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Abstract
Taurine (Tau) has many profound physiological functions, but its role and molecular mechanism in muscle cells are still not fully understood. In
this study, we investigated the role and underlying molecular mechanism of Tau on protein synthesis and proliferation of C2C12 myoblast cells.
Cells were treated with Tau (0, 60, 120, 180 and 240 μM) for 24 h. Tau dose-dependently promoted protein synthesis, cell proliferation, mecha-
nistic target of rapamycin protein (mTOR) phosphorylation and also AT-rich interaction domain 4B (ARID4B) expression, with the best stim-
ulatory effects at 120 μM. LY 294002 treatment showed that Tau promoted ARID4B expression in a phosphoinositide 3-kinase (PI3K)-dependent
manner. ARID4B knockdown (by small interfering RNA transfection for 24 h) prevented Tau from stimulating protein synthesis and cell prolif-
eration, whereas ARID4B gene activation (using the CRISPR/dCas9 technology) had stimulatory effects. ARID4B knockdown abolished Tau
signalling to mRNA expression and protein phosphorylation of mTOR, whereas ARID4B gene activation had stimulatory effects. Chromatin
immunoprecipitation (ChIP)-PCR identified that all of ARID4B, H3K27ac and H3K27me3 bound to the −4368 to –4591 bp site in the mTOR
promoter, and ChIP-quantitative PCR (qPCR) further detected that Tau stimulated ARID4B binding to this site. ARID4B knockdown or gene
activation did not affect H3K27me3 binding to the mTOR promoter but decreased or increased H3K27ac binding, respectively.
Furthermore, ARID4B knockdown abolished the stimulation of Tau onH3K27ac binding to themTORpromoter. In summary, these data uncover
that Tau promotes protein synthesis and proliferation of C2C12 myoblast cells through the PI3K-ARID4B-mTOR pathway, providing a deep
understanding of how Tau regulates anabolism in muscle cells.
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In the course of skeletal muscle growth and development, stem
cells differentiate into mononuclear myoblasts, and afterwards
myoblasts fuse to form multinucleated myotubes and mature
muscle fibres. The growth and development process of skeletal
muscle cells include proliferation and differentiation of
myoblasts as well as protein synthesis(1). The serine/threonine
protein kinase mechanistic target of rapamycin protein
(mTOR) is a core regulatory factor and the most key signalling
molecule involved in the regulation of cell growth and protein
synthesis(2). Environmental cues such as nutrients and hormones
can stimulate mTOR phosphorylation (activation)(3,4), and
p-mTOR phosphorylates its downstream targets such as the
ribosomal protein S6 kinase 1 (S6K1) to stimulate protein trans-
lation and cell growth(5,6). Studies have found that activation of
themTOR-S6K1 signalling pathway can promote skeletal muscle
growth and regeneration(7,8).

Taurine (Tau, 2-aminoethanesulfonic acid) is an abundant
β-sulfamic acid in many mammalian tissues, found in very
high concentration in muscle cells(9). Tau has many profound
physiological functions, including bile secretion, antioxidant
activity, Ca homoeostasis, antiapoptotic effects, protection
against neurodegenerative diseases or atherosclerosis,
etc(10–13). Cells can accumulate Tau through the Naþ-dependent
Tau transporter (TauT)(14). Tau can regulate the PI3K/AKT,
AKT/FOXO1, JAK2/STAT3 and mTOR/AMPK signal pathways
for cell proliferation and protein synthesis(15,16), though there
is still a discrepancy in the results of the effects of Tau on the
mTOR pathway(17–20).

Supplementation of Tau in the diet can improve energy
metabolism and antioxidant capacity in the skeletalmuscle, liver,
heart and adipose tissue(21). In animal feeding, Tau can be used
as a feed additive for non-ruminants, including poultry, dog, cat
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and aquatic animals. Tau addition at the level of 5·00 g/kg of the
diet for 42 d increased body weight gain and gain:feed ratio in
broiler chickens(22). Since Tau is only found in animal products,
Tau needs to be supplemented in commercial vegan foods of
cats and dogs which have limited hepatic production of
Tau(23). Crabs fed diets supplemented with 0·4–0·8 % (w/w)
Tau for 65 d had improved growth performance(24). There are
rare reports on the application of Tau as a feed additive to rumi-
nants, and thus it is still largely unclear the effects of Tau supply
on their performance. A previous report showed that supple-
mentation of rumen-protected methionine at the level of
0·08 % DM of the diet during the peripartal period increased
plasma Tau concentration (control group, 31·6 mg/dl; methio-
nine group, 47·4 mg/dl) in dairy cows(25). Since there are few
animal-derived ingredients in the feed of ruminants, sulphur
amino acids including methionine might be the sources of Tau
for ruminants to meet the needs of the body.

