Cellular and Molecular Life Sciences (2018) 75:4619–4628
https://doi.org/10.1007/s00018-018-2917-6

Cellular and Molecular Life Sciences

ORIGINAL ARTICLE

Editing porcine IGF2 regulatory element improved meat production
in Chinese Bama pigs
Guanghai Xiang1,2
Qi Zhou1,2,3

· Jilong Ren1,2 · Tang Hai1,3 · Rui Fu1 · Dawei Yu1 · Jing Wang1,4 · Wei Li1,2,3 · Haoyi Wang1,2,3

·

Received: 25 April 2018 / Revised: 24 August 2018 / Accepted: 6 September 2018 / Published online: 26 September 2018
© Springer Nature Switzerland AG 2018

Abstract
Insulin-like growth factor 2 (IGF2) is an important growth factor, which promotes growth and development in mammals
during fetal and postnatal stages. Using CRISPR–Cas9 system, we generated multiple founder pigs containing 12 different
mutant alleles around a regulatory element within the intron 3 of IGF2 gene. Crossing two male founders passed four mutant
alleles onto F1 generation, and these mutations abolished repressor ZBED6 binding and rendered this regulatory element
nonfunctional. Both founders and F1 animals showed significantly faster growth, without affecting meat quality. These results
indicated that editing IGF2 intron 3–3072 site using CRISPR–Cas9 technology improved meat production in Bama pigs.
This is the first demonstration that editing non-coding region can improve economic traits in livestock.
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Introduction
Humans have been changing the genome of livestock
through conventional breeding for thousands of years. Over
the past decades, numerous genes related to body growth,
muscle mass, and fat deposition have been characterized,
such as Fat-1 [1], Myostatin [2], and IGF2 [3, 4], and the
development of various genome engineering technologies
greatly improved our capability of engineering livestock
genome [5]. Transgenic expression or targeted disruption
of specific genes has been used to generate various genetically modified (GM) livestock strains with desired traits
[5–7].
IGF2 gene encodes an important growth factor, which
affects skeletal muscle mass and fat deposition [3, 4]. Driven
by different promoters, IGF2 is expressed as transcript variants in various tissues [8]. Deletion or overexpression of
Igf2 in mice resulted in growth abnormality [9, 10]. In pigs,
quantitative trait locus (QTL) mapping identified a naturally
occurring quantitative trait nucleotide (QTN) in intron 3 of
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IGF2 (IGF2-intron 3–nucleotide 3072), as the most important locus contributing to increased lean meat production
[11]. Later, BED-type containing 6 (ZBED6) was identified
as the repressor binding to 5′-GCTCGC-3′ (QTN is bold and
underlined) motif within IGF2 intron 3 [12]. The G-to-A
transition at IGF2-intron 3–3072 abrogates ZBED6 binding,
leading to increased IGF2 expression in skeletal muscle and
improved lean meat yield [11, 12].
Bama miniature pig is a Chinese indigenous commercial
breed renowned for its meat flavor, small body size, and
genetic stability. Female Bama pigs generally reach sexual
maturity earlier and come into heat several times a year
while keeping good reproductive performance. Moreover,
Bama pigs need less feeds than common commercial strains,
and show strong disease resistance. Due to these advantages,
Bama pigs were widely used in biomedical research in China
[13]. Our genotyping results showed that this breed has G
allele at IGF2-intron 3–3072 site (Table S1), which might
be relevant to the regulation of IGF2 expression.
Recently, the clustered, regularly interspaced, short-palindromic repeats/CRISPR-associated protein 9 (CRISPR–Cas9)
systems have been developed as powerful gene-editing tools,
and applied to edit the genomes of various species [14–16].
We are the first team that generated a knockout pig model
using CRISPR–Cas9 technology [14]. Others have knocked
out MSTN gene to improve pig muscle growth [5], as well as
knocked in human albumin or insulin genes in pigs for protein
production [17, 18], and constructed models for drug discovery and xenotransplantation research [19, 20].
In this study, we hypothesize that the G allele of the
IGF2-intron 3 non-coding regulatory element negatively
regulates IGF2 expression, limiting the growth rate of Bama
pigs. Using CRISPR–Cas9, we edited this non-coding element to test this hypothesis.

