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Abstract

We aimed to understand the roles of miRNAs in the muscle tissue maturation and those of cir-
culating microRNAs (c-miRNAs) in beef production of Japanese Black (JB) cattle (Wagyu), a
breed with genetically background of superior intermuscular fat depot, by comparing different
feeding conditions (indoor grain-feeding vs. grazing on pasture). The cattle at 18 months old
were assigned to pasture feeding or conventional indoor grain feeding conditions for 5 months.
Microarray analysis of c-miRNAs from the plasma extracellular vesicles led to the detection of
a total of 202 bovine miRNAs in the plasma, including 15 miRNAs that differed between the
feeding conditions. Validation of the microarray results by gPCR showed that the circulating
miR-10b level in the grazing cattle was upregulated compared to that of the grain-fed cattle. In
contrast, the levels of miR-17-5p, miR-19b, miR-29b, miR-30b-5p, miR-98, miR-142-5p, miR-
301a, miR-374b, miR-425-5p, and miR-652 were lower in the grazing cattle than in the grain-
fed cattle. Bioinformatic analysis indicated that the predicted target genes of those c-miRNAs
were enriched in gene ontology terms associated with blood vessel morphogenesis, plasma
membrane, focal adhesion, endocytosis, collagen, ECM-receptor interaction, and phosphory-
lation. In the grazing cattle, the elevation of miR-10b expression in the plasma was coincident
with its elevation in the longissimus lumborum (LL) muscle. Expression of bovine-specific
miR-2478, the most plasma-enriched miRNA, tended to be also upregulated in the muscle but
not in the plasma. Furthermore, grazing caused the downregulated mRNA expression of pre-
dicted miR-10b and/or miR-2478 target genes, such as DNAJB2, PTEN, and SCD1. Thus, the
feeding system used for JB cattle affected the c-miRNAs that could be indicators of grain feed-
ing. Among these, miR-10b expression was especially associated with feeding-induced
changes and with the expression of the potential target genes responsible for glucose homeo-
stasis and intramuscular fat depot in the LL muscle of JB cattle.
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Introduction

MicroRNAs (miRNAs) are highly conserved, noncoding small RNAs that regulate the expres-
sion of target genes in various biological processes in plants and animals [1]. The mature
miRNA is generated by processing from the initial transcript (pri-miRNA) via pre-miRNA and
recognizes its target genes as a component of the RNA-induced silencing complex (RISC),
resulting in mRNA degradation or destabilization. Approximately 30% of protein-coding
genes are under the regulation of miRNAs [2].

To better understand the meat quality traits of domestic animals, skeletal muscle miRNAs
have been profiled in investigations into how distinct muscle properties are specified. Some
muscle miRNAs are differently expressed between muscle types [3,4] or tissues [5,6] in cattle
and pigs. Notably, we have demonstrated that miR-196a/b and miR-885 in cattle are expressed
exclusively in fast-glycolytic semitendinosus (ST) muscle but not in slow-oxidative masseter
muscle [4]. In addition, skeletal muscle miR-206 and miR-208b expression is temporally upre-
gulated, accompanying the downregulation of myosin heavy chain 2x expression, in grazing
Japanese Shorthorn (JSH) cattle whereas the expression did not change in housed [7]. Since
muscle physiological property determined by the muscle type have impacts on meat quality
[8-10], potential association of miRNAs with muscle gene expression and mat quality have
been focused recently [11-13]. Besides skeletal muscle, transcriptomic miRNA analyses in
mammalian adipose tissue have unveiled their roles in fat accumulation. The relevance of miR-
NAs has also been pronounced in subcutaneous and/or visceral fat accumulation in response
to growth and dietary nutrition in mice [14-16], sheep [17], and cattle [18]. When primary cul-
tured porcine adipocytes are exposed to miR-130b-enriched micro-vesicles, peroxisome prolif-
erator-activated receptor y (PPARG) expression is downregulated [19].