Previous reports have shown that Tau has significant
effects on muscle cells. Tau can prevent muscle senescence
and skeletal muscle disorders through regulating cellular redox
homoeostasis(26). Tau can enhance the differentiation of
myoblast cells to myotubes through TauT and Ca2þ signalling
pathway(27). Tau can attenuate skeletal muscle injury induced
by diquat toxicity(28). Recent reports have found that Tau
can promote proliferation and protein synthesis of
muscle cells through attenuating catabolic processes(29,30).
These above reports point out that Tau is a key regulator of
protein synthesis and proliferation of muscle cells.
Nevertheless, the dose-dependent effects of Tau on these
processes and underlying molecular mechanism still
need further study.

AT-rich interaction domain family (ARID family) is a type of
transcription factor that binds to DNA rich in AT sequence and
has a variety of regulatory effects. ARID family can be divided
into seven subfamilies, namely ARID1, ARID2, ARID3, ARID4,
ARID5, JARID1 and JARID2(31). ARID family is related to the
regulation of chromatin remodelling and gene expression
during cell growth, differentiation and development(32). The
ARID4 subfamily has two members: ARID4A and ARID4B, also
called retinoblastoma binding protein 1 (RBP1) and RBP1-like
protein 1, respectively(31). Studies have shown that ARID4B is
a component of the SIN3A/histone deacetylase 1 (HDAC1)
chromatin remodelling complex, and participates in the
regulation of histone deacetylation and epigenetic regulation
of cell physiology(33–36). Several recent studies have
discovered that ARID4B plays a key role in cell growth and
differentiation(36–38), while the detailed molecular mechanism
still needs to be deeply elucidated. It is still unknown whether
Tau can function through epigenetic regulation mediated by
some chromatin remodellers such as ARID4B.

We previously found from our proteomics data that ARID4B
might be associated with the growth of C2C12 myoblast cells. In
this study, we aim to investigate the dose-dependent effects of
Tau on protein synthesis and proliferation of C2C12 myoblast
cells and uncover the ARID4B-associated epigenetic regulatory
mechanism in Tau signalling to these phenotypes. Our findings
would lay a deep theoretical foundation for the utilisation of Tau
in muscle production in animal feeding.

Methods

Materials

Tau (purity > 99 %) was purchased from a company (T6017,
Macklin), dissolved in OPTI-MEM I (Gibco) medium (100 mM,
stock solution) and stored at −20°C for further use. Mouse
myoblast cell line C2C12 was donated by the laboratory of
Professor Yunqin Yan, College of Life Science, Northeast
Agricultural University.

Cell culture and treatments

C2C12 myoblast cells were cultured in growth medium
containing DMEM/F12 (Gibco) and 10 % fetal bovine serum
(Gibco), 0·1 mg/ml streptomycin and 100 IU/ml penicillin at
37°C in a controlled humidified 5 % CO2 atmosphere. For exper-
imental assays, cells were starved with OPTI-MEM I (Gibco) for
24 h before treatments. To examine the dose-dependent effects
of Tau, C2C12 myoblast cells reached 60–70 % confluence were
treated with Tau (0, 60, 120, 180 and 240 μM) for 24 h. These
concentrations were selected by multiple rounds of screening
based on our previous report(15). Morphological images of
C2C12 myoblast cells were observed by an inverted microscope
(AE31E, Motic). A specific inhibitor of the phosphoinositide
3-kinase (PI3K), LY 294002 (15 μM) (S1737, Beyotime), was used
to inhibit PI3K activation(15). The product package of LY 294002
was 30 mM × 0·1 ml, dissolved in dimethylsulfoxide and stored
at –20°C. Before use, the solution was diluted in OPTI-MEM I
(Gibco) medium (1·5 mM, application solution).

Measurement of protein synthesis rate

SUnSET (surface sensing of translation) is a non-radioactive
technique for in vivo measurement of protein synthesis rate
in cells(39,40). This technique involves using the antibiotic
puromycin (a structural analogue of tyrosyl-tRNA) (ST551,
Beyotime) and an anti-puromycin antibody (MABE343,
Millipore) to detect the amount of puromycin incorporated into
the nascent peptide chains. After treatments, 1·5 μM puromycin
was added into the culture medium and incubated for 30 min,
then puromycin incorporated into peptide chains was detected
by Western blotting analysis. Three independent experiments
were performed.