Materials and methods
In vitro transcription of Cas9 Nickase mRNA
and sgRNAs
Forward primer-containing T7 promoter, kozak sequence,
and Nickase forward coding sequence were used together
with Nickase coding reverse primer to amplify T7-Nickase
DNA fragment using PX335 vector as template (Table S9)
[21]. Nickase mRNA was synthesized by in vitro transcription using mMESSAGE mMACHINE T7 ULTRA kit
(Thermo Fisher Scientific, USA). Forward primers containing T7 promoter, 20 bp sgRNA targeting sequence, and
sgRNA backbone forward sequence were used together
with sgRNA backbone reverse primers to amplify sgRNA
DNA fragments using PX335 as template (Table S9).
SgRNAs were synthesized by in vitro transcription using
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MEGAshortscript T7 kit (Thermo Fisher Scientific, USA).
Both Nickase mRNA and sgRNAs were purified using
MEGAclear kit (ThermoFisher Scientific, USA).

Zygote production
Male and female wild type of similar age was naturally
mated to produce zygotes for injecting.
Zygotes from different sows and boars were recovered
surgically 24 h later by mid-ventral laparotomy. Briefly, gilts
were anesthetized with an intravenous injection of telazol,
ketamine, and xylazine mixture, and anesthesia was maintained under 5% isoflurane inhalation. The reproductive tract
was exposed and the oviducts were flushed with 25 ml of
Hepes-buffered medium. The recovered medium was examined under a dissecting microscope to collect the embryos.
All recovered zygotes were immediately placed into one
drop of TL-Hepes medium and used for microinjection.

Microinjection of CRISPR–Cas9 system in zygotes
Nickase mRNA and sgRNAs were injected into the cytoplasm of parthenogenetic activated embryos and zygotes
using a FemtoJet microinjector (Eppendorf, Germany). Parthenogenetic activation of the injected oocytes was induced
with two direct current pulses (1 s intervals) of 1.2 kV/cm
for 30 µs using BTX electro-cell manipulator 200 (BTX,
San Diego, CA) in fusion medium. Then, the activated
oocytes were cultured in PZM3 medium for 144 h at 38.5 °C
and 5% CO2 in humidified air to reach blastocyst stage for
genotyping.

Embryo transfer
Injected embryos were observed for their viability 1 day
after injection and transferred into recipient surrogates on
the day or 1 day after the onset of estrus. Estrus performance
was detected by an experienced personnel by allowing
snout-to-snout contact with a mature boar and application
of backpressure for confirmation of standing estrus. Sows
with clear signs of estrus were used as recipient surrogates.
2–4 cell stage embryos were transferred into the oviduct
of the surrogates using a protocol of mid-line laparotomy
under inhalational anesthesia with isoflurane. Pregnancy
was diagnosed by transabdominal ultrasonography using
a B-ultrasound (Model LX8000, Kangkaijie Instruments,
China) on days 28–40 and confirmed every 2 weeks. Piglets
were delivered naturally on day 114–117.

Animal slaughter
The pigs (six IGF2IVS3 indels and four WT) were euthanized
at 6 months of age (178.6 days ± 0.58), and blood samples
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were collected from precaval vein and used for blood routine and biochemical examination. Hairs, internal organs,
heads, and hoofs were removed from each pig to measure
carcass weight. Bone, skin, muscle, and fat were dissected
from left carcass and weighted.