Cattle feeding systems and dietary nutrients influence the physiological and histological
muscle properties as well as growth performance. Compared to the muscles of housed cattle,
those of grazing cattle potentially have distinct physiological properties and chemical composi-
tions, including fatty acids and muscle proteins, due to the intermittent movements involved in
grazing, which results in changes in subsequent beef quality. Japanese Black (JB; original cattle
breed of Wagyu) cattle are conventionally fed a grain-rich concentrate in cattle houses in order
to promote their genetically superior intramuscular fat (IMF) depot, which makes beef tender
and gives JB beef the high marbling score that is so prized. Thus, differences in muscle growth
and IMF deposition resulting from different feeding systems have been progressively
investigated.

In particular, the molecular mechanisms underlying IMF depot in different feeding condi-
tions, including diet composition, have been focused on for adipogenic and myogenic gene
expression [20,21]. The longissimus lumborum (LL) and ST muscles of pasture-feeding JB cattle
show lower extractable lipid content and expression of adipogenic PPARG and CCAAT-
enhancer binding protein o. (CEBPA) than those of housed JB cattle [22]. The expression pat-
terns of PPARG and CEBPA in intramuscular adipose tissue are higher in cattle fed a high
concentrate than those fed a low concentrate [21], indicating that the dietary roughage/concen-
trate ratio affects IMF fat depot-specific differences in adipogenic gene expression. It is there-
fore tempting to hypothesize that influences of dietary and feeding conditions on myogenic
and adipogenic gene expression are regulated by miRNA, as suggested by differences in miR-
NAs between subcutaneous and visceral fat [18]. Understanding potential roles of miRNAs in
muscle and adipose tissue development will provide new insights into the molecular basis of
beef production and meat quality performance.

Moreover, circulating miRNAs (c-miRNAs), which are considered as potential indicators of
disease and physiological conditions, also are potentially associated with muscle physiology
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and gene expression as suggested previously [23,24]. Likewise, use of c-miRNA as a monitoring
marker could contribute to management and improvement of better beef production. Never-
theless, influences of dietary and feeding conditions on c-miRNAs in beef cattle have never
been investigated except for effect of grazing of cattle [24].

In the present study, we therefore aimed to determine (1) the c-miRNAs that are affected by
differences between grazing and indoor grain feeding of JB cattle, using an extracellular vesicle
(EV)-preparation method from plasma [24], and (2) the muscle miRNAs involved in the feed-
ing-induced regulation of beef quality-related gene expression. The grain-feeding condition
employed here leads to higher IMF depot in the JB cattle muscle than the grazing condition
[22]. Furthermore we discuss how the c-miRNA changes are associated with skeletal muscle
miRNA expression, to understand potential impact of both muscle and circulating miRNAs on
beef quality-related gene expression of JB cattle.

Materials and Methods
Animals

The animals were cared for as outlined in the Animal Experimental Guidelines of the NARO
Western Region Agricultural Research Center (NARO/WARC) established by the Animal
Care Committee, NARO/WARC, and this committee approved the study. All efforts were
made to minimize suffering. Eight 10-month-old JB steers, bred at NARO/WARC, were grain-
fed separately in a stall barn with no weight difference among the cattle until 10 months of age.
Then they were fed a concentrate diet (flaked corn, flaked barley, wheat bran, and soybean
meal; 73% total digestible nutrients (TDN) and 11.0% crude protein (CP) on a dry matter
(DM) basis) ad libitum and 1.5 kg grass hay (43% TDN and 6.3% CP on a dry matter basis)
until 16 months of age. Beginningat 18 months of age, the steers were divided into two groups
for 5 months: 4 were continually fed the concentrate diet and grass hay in house and the other
4 were allocated to graze on Italian ryegrass pasture. The health of the animals was monitored
every day, which satisfied the criteria of animal welfare defined in the Animal Experimental
Guidelines of NARO/WARC. The grass mass was measured during the grazing period and
their chemical composition was analyzed (Agricultural Chemistry Research Institute, Hok-
kaido, Japan) (Table 1). Body weight after the 5-month grazing period differed between the
grain-fed (675.5 kg) and the grazing (571.5 kg) cattle (P = 0.030).

