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Abstract

Myoblasts are myogenic precursors that develop into myotubes during
muscle formation. Improving efficiency of myoblast differentiation 1is
important for advancing meat production by domestic animals. We recently
identified novel oligodeoxynucleotides (ODNs) termed myogenetic ODNs
(myoDNs) that promote the differentiation of mammalian myoblasts. An
1soquinoline alkaloid, berberine, forms a complex with one of the myoDNs,
1ISNO4, and enhances its activities. This study investigated the effects of
myoDNs on chicken myoblasts to elucidate their species-specific actions.
Seven myoDNs (iSN01-iSN07) were found to facilitate the differentiation of
chicken myoblasts into myosin heavy chain (MHC)-positive myotubes. The
1ISN04-berberine complex exhibited a higher myogenetic activity than iSN04
alone, which was shown to enhance the differentiation of myoblasts into
myotubes and the upregulated of myogenic gene expression (MyoD,
myogenin, MHC, and myomaker). These data indicate that myoDNs
promoting chicken myoblast differentiation may be used as potential feed

additives in broiler diets.
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1. Introduction

The demand for chicken meat has increased worldwide over the past
half-century (Arthur & Albers, 2003). To improve meat production, breeding
and feedstuff of chickens have been intensively advanced. Genetic selection
has established broiler chickens whose muscle growth rates are several
times higher than those of other breeds such as layer chickens
(Scheuermann et al., 2004). Skeletal muscle tissue is composed of numerous
myofibers that are multi-nucleated giant muscle cells. Each myofiber has
dozens of stem cells, known as satellite cells (Matthew & Moore, 1987;
Allouh et al., 2008). During muscle growth, satellite cells are activated to the
proliferative myogenic progenitor cells, termed myoblasts. After several
rounds of cell division, undifferentiated myoblasts differentiate into
contractile myoblasts. Eventually, myoblasts fuse to multinuclear myotubes
(Dumont et al., 2015). Therefore, the characteristics of myoblasts reflect the
muscle phenotype of animals. We previously reported that broiler myoblasts
actively proliferate, promptly differentiate into myotubes, and present
differential gene expression patterns compared to layer myoblasts (Nihashi
et al., 2019b; Takaya et al., 2021). This corresponds well with broiler
phenotype and suggests that enhancement of myogenic differentiation of
broiler myoblasts accelerates muscle development and shortens the rearing
period.

To maximize the performance of broilers, various diets and feed

additives have been developed. Synthetic amino acids, processed plant



proteins, and dried plasma have been utilized as sources for chicken
nutrition (Beski et al., 2015). Accurate calcium concentration in broiler diets
is essential for increasing feed intake and body weight (Park et al., 2017).
Supplementation of transgenic phytase improves body weight and
upregulates genes involved in growth response and meat quality in leg
muscles (Ghosh et al., 2018). However, there is no diet or additive that
directly acts on chicken myoblasts.

We recently identified a series of 18-base oligodeoxynucleotides
(ODNs) termed myogenetic ODNs (myoDNs) that induce extensive
differentiation of murine and human myoblasts independently of Toll-like
receptors (TLRs) (Shinji et al., 2021; Nakamura et al., 2021). One of the
myoDNs, 1ISNO04, is spontaneously incorporated into myoblasts, antagonizes
nucleolin to increase p53 protein levels, and modulates gene expression to
lead to myogenic fate. Intriguingly, iSNO4 forms a complex with an
isoquinoline alkaloid, berberine. The i1SNO04-berberine complex exhibits
higher myogenetic activity than iSNO4 alone. This is probably because
berberine shifts the iISN04 conformation to a stable and active form (Shinji et
al., 2021). myoDNs are the first instance of ODNs promoting myoblast
differentiation, which may contribute to improving meat production by
domestic animals. To apply myoDNs to a broad variety of animals in the
future, the effects of myoDNs on non-mammalian myoblasts should be
validated.