Pig housing and cross
The founders were maintained together with WT controls
(derived from natural mating with similar age to founders,
five pigs of each gender) under a density of 6–8 pigs per
cage and fed with 0.4–0.8 kg (depending on the age) food
each pig per day with crop-based ingredients. For mating,
each 6-month-old male founder (6#3M and 6#6M) was
crossed with three WT female pigs (12 months old), feeding with crop-based ingredients. F1 Piglets were weighted
within 24 h of birth to record birth weight. Twenty-one
days after weaning, each animal was reared in single-cage
housing with the unlimited feed to precisely monitor the
body weight change.

Muscle tissue collect
Pigs were respiratory anesthetized for muscle collection.
After the skin sterilization, surface of left biceps femoris
was cut a 2 cm incision, and the subcutaneous connective
tissue was bluntly separated. 0.5 cm × 0.2 cm of muscle
were collected surgically from each founder or F1, and
snap frozen for further test. The incision was stitched
afterwards. The right side of biceps femoris was dissected
for the next time.

Genotyping of IGF2 intron 3 in embryos and piglets
Each injected parthenogenetic activated embryo (Table S2)
was individually collected at day 7 of in vitro culture and
treated with 10 µl lysis buffer (10 mM Tris–Cl, pH 8.0;
2 mM EDTA; 2.5% (vol/vol) Triton-X 100; 2.5% (vol/
vol) Tween-20; 100 ng/ml Proteinase K), and incubated
at 50 °C for 60 min, followed by a 95 °C incubation for
15 min. Two µl of lysate was used in a 25-µl PCR reaction
amplified by AccuPrime Taq polymerase (Invitrogen, USA)
using genotyping primers (Table S9). Purified PCR products
were sequenced for further analysis. To genotype piglets (6
founders and 20 F1), muscle tissues from piglet ear were
collected and lysed, and then amplified with same conditions
as embryo genotyping. Purified PCR products were cloned
into pEASY-T1 cloning vector (Transgen, Beijing, China).
Mutant alleles were determined by sequencing ten single
colonies for each piglet sample.
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Deep sequencing
Fragments about 300-bp long were PCR amplified using
IGF2-347-bp-deep seq-F & R primers and genomic DNA
from six founders as template, using Q5 high-fidelity polymerase (NEB, USA) for 25 PCR cycles. DNA libraries were
prepared using PCR products and sequenced on Illumina
Miseq for 300 bp pair-end reads. (Genewiz, Suzhou, China).

Quantitative real‑time PCR
RNA was extracted using Trizol reagent from muscle samples (Invitrogen, USA). cDNA was reverse transcribed using
TransScript miRNA First-Strand cDNA Synthesis SuperMix
(Transgen, Beijing, China). Specific primers designed to
detect promoter 3 driven IGF2 transcript (Table S9). Expression was determined relative to GAPDH using ∆∆Ct relative
quantification method [22].

Bisulfite‑based methylation analysis
Bisulfite sequencing was performed as described [11].
Founders 6#4M and 6#6M were randomly picked for analysis. Muscle and ear samples were taken from founders 6#4M,
6#6M, and same age WT male and female control. Genomic
DNA was extracted with Wizard Genomic DNA Purification Kit (Promega, USA), following with bisulfite treatment
by EZ DNA Methylation-Gold Kit (Zymo Research, USA).
A 334-bp fragment (size for WT sample) centered around
intron 3–3072 was amplified using AccuPrime Taq DNA
polymerase (Invitrogen, USA). PCR products were cloned
in the pEASY-T1 vector (Transgen, Beijing) and sequenced.

Luciferase assay
Different regulatory elements of IGF2 were amplified from
WT and IGF2 m (two mutant alleles from 6#6M) pigs, and
cloned into vectors containing regulatory element, IGF2 promoter 3, and firefly luciferase. Firefly luciferase construct
and a Renilla luciferase control vector were co-transfected
into C2C12 myoblast cells (Promega, USA) using lipofectamine 3000 (Invitrogen, USA). Luciferase activities were
measured using Dual-Lucy Assay Kit (Vigorous, Beijing,
China) [23].