Western blotting

Protein samples (20 μg protein/lane) were separated in 8–10%
SDS polyacrylamide gels at 120 V for 1·5–2 h. Then proteins were
transferred onto a nitrocellulose membrane. The membrane was
blocked in 5 % skim milk (5 % skim milk and 0·1 % Tween-20 in
TBS), then incubated with a specific primary antibody at 4°C
overnight. Primary antibodies used were ARID4B (24499-AP,
Proteintech), p-mTOR (Ser-2448) (bs-3494R, Bioss), mTOR
(bs-1992R, Bioss), AKT (bs-0115R, Bioss), p-AKT (bs-2720R,
Bioss), p70 S6K1(14485–1-AP, Proteintech), p70 p-S6K1 (Thr-
389) (#9206, CST), H3K27ac (39034, Active Motif), H3K27me3
(39055, Active Motif), H3 (17168-1-AP, Proteintech) and β-actin
(bs-0061R, Bioss). Then the membrane was washed with TBST
and next incubated with the secondary antibody bound to
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horseradish peroxidase at 37°C for 1 h. Protein bands were
visualised with enhanced chemiluminescence, and ImageJ soft-
ware was used for quantitative analysis. Three independent
experiments were performed.

Protein content detection

Total protein content was detected using the Enhanced
BCA Protein Assay Kit (P0010S, Beyotime), according to the
manufacturer’s protocol. The absorbance of each well at
562 nm was measured using a microplate meter (SpectraMax
iD3, Molecular Devices). Results were compared with the
protein standard curve. Five independent experiments were
performed.

Cell number counting

The number of C2C12 cells was counted by using the Cell
Counting Kit-8 (C0037, Beyotime), following the manufacturer’s
instructions. In brief, C2C12 cells were inoculated into a 96-well
plate at a density of 4 × 103 cells/well. After treatments, 10-μl Cell
Counting Kit-8 solution and 100-μl OPTI-MEM I medium were
added to each well and then the cultures were incubated at
37°C for 1 h. The OD value of each well at 450 nmwasmeasured
with a microplate reader. Five independent experiments were
performed.

qRT-PCR

qRT-PCR assays were performed by using the BeyoFast
SYBR Green One-Step qRT-PCR Kit (D7268S, Beyotime). Each
20 μl reaction mixture contained 10 μl of reaction buffer (2×),
1 μl each of 5 μM forward and reverse primers, 6 μl of
nuclease-free water, and 2 μl of DNA or RNA. RNA was
extracted with the RNAeasy Animal RNA Isolation Kit with
Spin Column (R0026, Beyotime), according to the manufac-
turer’s instructions. The CFX96 Touch RT-PCR System
(Bio-Rad) was used for amplification on a 96-well plate. The
qRT-PCR amplification conditions were as follows: 95°C
for 2 min; 95°C for 15 s, 60°C 30 s, 40 cycles and 72°C
for 30 s. Relative gene expression was calculated as the
2−ΔΔCT fold change. The primer sequences were mTOR, F:
5 0-CTGATCCTCAACGAGCTAGTTC-3 0, R: 5 0-GGTCTTTGCAG
TACTTGTCATG-3 0; ARID4B, F: 5 0-GAAGATAACAGCAGC
GAAGAAG-3 0, R: 5 0-AGGCCGTTTGTTAATAGGTGTA-3 0; β-actin,
F: 5 0-TGCTGTCCCTGTATGCCTCTG-3 0 and R: 5 0-GCTGTAG
CCACGCTCGGTC-3 0. Five independent experiments were
performed.

Small interfering RNA transfection

For knocking down ARID4B mRNA expression, three different
small interfering RNA (siRNA) were designed and purchased
from a company (Gene Pharma). Transfection was conducted
using the transfection reagent siRNA-Mate (G04002, Gene
Pharma). Briefly, 8 μl of siRNA-Mate and 5 μl of siRNA were
mixed and then incubated with 200 μl of OPTI-MEM I medium
for 15 min, then the mixture was added into the culture medium
in the well. At 24-h post-transfection, cells were harvested. The
best pair of siRNAs was selected for further use by transfection

experiments and Western blotting analysis. The siRNA
sequences selected for ARID4B knockdown were as follows:
F: 5 0-GCGGACAACUAGUUUCUAUTT-3 0 and R: 5 0-AUAGAAA
CUAGUUGUCCGCTT-3 0. Negative control siRNA (NC)
sequences were as follows: F: 5 0-UUCUCCGAACGUGUCACG
UTT-3 0 and R: 5 0-ACGUGACACGUUCGGAGAATT-3 0.