Assessment of species-specificity is technically and industrially

important for ODN application. In the field of TLR-dependent immunogenic



ODNs, for example, ODN-2006 stimulates both murine and human TLR9,
but ODN-1826 is recognized only by murine TLR9 (Pohar et al., 2015). Since
aves express TLR21 instead of TLRY9, a novel type of immunogenic ODNs
was identified using chicken macrophages (Sanjaya et al., 2017). These
studies suggest that myoDNs may possess species-specificity. Amino acid
sequences of the 1SNO4-target protein, nucleolin, are relatively but not
extremely similar between aves and mammals (62.5% identity between
chicken and human, 59.6% identity between chicken and mouse). This study
investigated the myogenetic effects of myoDNs on broiler myoblasts to reveal
their species-specific actions and potential availabilities on chicken

myoblasts.



2. Materials and methods

2.1. Chemicals

Phosphorothioated (PS)-ODNs (Figure 2B) were synthesized and
purified via HPLC (GeneDesign, Osaka, Japan). PS-ODNs and berberine
hydrochloride (Nacalai, Osaka, Japan) were dissolved in endotoxin-free
water. An equal volume of endotoxin-free water containing no PS-ODNs or
berberine served as a negative control. For iSNO4-berberine complex
formation, 1SN0O4 and berberine were pre-mixed in RPMI1640 medium

(Nacalai) and incubated at 20°C for 30 min.

2.2. Isolation and culture of chicken myoblasts

All experimental procedures were conducted in accordance with the
Regulations for Animal Experimentation of Shinshu University, and the
animal protocol was approved by the Committee for Animal Experiments of
Shinshu University. Chicken myoblasts were isolated from the leg muscles of
E10 embryos as previously described in detail (Takaya et al., 2017, Nihashi
et al., 2019a; Nihashi et al., 2019b). The initially-isolated cell suspension
containing myoblasts and non-myoblasts were incubated on non-coated
dishes for 24 h to paste and eliminate non-myoblasts, because myoblasts
attach only to the dishes coated with collagen type I-C (Cellmatrix; Nitta
Gelatin, Osaka, Japan). Then, the myoblasts in supernatant were cultured
on collagen-coated dishes (Nihashi et al., 2019b). These steps were repeated

at initial 3-4 passages to improve the purity of myoblasts. The myoblasts of



Barred Plymouth Rock (BPR) dual-purpose chicken (Goto Poultry Farm,
Gifu, Japan) were used for nucleolin staining and PS-ODN screening, and
those of UK Chunky (UKC) broiler chicken (National Federation of
Agricultural Cooperative Associations, Tokyo, Japan) were used for
subsequent experiments, in order to undoubtedly establish the effects of
myoDNs of chicken myoblasts because myogenic abilities of myoblasts can
vary among chicken breeds (Nihashi et al., 2019b; Takaya et al., 2021). The
myoblasts were cultured at 37°C under 5% CO2 on the collagen-coated dishes
or plates throughout the experiments. The myoblasts were maintained in a
growth medium (GM) consisting of RPM11640, 20% fetal bovine serum (FBS)
(HyClone; GE Healthcare, UT, USA), 1% non-essential amino acids (Wako,
Osaka, Japan), 1% chicken embryo extract (US Biological, MA, USA), 2
ng/ml basic fibroblast growth factor (Wako), and a mixture of 100 units/ml
penicillin and 100 pg/ml streptomycin (PS) (Nacalai). To induce myogenic
differentiation, GM was replaced with a differentiation medium (DM)
consisting of DMEM (Nacalai), 2% FBS, and PS after 24 h of seeding

myoblasts.

2.8. Inmunocytochemistry

Myoblasts (5.0x103 cells/well) were seeded on 96-well plates for
screening, or 1.0X10° myoblasts/dish were seeded on 30-mm dishes for
high-resolution imaging. The next day, the medium was replaced with GM
containing 10 pM PS-ODN and 10 pM berberine. Immunostaining was

performed as previously described (Takaya et al., 2017, Nihashi et al., 2019a;



Nihashi et al., 2019b). The myoblasts were fixed with 2% paraformaldehyde,
permeabilized with 0.2% Triton X-100 (Nacalai), and immunostained with
0.5 pg/ml mouse monoclonal anti-myosin heavy chain (MHC) antibody
(MF20; R&D Systems, MN, USA) and 1.0 pg/ml rabbit polyclonal
anti-nucleolin antibody (ab22758; Abcam, Cambridge, UK). Cell nuclei were
stained with DAPI (Nacalai). Fluorescent images for screening were
automatically captured using Celllnsight NXT (Thermo Fisher Scientific,
MA, USA). The ratio of MHC* cells was calculated using HCS Studio:
Cellomics Scan software (Thermo Fisher Scientific). Phase-contrast and
high-resolution fluorescent images were taken under an EVOS FL Auto
microscope (AMAFD1000; Thermo Fisher Scientific). The ratio of MHC* cells
was defined as the number of nuclei in all MHC+ cells divided by the total
number of nuclei, and the fusion index was defined as the number of nuclei
in multinuclear MHC+ myotubes divided by the total number of nuclei using

Imaged software (National Institutes of Health, USA).