Electrophoretic mobility shift assay (EMSA)
Biotin-labeled primers were ordered from Sangon (Shanghai, China) (Table S9). EMSA was performed using LightShift Chemiluminescent EMSA Kit (Thermo Scientific,
USA). A His-tagged truncated (aa1-365) mouse ZBED
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Three pieces of sample with area of 0.8 cm × 0.8 cm × 0.8 cm
were randomly chosen from the longissimus dorsi (LD) muscles of F1 pigs at 6 months of age. Samples were fixed in 4%
paraformaldehyde for 24 h, and then moved into 70% alcohol. After 12 h, samples were dehydrated through a series
of graded ethanol and then embedded into wax blocks. Tissues were then sectioned into slices of 5 μm using rotary
microtome (RM2235; Leica [Wetzlar, Germany]), and collected onto uncoated glass slides. The conventional hematoxylin and eosin (H&E) staining were applied later. At least
five different microscopic fields were randomly chosen to
determine the diameter and density of muscle fiber. Muscle
fiber density was defined as the number of myofibers per
0.04 mm2 of the LD muscle cross-sectional area.

Considering the gene-editing specificity can be greatly
improved using Cas9 nickase [25], we designed a pair of single-guide RNAs (sgRNAs) flanking the QTN (Fig. 1a). Cas9
nickase mRNA and paired sgRNAs were injected into parthenogenetically activated porcine embryos, and the editing
efficiency was 72.2% and 46.7% in two independent experiments (Table S2). After confirming that the Cas9 nickase,
mRNA, and sgRNAs were functional, we injected them into
naturally fertilized Bama embryos and transferred total of 19
embryos into two recipients (Table S3). Six founders, two
females (6#1F, 6#2F), and four males (6#3M, 6#4M, 6#5M
and 6#6M) were born, and each contained various mutations at the target region (Fig. S1A). In addition, another
sow produced two WT piglets (6#7M and 6#8F). To further
characterize the mutant alleles in these founders, genotyping
PCR products of muscle samples were analyzed using deep
sequencing. The results revealed that two female founders
still contained significant portion of wild-type (WT) alleles,
while four male founders contained primarily mutant alleles
in their muscles (Fig. S1B).

Blood analysis

IGF2 intron 3 editing accelerated growth in founders

After overnight fasting, blood samples from anterior vein
were collected to determine the biochemical and routine
blood count. Samples were tested in veterinary hospital,
China Agricultural University.

The founders of each gender were maintained together with
WT controls, and their body weight was measured monthly.
The mutants gained body weight significantly faster than
WT pigs, regardless of gender (Fig. 1b). We collected muscle samples from four male founders and WT controls at
2 and 4 months of age and performed quantitative RealTime PCR (qRT-PCR) to determine the expression level
of IGF2. Two-to-sixfold enhancement of IGF2 expression
was observed in these founders compared to WT at 2-month
age. At 4-month age, while the difference is less significant,
IGF2 expression in mutant founders was still higher than
WT control (Fig. 1c).
IGF2 intron 3–3072 is located in a conserved CpG island
and methylation at this region could impair ZBED6 binding [11, 12]. Therefore, we collected muscle and ear samples from founder 6#4M and 6#6M, and WT Bama pigs for
bisulfite sequencing, to examine the methylation status of
this region. Consistent with the published results [11], this
region was largely unmethylated in both mutant and WT
pigs (Fig. S2), indicating that gene editing in this region
did not change DNA methylation status, and the increased
IGF2 expression was likely due to the disruption of ZBED6binding site.

protein was purified. 2 µg ZBED6 protein was used to bind
20 fmol labeled probes. 100-fold molar excess of cold probe
was used for competition assays.