Sampile collection

A blood sample was drawn from the jugular vein of each animal at the age of 22 months, and
the plasma was prepared with 0.1% EDTA followed by storage at -80°C until use. The LL sam-
ples were taken from by biopsy at 22 months. The biopsy procedure was as follows: the animal
was locally anesthetized by an intramuscular injection of xylazine (Bayer, Tokyo, Japan) and a
subcutaneous injection of lidocaine (AstraZeneca, Osaka, Japan). An incision was subsequently
made in the skin overlying the LL muscle [25]. All samples were rapidly frozen in liquid nitro-
gen and stored at -80°C until RNA extraction.

Table 1. Chemical composition of grass on pasture during grazing of cattle.
Grass mass (kgof DM/ha) TDN (% of DM) |CP (% of DM) | ADF (% of DM) |NDF (% of DM)
3,787 72.7 14.9 22.7 48

DM: dry matter, TDN: total digestible nutrients, CP: crude protein, ADF: acidic detergent fiber, NDF: neutral
detergent fiber.

doi:10.1371/journal.pone.0162496.t001
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Plasma sample processing

We previously succeeded in preparing miRNA-enriched EV's as exosomes [24]. In the present
study we used the same method to prepare miRNA-containing EV's from plasma. In brief, 10
ml of the plasma sample was mixed with 20 ml of PBS and centrifuged at 1,200 g, 4°C for 20
min. The supernatant was centrifuged at 12,000 g, 4°C for 45 min and further centrifuged at
110,000 g, 4°C for 120 min. The precipitation was suspended in PBS and centrifuged at 110,000
g 4°C for 70 min. The final precipitation was resuspended in PBS, stored at 4°C for a few days,
and then processed for RNA preparation.

RNA preparation

Total RNA including miRNA was extracted from muscle or plasma precipitate using the mir-
Vana microRNA isolation kit (Life Technologies Japan Ltd., Tokyo, Japan) for microarray
analysis of plasma samples according to the manufacturer’s protocols. The quantity and quality
of the RNA were confirmed by an Agilent Bioanalyzer 2100 with an RNA 6000 Pico Kit (Agi-
lent Technologies, Santa Clara, CA, USA) before the RNA was applied to microarray analysis.
Muscle total RNAs for qPCR analysis of muscular mRNA expression were prepared using ISO-
GEN (Nippon Gene, Tokyo, Japan).

Microarray analysis

Of the four plasma precipitate samples, we used the three samples that satisfied the quantitative
requirement as microarray samples for each cattle group. The plasma EV RNA samples for
each feeding treatment (grazing or indoor grain-fed) were applied to a custom SurePrint G3
8x60K microarray (Agilent Technologies) that was designed using miRBase ver. 21 (Design ID:
077173). The miRNA Microarray System with miRNA Complete Labeling and Hybridization
Kit (Agilent Technologies) was used according to the manufacturer’s protocol. The Agilent
microRNA Spike-In Kit was used for in-process control to measure labeling and hybridization
efficiency. The labeled samples were hybridized with the probes on the custom microarray, and
then the arrays were scanned on a G4900DA SureScan scanner (Agilent Technologies) at 3 um
resolution. Microarray signals were extracted using Agilent Feature Extraction software v11.0
(Agilent Technologies), and the signal values were globally normalized to the 90 percentile
using GeneSpring GX (Agilent Technologies), as we did previously to successfully analyze
plasma exosomal miRNA samples [24].