2.4. Cell counting

Myoblasts (2.5x104 cells/well) were seeded on 12-well plates. After 24
h, the myoblasts were treated with 3 or 10 pM 1SNO4. For counting, the
myoblasts were completely dissociated by treatment with 0.25% trypsin with
1 mM EDTA (Wako) at 37°C for 5 min. The number of myoblasts was counted

using a hemocytometer. The dissociated cells were not seeded again.

2.5. EdU staining



EdU (5-ethynyl-2-deoxyuridine) staining was performed as
previously described (Nihashi et al., 2019b). Myoblasts (1.0x105 cells/dish)
were seeded on 30-mm dishes. The next day, the myoblasts were treated with
0 or 3 pM 1SNO4 for 48 h and then treated with 10 pM EdU for 3 h. EdU was
stained using Click-iT EdU Imaging Kit (Thermo Fisher Scientific). Cell
nuclei were stained with DAPI. The ratio of EAU™ cells was defined as the
number of EdU* nuclei divided by the total number of nuclei using Imaged

software.

2.6. Quantitative real-time RT-PCR (qPCR)

Myoblasts (3.0x105 cells/dish) were seeded on 60-mm dishes. After 24
h, the myoblasts were treated with 10 pM of iISN0O4 and berberine for 8 or 24
h. Total RNA from the myoblasts was isolated using NucleoSpin RNA Plus
(Macherey-Nagel, Diiren, Germany). RNA was reverse transcribed using
ReverTra Ace qPCR RT Master Mix (TOYOBO, Osaka, Japan). qPCR was
performed using GoTaq qPCR Master Mix (Promega, WI, USA) with
StepOne Real-Time PCR System (Thermo Fisher Scientific). The amount of
each transcript was normalized to that of tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta
(YWHAZ) as reported in previous studies (Yue et al., 2010; Boo et al., 2020).
The results are presented as fold-change. Primer sequences are listed in

Table 1.

2.7. Statistical analyses
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Results are presented as mean =+ standard error. Statistical
comparisons were performed using multiple comparison test with Dunnett’s
test, Williams’ test, or Scheffe’s F'test, where appropriate following one-way

analysis of variance. Statistical significance was set at p < 0.05.
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3. Results

3.1. myoDNs promote myogenic differentiation of chicken myoblasts

First, purity of the isolated chicken myoblasts were checked by
inducing myogenic differentiation in DM for 5 days. The ratio of MHC* cells
finally reached > 90% (Figure 1A), proving that almost all of the isolated
cells were differentiative myoblasts. Nucleolin is a target protein of myoDNs
(Shinji et al., 2021), but its expression in chicken myoblasts has not been
reported. Immunostaining of primary-cultured chicken myoblasts indicated
that nucleolin was localized in the nuclel and was especially concentrated in
the nucleoli of undifferentiated myoblasts (Figure 1B, day 0). In the
differentiated MHC* mononuclear myoblasts and multinuclear myotubes,
nucleolin remained in the nucleoli and diffused into the cytoplasm (Figure
1B, days 2 and 4). The shift of nucleolin localization during chicken myoblast
differentiation corresponded well to that observed in mice and humans
(Shinji et al., 2021).

Next, nineteen 18-base PS-ODNs, including seven myoDNs
(iSN01-iSN07), were screened for their effects on myogenic differentiation of
chicken myoblasts. The myoblasts maintained in GM were treated with 10
pM PS-ODNs for 48 h and immunostained for MHC (Figure 2A).
1ISNO1-iSNO7 significantly increased the ratio of MHC* cells, but other
PS-ODNs did not affect the differentiation of myoblasts (Figure 2B). This
indicates that myoDNs can promote myogenic differentiation of chicken

myoblasts, as it does in murine and human myoblasts. Since iISN04 exhibits
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the highest myogenetic activity in chicken myoblasts as well as in murine
myoblasts (Shinji et al., 2021), iSN04 was utilized in the following

experiments.