Histochemistry and analysis of myofiber number

Statistical analysis
All statistical analyses were performed using GraphPad
Prism 6 (GraphPad Software Inc, La Jolla, CA, USA). Values were presented as mean ± standard error of the mean
(SEM). The P values were determined by Student’s t test
(unpaired) or one-way ANOVA with Bonferroni’s correction
for multiple comparisons. Error bars indicate SEM. ****,
P < 0.0001; ***, P < 0.001; **, P < 0.01; *, P < 0.05.

Results
Generation of Bama pigs with mutations
at IGF2‑intron 3–nucleotide 3072 region
Many Chinese indigenous breeds have unique characteristics, such as meat flavor and good meat quality [24], therefore it is important to explore strategies to improve their productive traits. First, we genotyped four of the most popular
Chinese indigenous commercial breeds and two imported
commercial pig strains. Consistent with the published results
[11], all local Chinese strains had wild-type allele (G) at
this position, while imported commercial strains had mutant
allele (A) (Fig. 1a and Table S1).
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Effect of the IGF2 mutation on transcriptional
activity
To test whether the mutations that we generated had effect
on IGF2 expression similar with IGF2 intron 3–3072A
mutation, we used a transient transfection assay to evaluate
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Fig. 1  Editing porcine IGF2 regulatory element improved growth in
Founders. a Schematic of porcine IGF2 locus. SgRNA sequences are
in bold font, PAM sequences are in blue and underlined, and QTN
is in red. b Change of average body weight of founders (four male
founders and two female founders) containing mutations at IGF2
intron 3–3072 region and WT controls (five male WT and five female

WT) at different ages with controlled feed supply. c Relative expression of IGF2 in four male founders at 2 and 4 months old. WT samples were taken from 6#7M and 6#8F. One muscle sample was taken
from each pig, error bar means three replicates for gene expression
analysis. Data are represented as mean ± SEM. ****P < 0.0001;
***P < 0.001; **P < 0.01; *P < 0.05; ns, not significant

the activity of IGF2 promoter 3, which mainly functions
in muscle tissue [11]. We made different constructs by
inserting two mutation alleles, del 16 (IGF2-16) and
del 30 (IGF2-30), and IGF2-intron 3–3072 G (IGF2G)
and A (IGF2A) alleles independently in front of firefly
luciferase reporter gene (Fig. 2a). The IGF2G acted as a
repressor element and reduced luciferase activity by about
60% compared to P3 promoter alone. On the contrary, the
IGF2A and IGF2-16, IGF2-30 was a significantly weaker

repressor element and showed luciferase signal similar to
P3 alone (Fig. 2a).
We next performed electrophoretic mobility shift assay
(EMSA) to evaluate ZBED6 binding to IGF2-intron 3–3072
region. Purified ZBED6 protein interacted with G probe,
and a 100-fold excess of cold G probe could outcompete the
interaction. In comparison, Cold probes harboring “A” or
two mutant alleles failed to compete, indicating that these
mutations abolished ZBED6 binding (Fig. 2b).
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Fig. 2  Luciferase assay and
EMSA to evaluate ZBED6
binding on mutant alleles. a
Left: schematic of reporter
vectors, containing 578 bp WT
fragment from IGF2 intron 3 or
various mutant alleles followed
by IGF2 promoter 3. Right:
change of relative luciferase
activity of each reporter. Experiments were performed in three
biological replicates, and data
are represented as mean ± SEM.
***P < 0.001; **P < 0.01;
*P < 0.05. b EMSA showing
binding of truncated ZBED6 to
labeled G probe. Excess G cold
probe can outcompete labeled
G probe for ZBED6 binding,
while A probe and two mutation
probes (del 16, del 30) failed
to compete. # means negative
control protein (EBNA extract)