To determine significantly different miRNAs between the groups, the normalized signal val-
ues were further applied to statistical analysis by significance analysis of microarrays (SAM)
[26]. The data were computed with R 2.13.1 (http://cran.r-project.org). The miRNAs were con-
sidered significantly different between the groups if the resulting P-value < 0.05. Array data
were deposited in the National Center for Biotechnology Information (NCBI) Gene Expression
Omnibus (GEO) database, and are accessible through GEO Series accession number
GSE81946 (http://www.ncbi.nlm.nih.gov/geo).

cDNA synthesis

cDNA was synthesized from 250 ng of total RNA for muscle samples or 9 pl of the final prod-
uct of RNA preparation for EV samples, using the miScript II RT kit (Qiagen, Tokyo, Japan) at
37°C for 60 min, and then the enzyme was inactivated at 95°C for 5 min. The cDNAs for mus-
cle samples were each synthesized from 1,000 ng of total RNA by the ReverTra Ace QPCR RT
kit (Toyobo, Tokyo, Japan).
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Quantitative PCR (qPCR) analysis

qPCR was performed using the CFX96 thermal cycler (Bio-Rad, Hercules, CA, USA) under the
following program: 15 min at 95°C, followed by 40 cycles of 15 s at 95°C and 30 s at 60°C. For
both plasma and muscle samples, miRNA qPCR was performed using the Thunderbird SYBR
qPCR kit (Toyobo) in combination with the miScript Primer Assay for let-7g, RNU6-6P RNA
(RNU6-6P), miR-10b, miR-19a, miR-21-5p, miR-26a, miR-27b, miR-29b, miR-30b-5p, miR-
30d-5p, miR-92a, miR-98, miR-103, miR-142-5p, miR-144, miR-196a, miR-197, miR-199-3p,
miR-204, miR-206, miR-208b, miR-301a, miR-338, miR-345-5p, miR-374b, miR-378, miR-
381, miR-425-5p, miR-451, miR-486, miR-499, miR-652, miR-885, miR-2412, and miR-2478
(Qiagen) according to the manufacturer’s protocol. The qPCR analysis of elongase of very long
chain fatty acids 6 (ELOVLG6), stearoyl-Coenzyme A desaturase 1 (SCD1I), phosphatase and ten-
sin homolog (PTEN), profilin 2 (PFN2), Dna] heat shock protein family (Hsp40) member B2
(DNAJB2), and PPARG?2 was performed using the Thunderbird SYBR qPCR kit (Toyobo), fol-
lowed by normalization with the expression of ribosomal protein L7 (RPL7; an internal con-
trol) [4]. The sequences of the primers used are shown in Table 2. Differences between the
groups in the expression ratios of the target miRNA/let-7g for plasma samples, the target
miRNA/RNUS6 for muscle samples, and that of mRNA/RPL7 were compared. Melting curve
analysis was used to confirm the specificity of the amplification reactions.

Prediction and functional annotation of miRNA target genes

The miRNA target genes were predicted using the TargetScan system (Release 7.0, http://www.
targetscan.org/). The predicted genes were extracted and ranked by cumulative weighted con-
text++ score [27] at the maximum of 1000 targets for each miRNA. To classify the target genes
according to functional annotation, both gene ontology (GO) and pathway analyses were per-
formed on the target genes of c-miRNA differentially expressed in the two groups based on the
qRT-PCR results. In this study, the Database for Annotation, Visualization, and Integrated
Discovery (DAVID) bioinformatic resources (version 6.7, http://david.abcc.ncifcrf.gov) [28]
were applied to the potential target genes with Bos taurus set as the background species, to
enrich characteristic GO terms and KEGG pathway defined by Kyoto Encyclopedia of Genes
and Genomes (KEGG, http://www.genome.jp/kegg/) for the respective miRNA-mediated bio-
logical processes. Extraction of the terms was considered significant when the Benjamini P-
value was < 0.10.