Transfection of ARID4B gene activation vectors

ARID4B has a high molecular weight (1314 aa), and it is difficult
to overexpress ARID4B by transfection of a recombinant
plasmid. The CRISPR/dCas9 technology (cotransfection into
cells of SP-dcas9-VPR plasmid and gRNA targeting ARID4B
promoter) was exploited to activate ARID4B gene transcription.
VPR (VP64-p65-Rta) at the C-terminus of dCas9 contains three
transcription factor binding domains. The co-transfection of
SP-dcas9-VPR into cells with the recombinant pSPgRNA vector
is able to strongly activate target gene transcription(41). Briefly,
the promoter sequence of ARID4B was predicted on www.
Genomatix.de, based on mouse ARID4B sequence (Gene ID:
94 246). Four single-guided RNAs (sgRNAs) targeting different
sites of ARID4B promoter were designed through the bioinfor-
matics website http://chopchop.cbu.uib.no/. The sgRNA
sequences designed were as follows: pSPgRNA-2970:
5 0-GCCTGCGTTCGACGAGAGAGGGG-3 0, pSPgRNA-3468:
5 0-TCCCCTCTCTCGTCGAACGCAGG-3 0, pSPgRNA-3469:5 0-CA
TAGCTGTAATAAGCTCGCAGG-3 0 and pSPgRNA-3470:5 0-TGC
CTGCGTTCGACGAGAGAGGG-3 0. These oligonucleotides
were synthesised, annealed and linked to the Bbs I site under
hU6 promoter of pSPgRNA expression vector (# 47 108,
Addgene). The ligation product was transformed into
Escherichia coli DH5α (9057, TaKaRa), and the positive transfor-
mation clones were selected and sequenced. For transfection,
1·5 μg of SP-dcas9-VPR plasmid (#63798, Addgene) and 1·5 μg
of recombinant pSPgRNA plasmid were mixed in 200 μl of
OPTI-MEM I medium, rest for 5 min; 6 μl of GP-transfect-Mate
(G04008, Gene Pharma) was added to 200 μl of OPTI-MEM I
medium, rest for 5 min. Then the two solutions were mixed
and rest for 15 min before transfection. At 24 h after transfection,
cells were harvested.

Genomic DNA extraction

Total genomic DNA from C2C12 cells was extracted using the
Genomic DNA Mini Preparation Kit with Spin Column (D0033,
Beyotime), following the manufacturer’s instructions. The purity
of DNA was assessed by agarose gel electrophoresis and the
ratio of UV absorptions at 260 nm v. 280 nm.

ChIP-PCR and ChIP-qPCR

Chromatin immunoprecipitation (ChIP) assay was performed by
using a ChIP Assay Kit (P2078, Beyotime), according to the
manufacturer’s instructions and our previous report(15). Briefly,
cells at a concentration of 3 × 106/ml were harvested, and
chromatin was cross-linked with 1 % formaldehyde at 37°C for
10 min. Then the liquid was neutralised with glycine for 5 min
at room temperature, next washed twice with pre-frozen PBS
containing protease inhibitors. Cells were then scraped and
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collected and suspended in SDS cracking buffer. Next, cells were
lysed and sonicated for 10 s at 10 s intervals for fifteen times in ice
water using an ultrasonic homogeniser (JY920IIN). Cell lysates
were pelleted by centrifugation and resuspended in ChIP
dilution buffer and incubated overnight at 4°C with anti-
ARID4B (24 499–1-AP, Proteintech), anti-H3K27ac (39 034,
Active Motif), anti-H3K27me3 (39 055, Active Motif) or anti-H3
(17 168–1-AP, Proteintech) antibody. Next day, 70 μl of
Protein AþG Agarose/Salmon Sperm DNA was added and
the solution was further incubated for 1 h. Next, the agarose
was washed four times in salt solution, proteins were digested
with proteinase K at 65°C for 4 h and the coprecipitated DNAs
were purified. Normal Rabbit IgG (A7016, Beyotime) was used
as a negative control, and RNA polymerase II (bs-6972R, Bioss)
was used as a positive control. To select the possible binding
sites of ARID4B in the mTOR promoter, twenty-four pairs of
primers were designed for ChIP-PCR to amplify different regions
(–1 to –5000 bp) of the mTOR promoter. The primer sequences
were provided in online Supplemental Table S1. The efficiencies
of these primers were determined by their abilities to
amplify genomic DNA (see online supplementary material,
Supplemental Fig. S1A). ChIP-PCR products were detected by
agarose gel electrophoresis, and the positive amplification
products were confirmed by sequencing and the corresponding
pair of primers was used for ChIP-qPCR analysis. For ChIP-qPCR,
three independent experiments were performed.

Statistical analysis

All data were presented as means and standard error for
three to five independent experiments. Data statistical analysis
was quantified using IBM SPSS statistical 21 software (IBM).
Analysis of variance or Student’s t test was used to determine
the difference between the means. Significance was set at
P< 0·05 or P< 0·01.

Results

Tau promotes protein synthesis and proliferation of
C2C12 myoblast cells in a dose-dependent manner

C2C12 myoblast cells were treated with different concentrations
of Tau (0, 60, 120, 180 and 240 μM) for 24 h. As the concentration
of Tau increased, the protein synthesis rate gradually increased,
reached a peak at 120 μMand then gradually decreased (Fig. 1(a)
and (b)). The total protein content (Fig. 1(c)), cell number
(Fig. 1(d) and (e)), mTOR phosphorylation (Fig. 1(f) and (g))
and S6K1 phosphorylation (Fig. 1(f) and (h)) also had the same
trend. These data demonstrate that Tau can dose-dependently
regulate protein synthesis and proliferation of C2C12 cells.