3.2. 1ISNO4 suppresses proliferation of chicken myoblasts

Proliferation and differentiation are inverse processes and negatively
regulate each other in stem cells and precursor cells (Ruijtenberg & den
Heuvel, 2016). In murine myoblasts, iISN04 represses cell proliferation by
promoting myogenic differentiation (Shinji et al., 2021). Continuous cell
counting revealed that i1SNO04 also suppressed the growth of chicken
myoblasts in a dose-dependent manner. The number of chicken myoblasts
treated with 3 or 10 pM 1SNO04 for 48 h was significantly lower than that of
the control group (Figure 3A). DNA replication in myoblasts was measured
by EdU staining (Figure 3B). The ratio of EdU* cells was significantly
decreased in chicken myoblasts treated with 10 pM iSN04 for 48 h (Figure
3C). These data indicate that iSN04 suppresses the proliferation of chicken

myoblasts.

3.8. Berberine enhances myogenetic activity of iISN0O4 on chicken myoblasts

An 1isoquinoline alkaloid, berberine, physically interacts with
1ISNO4 via the 13-15th guanines and forms a tight complex. In murine
myoblasts, the 1SNO4-berberine complex exhibits a higher myogenetic
activity than i1SNO04 alone, probably because of stabilized and optimized

conformation (Shinji et al., 2021). To examine whether berberine enhances
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iISN04 activity in chicken, 10 pM of berberine, iISNO4, or the pre-mixed
1SNO04-berberine complex were administered to chicken myoblasts for 48 h
(Figure 4A). Consistent with the screening results, iSN04 significantly
increased the ratio of MHCH cells (23.9%) and fusion index (18.7%) compared
to those of the control (8.0% and 5.2%, respectively) (Figure 4B and 4C). The
1ISNO04-complex significantly promoted the differentiation of myoblasts into
MHC* cells (42.4%) and multinuclear myotubes (32.0%), and its effects were
significantly higher than that of iSN04 alone. As berberine alone did not
alter the differentiation of chicken myoblasts, it was confirmed that the
enhanced activity of the iISN04-berberine complex is not a synergistic effect.
These data indicate that berberine enhances the myogenetic activity of

1SNO04 in chicken myoblasts, similar to that in murine myoblasts.

3.4. ISNO4 upregulates myogenic gene expression in chicken myoblasts

To reveal the effects of iISN0O4 and the iISNO4-berberine complex on
gene expression in chicken myoblasts, transcription levels of MyoD (MYODJ),
myogenin (MYOG), skeletal muscle MHC (MYHI), and myomaker
(TMEMSC; the muscle-specific membrane protein required for myotube
formation) were quantified by qPCR. At 8 h after the administration, iSN04
and the iISN04-complex significantly upregulated MyoD expression, which is
the initial step of myogenic differentiation (Figure 4D). Furthermore, the
1ISNO4-complex, but not iSN04 alone, significantly induced myogenin and
myomaker transcription. This indicates the higher myogenetic activity of the

1ISNO04-complex rather than that of iISN04 alone. At 24 h after the treatment,
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both iISN04 and the iISNO4-berberine complex enhanced the transcription of
MyoD, myogenin, MHC, and myomaker to the same extent (Figure 4E). In
both timepoints, berberine did not alter any gene expression. These data
demonstrate that 1ISN04, especially the 1ISNO4-berberine complex, starts to
modulate gene expression programs in chicken myoblasts shortly after the

administration.
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4. Discussion