Statistical analysis

The expression data are shown as means + SDs and were compared between the feeding groups
by the one-sided or two-sided Student’s ¢-test. It was expected that grazing would shift the

Table 2. PCR primer sequences of nRNAs targeted in this study.

Gene

COL3A1
DNAJB2
ELOVL6
PFN2
PPARG2
PTEN
SCD1

Accession

NM_001076831.1
NM_001034592.1
BC148954.1
NM_001128197.1
NM_181024.2
NM_001319898.1
NM_173959.4

doi:10.1371/journal.pone.0162496.t002

Sequence Product size (bp)
Forward Reverse

GGGACCTGGTTACTTTTCGCTC TCAGGGTTGGGGCAGTCTAAT 212
TAGACGTACCGCGAAGTGC TCTCACGCTTATGCTTGTCGG 169
AGCACCCGAACTAGGAGATACAAT TACCAGGAGTACAGAAGCACAGTGA 102
GGGCGTCTTCCAGAGCATTA GTCACCGTCCACGTATAGGC 139
TATTCTCAGTGGAGACCGCC CTGCACGTGTTCTGTCACAAT 181
TTCCTGCAGAAAGACTTGAAGGT AACTCTGCAATTAAATTTGGCGGT 146
ACCTGGCTGGTGAATAGTGC AAGTTGATGTGCCAGCGGTA 176
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muscle properties toward slow-oxidative type and decreased adipogenicity, which is associated
with expression of miR-206 [29,30], miR-208b [31], and adipogenic genes such as PPARG2
[20,21,25]. Based on this hypothesis, including presumptive declines in the expression of miR-
196a, miR-885, PPARG2, SCD1, and ELOVLG6 by grazing, the significance of the differences in
the t-test results for those targets was analyzed at one side. The effects of feeding condition
were considered as significant if P < 0.05. Significance levels of P < 0.10 were considered a sta-
tistical trend.

Results
Circulating miRNA profile of plasma extracellular vesicles in JB cattle

To profile c-miRNAs of JB cattle fed under two different systems, we conducted microarray anal-
ysis using plasma EV precipitates prepared by ultracentrifugation. The c-miRNA profile obtained
from the averaged raw signal value of microarray results for each group showed that the top 20
miRNAs were 85.7 and 86.8% of the total miRNAs in the grain-fed and grazing cattle, respec-
tively (Fig 1). Most of the top 20 c-miRNAs did not differ between the groups in the order of the
amount or the ratio of composition. The only differences were that miR-20a was present at
higher levels in the grain-fed cattle than in the grazing cattle, and that miR-29a was present at
higher levels in the grazing cattle, although both miR-20a and miR-29a were within the top 25
miRNAs in both cattle groups. In the plasma samples of both groups, miR-2478 and miR-1260b
were approximately 46 and 17% of the total miRNAs, respectively (Fig 1). Our previous studies
revealed that skeletal muscle-specific miRNAs, namely miR-1, miR-133a/b, miR-206, miR-208a/
b, miR-496, and miR-499, were abundant in the muscles of B cattle [4], whereas none of them
was detected in the plasma profiles except for a modest miR-486 content [24]. In contrast, the
plasma samples were enriched with moderate concentrations of miRNAs associated with adipose
tissue, such as miR-15a, miR-19a/b, miR-21, miR-27b, miR-92a/b, miR-103, miR-106a/b, miR-
107, miR-125b, and miR-150 [11,12]. It is especially notable that the bovine-specific miR-1584-
5p, miR-2305, miR-2412, and miR-2478, most of which are associated with energy metabolism
[32], were highly enriched in the plasma samples of both groups in the present study.