Tau promotes ARID4B expression in a PI3K-dependent
manner

Western blotting and qRT-PCR detected that Tau treatment
significantly increased the protein (Fig. 2(a) and (b)) and
mRNA level (Fig. 2(c)) of ARID4B, with both reaching peak
levels at 120-μM Tau treatment. PI3K inhibition by LY 294002
completely blocked Tau-stimulated AKT phosphorylation

(Fig. 2(d) and (e)), and ARID4B protein (Fig. 2(d) and (f)) and
mRNA (Fig. 2(g)) expression. These data suggest that Tau
increases ARID4B expression via activation of PI3K.

ARID4B is a key mediator of Tau-stimulated protein
synthesis and cell proliferation

ARID4B knockdown almost totally blocked the stimulation of
Tau on protein synthesis rate (Fig. 3(a) and (b)), total protein
content (Fig. 3(c)) and cell number (Fig. 3(d)). To select an effec-
tive ARID4B gene activation vector (recombinant pSPgRNA),
cells were co-transfected with the SP-dcas9-VPR vector and
pSPgRNA-2970, pSPgRNA-3468, pSPgRNA-3469 or pSPgRNA-
3470 vector. Western blotting detected that both pSPgRNA-3469
and pSPgRNA-3470 significantly stimulated ARID4B expression
(Fig. 4(a) and (b)). The protein synthesis rate (Fig. 4(c) and (d)),
total protein content (Fig. 4(e)) and cell number (Fig. 4(f)) were
all significantly increased in cells of ARID4B gene activation.
Taken together, these above data demonstrate that ARID4B is a
key mediator for the stimulation of Tau on protein synthesis and
cell proliferation.

ARID4B mediates the stimulation of Tau
on the mTOR signalling

ARID4B knockdown (Fig. 5(a) and (b)) almost totally abrogated
the stimulation of Tau on the phosphorylation ofmTOR (Fig. 5(a)
and (c)) and S6K1 (Fig. 5(a) and (d)), whereas ARID4B gene acti-
vation (Fig. 5(e) and (f)) significantly increased mTOR (Fig. 5(e)
and (g)) and S6K1 (Fig. 5(e) and (h)) phosphorylation. qRT-PCR
analysis further detected that ARID4B knockdown almost totally
blocked the stimulation of Tau on the mRNA expression of
mTOR (Fig. 5(i)), whereas ARID4B gene activation significantly
promoted this expression (Fig. 5(j)). These data suggest that
ARID4B mediates the stimulation of Tau on mRNA expression
and subsequent protein phosphorylation of mTOR.

Tau stimulates the binding of ARID4B to the mTOR
promoter

ChIP-PCR analysis was performed to find the possible binding
site of ARID4B in the mTOR promoter (–1 ∼ −5000 bp).
Agarose gel electrophoresis detected that only one product
(–4368 to −4591 bp) was obtained from ChIP-PCR with the
twenty-four pairs of specific primers (online Supplemental
Fig. S1(B), Fig. 6(a)). ChIP-qPCR analysis further detected that
Tau treatment significantly promoted the binding of ARID4B
to this region (Fig. 6(b)), suggesting that ARID4B mediates
Tau signalling to gene transcription of mTOR via binding to its
promoter.

ARID4B mediates the stimulation of Tau on the binding
of H3K27ac to the mTOR promoter

We then determined whether ARID4B affects the protein levels
and promoter binding ability of the two histone modifications
H3K27ac and H3K27me3. Western blotting detected that
ARID4B knockdown (Fig. 7(a)) or gene activation (Fig. 7(b))
did not affect the protein levels of H3K27ac and H3K27me3 in
cells. Actinomycin D (Act D, a RNAPII transcription inhibitor)
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did not affect the protein levels of these two histone modifica-
tions, suggesting that their levels are stable in the nucleus and
not closely related to their gene expression (Fig. 7(a) and (b)).
Interestingly, ChIP-PCR analysis detected the same binding site
(–4368 to –4591 bp) of H3K27ac (Online Supplemental Fig. S2)
and H3K27me3 (Fig. S3) in themTOR promoter (–1∼ –5000 bp).
ChIP-qPCR further detected that ARID4B knockdown hindered
the binding of H3K27ac (Fig. 7(c)) but did not affect the binding
of H3K27me3 (Fig. 7(d)) to the mTOR promoter. ARID4B gene
activation promoted H3K27ac (Fig. 7(e)) but did not affect
H3K27me3 (Fig. 7(f)) binding to the mTOR promoter.

Furthermore, ARID4B knockdown almost totally blocked the
stimulation of Tau on H3K27ac deposition on the mTOR
promoter (Fig. 7(g)). These data demonstrate that ARID4B
mediates the stimulation of Tau on the binding of H3K27ac to
the mTOR promoter.