Growth performance of IGF2IVS3 indels F1 pigs
Next, we crossed two male founders (6#3M and 6#6M)
(6 months old) with female WT pigs (12 months old) to
generate F1 animals. Fourteen piglets carrying four different mutant alleles and six WT piglets were born by natural
delivery (Table S4). For all four mutant alleles (named as
IGF2IVS3 indels), the ZBED6-binding motif or region nearby
were disrupted (Fig. 3a). We measured the IGF2 expression
in muscle samples of F1 piglets at different age. Two-tosixfold improvement of the IGF2 expression was observed
at 2-month and 3-month age of female F1s. IGF2 expression in male mutants was also higher than WT, although the
difference was not statistically significant. At 4 months old,
IGF2 expression in IGF2IVS3 indels pigs was at a level similar
with WT pigs (Fig. 3b).
There was no significant difference in birth weight
between IGF2IVS3 indels and WT pigs (0.65 ± 0.04 for male
IGF2IVS3 indels (n = 6) vs. 0.70 ± 0.03 for male WT (n = 5),
P = 0.32; 0.68 ± 0.03 for female IGF2IVS3 indels (n = 8) vs.
0.66 ± 0.05 for female WT (n = 4), P = 0.57). We weighted
the piglets once or twice per month until slaughter, and
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found that IGF2IVS3 indels pigs grew faster than WT pigs, and
the difference started to show at 45 days of age (5.82 ± 0.27
for male IGF2IVS3 indels (n = 6) vs. 5.29 ± 0.17 for male WT
(n = 5), P = 0.15; 6.59 ± 0.20 for female IGF2IVS3 indels (n = 8)
vs. 5.64 ± 0.18 for female WT (n = 4), P = 0.01) (Fig. 3c).
At 5 months old, the body weight difference between
IGF2IVS3 indels and WT was significant (35.39 ± 3.03 for male
IGF2IVS3 indels (n = 6) vs. 27.58 ± 1.18 for male WT (n = 5),
P = 0.05; 38.87 ± 0.90 for female IGF2IVS3 indels (n = 8) vs.
30.27 ± 2.90 for female WT (n = 4), P = 0.004) (Fig. 3c). The
improvement of growth rate was also obvious from the body
shape of IGF2IVS3 indels and WT pigs (Fig. 3d).
We quantified average daily gain (ADG) from 45 to
150 days after birth of IGF2IVS3 indels and WT pigs, and
calculated the feed conversion ratio (FCR) (feed consumed, KG/weight gain, KG). The results showed that
IGF2IVS3 indels had higher ADG than WT pigs (0.28 ± 0.03
for male IGF2IVS3 indels (n = 6) vs. 0.21 ± 0.01 for male WT
(n = 5), P = 0.06; 0.31 ± 0.01 for female IGF2IVS3 indels (n = 8)
vs. 0.24 ± 0.03 for female WT (n = 4), P = 0.007) (Fig.
S3A), while there was no significant difference on FCR
(3.42 ± 0.23 for male IGF2IVS3 indels (n = 6) vs. 3.47 ± 0.13
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Fig. 3  Growth performance of F1 IGF2IVS3 indels piglets. a Four
mutant alleles passed from founder 6#3M and 6#6M to F1 generation. b Relative expression of IGF2 in muscle samples of
IGF2IVS3 indels and WT at different age (F1 male, n = 6; F1 female,
n = 8; WT male, n = 5; WT female, n = 4#). c Growth rate of F1
mutants and WT at different age with unlimited feed supply under

single caging (F1 male, n = 6; F1 female, n = 8; WT male, n = 5;
WT female, n = 4#). d Representative photos of IGF2IVS3 indels and
WT pigs at 4 months old. Data are represented as mean ± SEM.
***P < 0.001; **P < 0.01; *P < 0.05; ns, not significant. #Among WT
female controls, one is F1#7 produced by 6#3M, and three (named
WT #1, WT#2, WT#3) are from WT, parents

for male WT (n = 5), P = 0.84; 3.18 ± 0.11 for female
IGF2IVS3 indels (n = 8) vs. 3.54 ± 0.16 for female WT (n = 4),
P = 0.08) (Fig. S3B).