The present study showed that a series of 18-base telomeric ODNs
termed myoDNs (GSNO01-iSN07) promote the myogenic differentiation of
chicken myoblasts. Among the myoDNs, iISNO04 exhibited the highest activity
in chicken myoblasts. These data corresponds well with our previous results
using murine and human myoblasts (Shinji et al., 2021), ensuring that
myoDNs are available to induce differentiation of both avian and
mammalian myoblasts. Myoblast differentiation and myotube formation are
essential processes during the development, formation, and regeneration of
skeletal muscle tissue (Dumont et al., 2015). Thus, the myoblast properties
are closely related to the muscle phenotype of the animals. Broiler chicken
myoblasts show potent differentiation ability compared to layer chicken
myoblasts (Nihashi et al., 2019b). However, the inherent differentiation
ability of broiler myoblasts diminishes with age and body weight (Daughtry
et al., 2017). The pectoralis major muscle of adult broilers frequently
displays myopathic wooden breast syndrome characterized by degenerative
myofibers, fibrosis, and mitotic myoblasts (Meloche et al., 2018; Hosotani et
al., 2020). Therefore, accelerating myoblast differentiation is anticipated to
facilitate muscle development and eventually improve the meat quality of
chickens. myoDNs are single-strand short ODNs that directly target
myoblasts. ODNs are chemically synthesized, stable, and safe molecules that
have been utilized as nucleic acid drugs. These features of myoDNs make

them suitable for use as beneficial dietary additives for domestic fowls.
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The 1SNO4-berberine complex further promoted myogenic
differentiation and myotube formation in chicken myoblasts compared to
1ISNO04 alone. Berberine is a safe isoquinoline alkaloid derived from medicinal
plants and exhibits multiple bioactivities such as anti-inflammatory and
anti-tumor effects (Meng et al., 2018; Shinji et al., 2020), which has been
utilized in several clinical trials (Imenshahidi & Hosseinzadeh 2019). In
addition, berberine is a ligand of telomeric DNA, and stabilizes its
conformation (Bazzicalupi et al.,, 2012). We previously reported that
berberine physically interacts with iSNO4 via the 13-15th guanines and
modulates 1ISN04 conformation. As a result, the 1ISNO4-complex exerts a
potent myogenetic effect on murine myoblasts (Shinji et al., 2021). The
present study confirmed that the berberine-enhanced iISN04 activity can also
be observed in aves. The potentiation of myoDNs using berberine is a
valuable technology to refine ODN functions.

1ISNO4 physically interacts with a multifunctional protein, nucleolin
(Shinji et al., 2021). One of the functions of nucleolin is binding to p53 mRNA
to interfere with translation (Takagi et al., 2005; Jia et al., 2017). It has been
widely known that the pb53 signaling pathway promotes myogenic
differentiation (Soddu et al., 1996; Cerone et al., 2000; Porrello et al., 2000).
In human myoblasts, iISN04 antagonizes nucleolin and increases p53 protein
levels. Then, the 1ISNO4-activated p53 signaling pathway induces myogenic
differentiation with coupled cell cycle arrest by upregulating the expression
of muscle genes including MyoD and myogenin (Shinji et al., 2021). In the

present study, 1ISN0O4 promoted differentiation and suppressed proliferation
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of chicken myoblasts, strongly suggesting that the action mechanism of
1ISNO04 1s common between avian and mammalian myoblasts. The actions of
ODNSs are often species-specific. Unmethylated CpG-ODNs are ligands for
TLR9, but their optimal motifs are different between mice and humans
(Bauer et al., 2001). The specificity of CpG-ODNs is probably dependent on
binding affinities to the ectodomain of TLR9 in each species (Pohar et al.,
2015). In contrast, iSN04 showed identical effects among chicken, murine,
and human myoblasts. 1SN0O4 1s considered to interact with four
RNA-binding domains (RBD1-RBD4) of nucleolin because the established
anti-nucleolin DNA aptamer AS1411 binds to these RBDs (Bates et al., 2009).
We have already confirmed that AS1411 also promotes mammalian
myoblasts as well as iISN04 (Shinji et al., 2021). The amino acid sequences of
chicken RBDs are highly homologous to those of mice and humans (RBD1 is
55.8% and 55.8%, RBD2 i1s 64.0% and 68.0%, RBD3 1s 66.7% and 70.7%, and
RBD4 is 89.5% and 88.2% identical to mice and humans, respectively).
Sequence conservation, especially in RBD4 of nucleolin, is one of the reasons
why 1SNO4 exerts myogenetic action on both avian and mammalian
myoblasts.