Discussion

It is largely unknown whether Tau can regulate the mTOR
pathway and anabolism in muscle cells through an epigenetic

Fig. 1. Effects of Tau on protein synthesis and cell proliferation. (a) C2C12 cells were treated with different concentrations of Tau (0, 60, 120, 180 and 240 μM) for 24 h.
The protein synthesis rate was detected using the SUnSETmethod. (b) Total protein/β-actin relative levels ofWestern blots in (a) were quantified by grey scale scanning.
(c) The total protein content in C2C12 cells was detected using a BCA protein concentration determination kit. (d) Cell morphological images were observed by an
inverted microscope. Scale bar represents 55 μm. (e) Cell number was detected using a CCK-8 assay kit. (f) Indicated protein levels in C2C12 cells were analysed
by Western blotting analysis. (g) and (h) The ratio of p-mTOR/mTOR (g) and p-S6K1/S6K1 (h) of Western blots in (f) were quantified. Data are the mean ± SE of inde-
pendent experiments (n 3 in (a), (f), n 5 in (c), (e)). a,b,c Mean values with unlike letters were significantly different (P< 0·05). Tau, Taurine; SUnSET, surface sensing of
translation; mTOR, mechanistic target of rapamycin protein; S6K1, S6 kinase 1.
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regulatory mechanism. In this study, we demonstrate that Tau
promotes protein synthesis and proliferation of C2C12 cells in
a dose-dependent manner. Tau stimulates ARID4B expression
through the PI3K signalling, and ARID4Bmediates Tau signalling
to mRNA expression and subsequent protein phosphorylation
of mTOR. Tau stimulates ARID4B binding to the promoter of
mTOR, and ARID4B mediates the stimulation of Tau on
H3K27ac deposition on the mTOR promoter.

We observed that Tau promoted protein synthesis, cell prolif-
eration, mRNA expression and protein phosphorylation of
mTOR, S6K1 phosphorylation and ARID4B expression in a
dose-dependent manner when Tau concentration was lower
than 120 μM. High concentrations of Tau (higher than
120 μM) had opposite effects. Recent reports show that the
plasma concentrations of Tau in starter pigs are ranged from
40 to 50 μM(42), while those in Huanjiang minipigs during gesta-
tion period are ranged from 110 to 135 μM(43). The plasma Tau
concentrations of dogs fed a nutrient-fortified endurance diet

containing 0·34 % Tau over several months were ranged from
145 to 180 μM, which were markedly higher than those of the
control fed a diet containing 0·07 % Tau (ranged from 60 to
90 μM)(44). From these reports, we consider that the best concen-
tration of Tau (120 μM) to promote protein synthesis and prolif-
eration of C2C12 cells cultured in vitro is basically in agreement
with the plasma Tau concentrations in animals. Diets containing
no more than 0·5 % and 0·4–0·8 % (w/w) Tau can increase
the growth performance of broiler chickens and crabs,
respectively(22,24). From these above reports, we speculate that
diet supplemented with 0·3–0·8 % Tau might be beneficial to
the growth performance of animals.

High doses of Tau in the diet can be toxic for animals. Diets
containing 0·3 % Tau for 28 d could promote growth perfor-
mance and liver and intestinal health of weaned piglets, while
1·5 % Tau had adverse effects(45). Excessive Tau inhibits the
activities of catalase and superoxide dismutase in human nerve
cells, leading to cell apoptosis(46). Isethionic acid and

Fig. 2. Effects of Tau and PI3K on ARID4B expression. (a) Cells were treated as in Fig. 1. ARID4B protein levels were analysed by Western blotting analysis.
(b) ARID4B/β-actin relative levels of Western blots in (a) were quantified by grey scale scanning. (c) qRT-PCR analysis of ARID4B mRNA level in cells treated as
in (a). (d) C2C12 cells were treated with Tau (120 μM) and LY 294002 (15 μM) for 24 h. Indicated protein levels were analysed by Western blotting analysis.
(e) The ratio of p-AKT:AKT of Western blots in (d) were quantified. (f) ARID4B/β-actin relative levels of Western blots in (d) were quantified. (g) qRT-PCR analysis
of ARID4B mRNA level in cells treated as in (d). Data are the mean ± SE of independent experiments (n 3 in (a), (d), n 5 in (c), (g)). a,b,c Mean values with unlike letters
were significantly different (P< 0·05). Tau, Taurine; PI3K, phosphoinositide 3-kinase; ARID4B, AT-rich interaction domain 4B.
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sulfoacetaldehyde are formed by the oxidation of excessive Tau,
indicating that excessive Tau may be cytotoxic(47). A previous
report pointed out a promising approach for the use of a lower
dose of Tau combined with branched-chain amino acids for
muscle cell growth(48). From our experimental data and previous
reports, we conclude that Tau promotes protein synthesis and
proliferation of C2C12 cells in a dose-dependent manner, and
excessive Tau has toxic effects. Our findings provide reference
data for the application of Tau in skeletal muscle growth and
protein production in animal feeding.