Phenotype of IGF2IVS3 indels pigs
To further characterize F1 mutants, six IGF2IVS3 indels pigs
and four WT pigs were slaughtered at 6 month of age. The
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details of carcass of pigs are shown in Table S5. The average body weight of IGF2IVS3 indels pigs was 49.64 ± 1.55 kg,
34.58% heavier than WT (36.88 ± 2.06 kg) (Fig. 4a). Moreover, carcass weight of IGF2IVS3 indels pigs was 33.35% more
compared to WT pigs (Fig. 4b). Further analysis of muscle,
fat, skin, and skeleton tissue indicated that the lean weight
was increased significantly in comparison to WT pigs, as
well (Fig. 4c and Table S5). Histological analysis of slices
of the longissimus dorsi revealed that increased muscle mass
of IGF2IVS3 indels pigs resulted from muscle fiber hypertrophy, not hyperplasia (Fig. 4d). Skin, skeleton, and carcass fat
weight were all substantially improved. Interestingly, ratios
of lean meat, fat, skin, and skeleton were not drastically different from WT pigs (Table S5). These results showed that
modification at IGF2 regulatory element could significantly
improve lean meat production, while maintaining the general
characteristics of the strain.

water holding capacity, drip losses, and nutrition components, and found that there was no significant difference in
meat quality between IGF2IVS3 indels and WT pigs, except
that “b” value of meat color (Table S6). Moreover, the main
nutrition components, including collagen, fat, moisture, and
protein, were also similar between IGF2IVS3 indels and WT
pigs (Table S6).
The previous work showed that overexpression of IGF2
in transgenic mouse [10], induced overgrowth phenotype,
which is similar to Beckwith–Wiedemann syndrome (BWS)
in human. To evaluate the health status of IGF2IVS3 indels pigs,
we carried out blood routine examination that indicated basic
health, and blood biochemical examination that reflected the
status of liver and kidney function. In both analyses, there
was no significant difference between IGF2IVS3 indels and WT
pigs (Table S7 and S8).

Evaluation of meat quality and health status
of IGF2IVS3 indels pigs

Discussion

As editing IGF2 intron 3 increased muscle growth, we
wondered whether the meat quality was altered, as well. We
measured major parameters, including pH, color stability,

The previous study [11] showed that a QTN located at porcine IGF2 intron 3–3072 site was associated with increased
lean meat production and decreased fat deposition. The G-toA substitution disrupted ZBED6-binding motif, therefore

Fig. 4  Phenotype of IGF2IVS3 indels pigs. a Average body weight
of F1 (n = 6, F1#13–#18) and WT (n = 4, F1#7–#8 and WT#1,
WT#2) 6-month-old pigs for slaughter. b Average carcass weight
of F1 (n = 6, F1#13–#18) and WT (n = 4, F1#7–#8 and WT#1,
WT#2) 6-month-old pigs for slaughter (n = 10). c Average lean