In conclusion, myoDNs, including iISNO04, promoted differentiation of
chicken myoblasts to a similar extent as mammalian myoblasts. The
myogenetic activity of ISN04 on chicken myoblasts was further enhanced by
forming a complex with berberine. 1SNO4 directly targeting chicken
myoblasts will be useful as dietary additives to improve meat production. We

have previously developed carbonate apatite-based nanocapsules including
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1% of ODNs for oral intake, and confirmed that the orally-administered
capsuled-ODNs arrive intestinal mucosa and activate macrophages in
Peyer’s patches (Wang et al., 2015). However, it should be further
investigated whether ODNs can be released to blood flow to deliver iISN04 to
skeletal muscle. 1ISN04 is anticipated to reach myoblasts once it was released
into blood. We previously indicated that 1SN04 without carriers is
incorporated into myoblasts within 2 h (Shinji et al., 2021).
Sequence-independent intracellular uptake of ODNs 1is a general
phenomenon, which is known as gymnosis. ODNs can be incorporated by
endocytosis and transferred to cytoplasm through endosome 1in a
TLR-independent manner (Juliano, 2018). To validate safety of the meat
from the chickens taking iSNO04, it would be needed to measure half-life of
the 1ISN0O4 inside myoblasts and to test the effects of 1ISN0O4 on non-muscle
cells. But then, non-capsuled-ODNs are expeditiously degraded by gastric
juice (Wang et al., 2015), the iSN04 remaining in chicken meat will scarcely

show any effects on human.
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Figure legends

Figure 1. Nucleolin localization in chicken myoblasts during differentiation.
(A) Representative images of phase-contrast and MHC staining of the BPR
chicken myoblasts cultured in DM for 5 days. Scale bar, 100 pm. (B)
Representative images of nucleolin and MHC staining of the BPR chicken

myoblasts cultured in DM at days 0, 2, and 4. Scale bar, 50 pm.

Figure 2. Screening of PS-ODNs on the differentiation of chicken myoblasts.
(A and B) Immunofluorescent images of MHC and DAPI staining (A) and the
ratio of MHC* cells (B). BPR chicken myoblasts were treated with 10 pM
PS-ODN in GM for 48 h. Scale bar, 200 pm. ** p < 0.01 vs control (Dunnett’s

test). n= 3.

Figure 3. Effects of iISN04 on the growth of chicken myoblasts. (A) The
numbers of the UKC myoblasts treated with 3 or 10 pM 1ISNO04 in GM. * p <
0.05, ** p < 0.01 vs control at 48 h (Williams’ test). n = 3. (B and C)
Representative images of EAU and DAPI staining (B) and the ratio of EdU*
myoblasts (C). UKC chicken myoblasts were treated with 3 or 10 ptM iSN04
in GM for 48 h. Scale bar, 200 pm. ** p < 0.05 vs control (Williams’ test). n =

4.

Figure 4. Effects of the iSN04-berberine complex on the differentiation of

chicken myoblasts. (A-C) Representative images of MHC and DAPI staining
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(A), the ratio of MHC* cells (B), and fusion index (C). UKC chicken myoblasts
were treated with 10 puM of berberine (Ber) and iSN04 in GM for 48 h. Scale
bar, 200 pm. * p < 0.05, ** p < 0.01 (Scheffe’s Ftest). n=4. (D and E) gPCR
results of myogenic gene transcriptions in the UKC chicken myoblasts
treated with 10 pM of iISN04 and berberine in GM for 8 h (D) and 24 h (E).
The mean value of the control was set to 1.0 for each gene. * p < 0.05, ** p<

0.01 vs control (Dunnett’s test). n= 3-4.



Table 1. Primer sequences for qPCR.

Gene Sequence (5-3") Reference
GACAGCAGCTACTACACGGAATCA

MYODI1 GGAAATCCTCTCCACAATGCTT Slawinska et al., 2013
GGAGCACCCAGCTGGAGTT

MYOG CGATGCTCTCCACGATGGA Slawinska et al., 2013
CTCCTCACGCTTTGGTAA

MYHL 1 ATAGTCGTATGGGTTGGT Lue et al., 2015
TGGGTGTCCCTGATGGC

TMEMSC (- GATGGGTCCTGAGTAG Luo et al., 2015

iy TCCACCACGACAGACCA Ve et al. 2010

CCAGCCTTCCAACTTCC
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