Our data showed that PI3K was required for Tau to stimulate
ARID4B expression. Previous reports have validated that Tau
can promote cell proliferation and inhibit cell apoptosis in a
PI3K-dependent manner(15,49,50), in agreement with our data.
It is still largely unclear the molecular mechanism via which
Tau can activate PI3K. Previous reports have shown that Tau
can promote PI3K activation through the G protein-coupled
receptor 87 (GPR87)(15) or TauT including TauT/SLC6A6 and
PAT1/SLC36A1(51). Future studies should explore the roles of
GPCR and TauT in Tau signalling to PI3K activation. The
PI3K signalling network can regulate diverse downstream signal-
ling pathways to control transcription factors and affect gene
expression(52). The detailed molecular mechanism through

which Tau stimulated mRNA expression of ARID4B is still
unknown and awaits further study.

Our gene function study data showed that ARID4B mediated
the stimulation of Tau on protein synthesis, cell proliferation,
mRNA expression and protein phosphorylation of mTOR, and
mTOR target S6K1 phosphorylation. Previous reports have
confirmed that Tau can directly stimulate the PI3K-AKT-mTOR
signalling, but it is rarely reported that Tau can activate the
mTOR pathway through stimulating its mRNA expression. Our
data demonstrate that ARID4B mediates Tau signalling to
mRNA expression and subsequent protein phosphorylation of
mTOR. In agreement with our previous observation(15,53), as is
expected, the phosphorylated form of mTOR was changed
according to its mRNA level, while the unphosphorylated form
of mTOR remained stable. We speculate that the stable mTOR
protein levels and variable mTOR mRNA and p-mTOR levels
are a mechanism for cells to respond quickly to intracellular
and extracellular stimuli. Previous reports have pointed that
ARID4B has a variety of regulatory roles in cell proliferation
and differentiation, and the normal development and physio-
logical process(35–39), in agreement with our results. Our findings
reveal another layer of Tau regulation of the mTOR-S6K1 signal-
ling pathway, emphasising the importance of gene expression
regulation in Tau-stimulated mTOR activation.

ARID4B has a DNA binding domain of spiral–rotation–helical
structure comprised approximately 100 amino acid residues, and
the disordered C-terminus provides an additional DNA binding
site(54). The molecular mechanism through which ARID4B regu-
lates gene expression is just emerging, and the binding site of
ARID4B on the mTOR promoter has not been identified. In this
study, ChIP-PCR detected that ARID4B bound to the –4368 to
–4591 bp site of the mTOR promoter, and ChIP-qPCR further
detected that Tau stimulated ARID4B binding to this site. Our
data suggest that ARID4B mediates Tau stimulation on mTOR
mRNA expression through its binding to the mTOR promoter
and thereby affecting its gene transcription.

Histone modification plays an important role in regulating
gene expression during mammalian growth and development.
Numerous reports have established that the two histone modifi-
cations H3K27ac and H3K27me3 can bind to gene promoters
(enhancers) and are well known as gene activating and gene
silencing markers, respectively(55–57). Interestingly, we found
ARID4B, H3K27ac and H3K27me3 bound only to one distal site
(which might be an enhancer region) in the mTOR promoter
(–1 to –5000 bp). Furthermore, Tau stimulated the binding of
ARID4B to this site, and ARID4B mediated Tau stimulation of
the binding of H3K27ac but not H3K27me3 to this site.
Previous reports have uncovered that ARID4B is a member of
the chromatin remodelling complex SIN3A/HDAC1, which lacks
methyltransferase or acetyl transferase activity and might
function through inhibiting HDAC1 expression(34,37,57) It is still
unclear the detailed mechanism via which ARID4B regulates
the binding of H3K27ac to its promoters, which awaits further
investigations. Our experimental results demonstrate that Tau
increases ARID4B binding to the mTOR promoter and thereby
triggers the binding of H3K27ac to the same site.