meat weight of F1 (n = 6, F1#13–#18) and WT (n = 4, F1#7–#8 and
WT#1, WT#2) 6-month-old pigs for slaughter (n = 10). d Changes
of myofiber density in IGF2IVS3 indels (n = 3, F1#13–#15) and WT
pigs (n = 2, WT#1, WT#2). Data are represented as mean ± SEM.
***P < 0.001; **P < 0.01; *P < 0.05; ns, no significant
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impaired the interaction between ZBED6 and the regulatory
region of IGF2 [12]. By injecting Cas9 nickase mRNA and
dual sgRNAs targeting IGF2 intron 3 into Bama embryos,
we successfully acquired piglets containing various mutations within IGF2 intron 3, although there were some variations of gene-editing efficiency among different microinjection experiments (Table S2), likely due to the variation of
microinjection techniques.
The founder animals containing mutations at IGF2 intron
3–3072 region grew faster than WT controls. Considering
that the founders were derived from zygotes transferred to
surrogates after microinjection, while WT controls were
born from natural mating, it is possible that this difference
also contributed to the growth difference. To evaluate the
effect of editing IGF2 intron 3–3072 region more rigorously,
we generated F1 piglets, kept each in single cage, compared
the mutants and WT littermates, and observed higher IGF2
expression in muscle and faster growth in mutants. The
increase in IGF2 expression was transient, and the increase
was prominent at 2- and 3-month age, while reduced to the
same level as WT controls at 4 months old. The overall
IGF2 expression level in skeletal muscle was reduced at
4 months of age, which is similar with the observation of
expression reduction at 6 months of age at a different genetic
background [11]. These results suggest that the regulatory
element within intron 3 regulates IGF2 expression in a temporal and tissue-specific manner. Using luciferase reporter
assay and EMSA, we confirmed that the mutations that we
introduced at IGF2 non-coding region could enhance IGF2
promoter 3 activity, through interfering ZBED6 binding.
These results confirmed our hypothesis and demonstrated
that editing IGF2 intron 3–3072 site significantly improved
Bama pig growth.
Calculating ADG and FCR, we found that IGF2IVS3 indels
pigs consumed equal amount of feed as WT to gain the same
amount of weight, but they grew faster. Slaughter experiment confirmed that both body weight and carcass weight
were improved. Moreover, we found that lean meat production was improved, while muscle, skin, fat, and skeleton
ratios in carcass were not significantly different from WT.
This meant gene modification on IGF2 regulatory element
improved meat production rate without affecting the general characteristics of the strain. We also evaluated the meat
quality and health status of IGF2IVS3 indels pigs. The results
showed that there was no significant difference of meat
quality, and IGF2IVS3 indels pigs were as healthy as WT pigs.
Since Bama pigs are usually sacrificed for consumption at 6
months old, we only evaluated the phenotype of the mutants
up to this time point. Characterizing the mutants at later time
points will be necessary to identify other potential effects of
these mutant alleles. In addition to Bama pig, our method is
likely applicable to other local Chinese strains having wildtype allele (G) in IGF2 intron 3 (Table S1).

4627

To our knowledge, this is the first demonstration that
editing non-coding region improved economic traits
of livestock. Previous works were mainly focused on
transgene expression or gene knockout, such as knockout
of Myostatin [26] and transgenic expression of UCP1 [27].
As each gene carried out its unique function by interacting
with the transcription networks, knocking out endogenous
gene can potentially change more phenotypes in addition
to acquiring desired phenotype. Introduction of transgene
often carries exogenous elements, which could lead to
unforeseeable effects. Editing non-coding element has
the potential to fine-tune the expression level and tissue
specificity of endogenous genes. By avoiding introducing any transgene or knocking out any endogenous gene
from the species, this strategy likely has minimal collateral
alterations.
While various genetic engineering methods have been
established and applied to the breeding of livestock, very
few (if any) products have entered the market. Around the
world, especially in recent years in China, general public
had a rather negative attitude towards genetically modified
(GM) food. As gene-editing technology has been applied
to improving productive traits in many agriculture species [28], it is under intensive debate whether gene-edited
products fall within the definition of GM products, and
how they should be regulated. As declared by US Department of Agriculture (USDA), gene-edited crops are not
subject to special regulation, as long as they do not include
any foreign genetic material [29].
Around the world, there are many famous and valuable local species [30]. Applying gene editing to introduce specific allele to a different strain background will
significantly accelerate the genetic breeding of livestock.
Many genetic variants linked to growth-related traits are
being discovered in non-coding region, such as the callipyge mutation causing the callipyge muscle hypertrophy
in sheep [31]. We wish our study which provided a useful
strategy to improve productive traits, and strains improved
using this strategy can be more readily adopted and supported by the livestock industry and customers.
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