs

PEF cell lines used in this study were collected from 
the Chinese Bama miniature pig as described previously 
by our group [23]. The gRNAs targeting the pig ApoE/
LDLR genes and Cas9 expression plasmids (ratio, 1:1) 
were co-transfected into PEFs of log-growth phase at a 
concentration of 5 μg/106 cells. The transfection procedure 
was conducted on the platform of NucleofectorTM 2b 
Device (Lonza, Basel, Switzerland), according to the 
manufacturer’s guidelines and using program T-016. 
Transcription efficiency was evaluated with EGFP 
plasmid (Supplementary Figure 2). The transfected cells 
were cultured at 37.0 °C for 48 hours in complete DMEM 
(Gibco) medium containing 20% FBS (Thermo Fisher 
Scientific, Shanghai, China) for recovery. The medium 
was replaced with complete DMEM medium containing 
10% FBS and 0.5 μg/mL puromycin (Sigma-Aldrich, St. 
Louis, USA) after 24 hours for enrichment. The DNA 
of the cell pool was subjected to PCR amplification 
using primers for pig ApoE or LDLR (LDLR1), which 
are listed in Supplementary Table 2. The PCR products 
were applied to a T7EN1 cleavage assay and sub-cloned 
into the pMD18-T vector for TA cloning (TaKaRa, Code 
No. 6011). The T7EN1 cleavage assay was performed 
according to Shen et al. [24]. Bacterial TA colonies were 
randomly picked to perform sequencing.

PEF cell transfection and genotyping

The gRNA targeting pig ApoE/LDLR and Cas9 
expression plasmids (1:1:2 for ApoE/LDLR) were co-
transfected into PEFs as mentioned above. The cells were 
cultured in drug selection conditions for 4-5 days, followed 
by removal of the puromycin. Following approximately 
another 7 days of culture, the single cell colonies were 
transferred to a 48-well plate. When the cells reached full 
confluency, one half of each individual colony was lysed 
as previously described for PCR screening [19], and the 
remaining cells were subcultured for SCNT. The detailed 
information of these primers for pig ApoE or LDLR 
(LDLR2) are listed in Supplementary Table 2. The PCR 
products of all positive cell colonies were used for TA 
cloning and Sanger sequencing.

SCNT and embryo transfer

The manipulation of SCNT in the pigs was 
performed according to Lai and Whitworth [19, 25]. 
The detailed process is as follows. In vitro matured 
porcine oocytes were denuded with hyaluronidase at a 
concentration of 1 mg/mL. The matured oocytes that were 
in the MII stage of meiosis were placed in manipulation 
medium containing 7 μg/mL of cytochalasin B. They were 
then enucleated and injected into transgenic cells into the 
same position under the zona pellucida. After 15 mins 
of equilibration in manipulation medium, the electrical 

fusion and activation process followed. Reconstructed 
gene-edited embryos were cultured in PZM-3 medium for 
12-24 h, and then the high quality cloned embryos were 
transplanted into surrogate sows. The pregnancy status of 
the sows was monitored by ultrasonic examination after 
30 days. The cloned piglets were obtained by natural birth 
within the due date range of 114-120 days [25].

Genotype and off-target analysis gene-targeted 
pigs

The genome of all six founder pigs were collected 
from ear tissues for genotype analysis. The primers for 
the ApoE/LDLR genes as well as PCR reaction conditions 
were mentioned above. The PCR products were applied 
for TA cloning.

The rule of OTs prediction in the pig genome is 
noted in previous reports [10, 12, 23]. The putative off-
target sites were predicted using CCTop; the parameter of 
maximum total mismatches was set at 5, the core length 
was 12 nt, the maximum core mismatch was set to 2 nt, 
and PAM was set as NRG (= NGG or NAG) [26]. The 
DNA fragments covering the off-target site were amplified 
via PCR using the genomic DNAs extracted from the 
founder ear tissues and the wild-type PEF cell line. The 
sites that were successfully amplified were subjected to 
Sanger sequencing and the TA clone assay. Supplementary 
Table 3 summarizes all the primers corresponding to the 
off-target sites.

Serum biochemical analyses

Blood samples were drawn from precaval veins 
into a serum separation hose (BD Vacutainer SST Tubes, 
Shanghai, China) after an overnight fast. The TC, TG, 
HDL-C and LDL-C were measured by the clinic laboratory 
in the 309th Hospital of Chinese People's Liberation Army 
(Beijing, China). The serum APOB was determined with 
the porcine APOB ELISA kit (Lembo Terry Technology 
Development, Beijing, China). The serum ApoE was 
determined with the porcine ApoE ELISA kit (Lembo 
Terry Technology Development, Beijing).

Statistics

The experimental data were analyzed using Prism 
software (GraphPad Software). Multiple comparisons of 
data from multiple groups were performed using analysis 
of variance (ANOVA). The data are presented as numerical 
means ± SEM. The level of significance is P<0.05.
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