Fig. 3. Effects of ARID4B knockdown on Tau-stimulated protein synthesis and
cell proliferation. (a) C2C12 cells were transfected with an ARID4B siRNA and
treated with Tau (120 μM) for 24 h. Protein synthesis rate was analysed by
Western blotting analysis using an antibody against puromycin. (b) Total
protein/β-actin relative levels of Western blots in (a) were quantified by grey
scale scanning. (c) The total protein content in cells treated as in (a) was
detected using a BCA protein concentration determination kit. (d) Number of
cells treated as in (a) was detected using a CCK-8 assay kit. Data are the
mean ± SE of independent experiments (n 3 in (a), n 5 in (c), (d)). a,b,c Mean
values with unlike letters were significantly different (P< 0·05). ARID4B, AT-rich
interaction domain 4B; Tau, Taurine.
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Conclusion

In summary, current work uncovers that Tau can dose-depend-
ently promote protein synthesis and proliferation of C2C12 cells
through the PI3K-ARID4B-mTOR pathway. ARID4B mediates
Tau stimulation on mRNA expression of mTOR through regu-
lating H3K27ac binding to the mTOR promoter. Our findings
provide a deep understanding of how Tau epigenetically regu-
lates anabolism in muscle cells.
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Fig. 4. Effects of ARID4B gene activation on protein synthesis and cell proliferation. (a) ARID4B protein level was detected by Western blotting in cells transfected with
indicated vectors. (b) ARID4B/β-actin relative levels of Western blots in (a) were quantified by grey scale scanning. (c) Protein synthesis rate in cells transfected with
indicated vectors was analysed byWestern blotting analysis. (d) Total protein/β-actin relative levels ofWestern blots in (c) were quantified. (e) The total protein content in
cells treated as in (c) was detected. (f) Number of cells treated as in (c) was detected. Data are themean ± SE of independent experiments (n 3 in (a), (c), n 5 in (E), (f)). a,b,c

Mean values with unlike letters were significantly different (P< 0·05). ARID4B, AT-rich interaction domain 4B.
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Fig. 5. Effects of ARID4B onTau-stimulatedmRNA expression and phosphorylation ofmTOR. (a) Cells were treated with Tau and transfected with an ARID4B siRNA for
24 h. Indicated protein levels were analysed by Western blotting analysis. (b) ARID4B/β-actin relative levels of Western blots in (a) were quantified by grey scale scan-
ning. (c) and (d) The ratio of p-mTOR/mTOR (c) and p-S6K1/S6K1 (d) of Western blots in (a) were quantified. (e) Cells were transfected with the VPR together with
pSPgRNA3469 or pSPgRNA3470 plasmid. Indicated protein levels were analysed byWestern blotting analysis. (f) ARID4B/β-actin relative levels of Western blots in (e)
were quantified by grey scale scanning. (g) and (h) The ratio of p-mTOR/mTOR (g) and p-S6K1/S6K1 (h) of Western blots in (e) were quantified. (i) and (j) Cells were
treated as in Fig. 3(a) (i) and Fig. 4(c) (j). ThemRNA levels ofmTORwere detected by qRT-PCR. Data are themean ± SE of independent experiments (n 3 in (a), (e), n 5 in
(i), (j)). a,b,c Mean values with unlike letters were significantly different (P< 0·05). ARID4B, AT-rich interaction domain 4B; Tau, Taurine; mTOR, mechanistic target of
rapamycin protein; S6K1, S6 kinase 1;
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Fig. 6. The effect of Tau on the binding of ARID4B to themTORpromoter. (a) ChIP-PCR analysis of the binding site of ARID4B in themTOR gene promoter. Twenty-four
pairs of primers were designed for ChIP-PCR to amplify different regions of the mTOR gene promoter (–1 to −5000 bp). Only one sequence (–4368 to −4591 bp) was
amplified in themTOR promoter, and this primer was used next for ChIP-qPCR. Diagram depicts the binding region of ARID4B in the promoter ofmTOR. (B) ChIP-qPCR
analysis to determine the effect of Tau on the binding of ARID4B to the promoter of mTOR. Data are the mean ± SE of three independent experiments. ‘**’, P< 0·01.
Tau, Taurine; ARID4B, AT-rich interaction domain 4B; mTOR, mechanistic target of rapamycin protein; ChIP, chromatin immunoprecipitation.

Fig. 7. Effects of ARID4B on the stimulation of Tau on H3K27ac binding to the mTOR promoter. (a) and (b) Western blotting analysis were performed to determine
indicated protein levels in cells transfected with an ARID4B siRNA (a) or ARID4B gene activation vectors (b). Cells treated with Act D were used as an experimental
control. (c) and (d) ChIP-qPCR analysis of the binding of H3K27ac (c) and H3K27me3 (d) to the mTOR promoter in cells transfected with an ARID4B siRNA. (e) and
(f) ChIP-qPCR analysis of the binding of H3K27ac (e) and H3K27me3 (f) to themTOR promoter in cells transfected with ARID4B gene activation vectors. (g) ChIP-qPCR
analysis of the binding of H3K27ac to themTOR promoter in cells treated with Tau and transfected with an ARID4B siRNA. Data are the mean ± SE of three independent
experiments. a,b,c Mean values with unlike letters were significantly different (P< 0·05). ARID4B, AT-rich interaction domain 4B; Tau, Taurine; mTOR, mechanistic target
of rapamycin protein; siRNA, small interfering RNA; Act D, Actinomycin D; ChIP, chromatin immunoprecipitation.
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