Feeding conditions affect circulating miRNA contents in JB cattle

The statistical SAM analysis led to the extraction of a total of 15 c-miRNAs that differed
between the groups (P < 0.05, Table 3). Of those miRNAs, the contents of miR-652, miR-30d,
miR-301a, miR-345-5p, miR-374b, miR-425-5p, miR-23b-3p, miR-30b-5p, miR-17-5p, miR-
98, miR-28, and miR-874 were lower in the plasma of the grazing cattle than in that of the
grain-fed cattle, whereas the contents of miR-10b, miR-2368-3p, miR-885, and miR-2425-3p
were higher in the plasma of the grazing cattle. The contents of miR-2368-3p and miR-2425-
3p, putative ruminant-specific miRNAs [31], were very low (less than 0.067%), and no GO
term was extracted from the predicted target genes of either miRNA by DAVID analysis.
Therefore, we further focused on the other 13 miRNAs as biologically relevant c-miRNAs.

We then conducted qPCR for the contents of c-miRNAs of interest, not only to validate the
results of microarray analysis for those 13 miRNAs and the miRNAs below the top 20 in SAM
analysis (miR-29b, miR-197), but also to further explore potential feeding-induced miRNAs
among adipose-enriched (miR-15a, miR-19a, miR-27b, miR-92a, miR-103, miR-142-5p),
plasma-enriched (miR-2412, miR-2478), and bovine-specific (miR-2284x and miR-2295) miR-
NAs [31]. The results revealed that circulating miR-10b content was higher in grazing cattle
than in grain-fed cattle (P = 0.005, Fig 2). In contrast, the grazing cattle showed significantly
lower contents of miR-17-5p (P = 0.031), miR-19a (P = 0.007), miR-29b (P = 0.021), miR-30b-
5p (P =0.035), miR-98 (P = 0.006), miR-142-5p (P = 0.013), miR-301a (P = 0.005), miR-374b
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Fig 1. Circulating miRNA (c-miRNA) profiles in plasma extracellular vesicles of Japanese Black cattle
obtained in microarray analysis. Percentages of c-miRNA contents in grain-fed (red bars) and grazing
cattle (green bars) are indicated. The top 20 miRNAs in plasma of grazing cattle are listed.

doi:10.1371/journal.pone.0162496.9001
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Table 3. Top 20 c-miRNAs considered as significantly different between feeding conditions of JB cattle.

miRNA P-value Ranking Rank by fold change log2(G/H)'

miR-652 0.010 1 109 -1.040
miR-30d 0.012 2 111 -0.893
miR-301a 0.016 3 6 -4.240
miR-345-5p 0.017 4 101 -1.323
miR-2368-3p 0.025 5 2 5.350
miR-374b 0.030 6 3 -4.653
miR-425-5p 0.031 7 131 -0.530
miR-885 0.035 8 1 5.587
miR-23b-3p 0.035 9 115 -0.707
miR-30b-5p 0.040 10 143 -0.413
miR-17-5p 0.040 11 137 -0.443
miR-98 0.042 12 8 -4.107
miR-2425-3p 0.045 13 90 1.590
miR-28 0.046 14 11 -3.917
miR-874 0.048 15 10 -3.927
miR-17-3p 0.055 16 13 -3.773
miR-10b 0.056 17 112 0.877
miR-151-3p 0.056 18 5 -4.327
miR-30e-5p 0.058 19 14 -3.740
miR-130b 0.059 20 4 -4.543

The data was statistically analyzed by SAM method as described in Materials and Methods.

"log2(G/H): the value of log2(grazing/grain-fed)

doi:10.1371/journal.pone.0162496.t003

(P=0.016), miR-425-5p (P = 0.010), and miR-652 (P = 0.046). All other miRNAs tested (miR-
15a, miR-23b-3p, miR-27b, miR-30d-5p, miR-92a, miR-140, miR-197, miR-345-5p, miR-451,
miR-885, miR-2284x, miR-2295, miR-2412, and miR-2478) were not differently expressed
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Fig 2. Circulating miRNA expression in plasma extracellular vesicles of grain-fed and grazing
Japanese Black cattle analyzed by qRT-PCR. ** and * indicate the differences between the feeding
conditions at P < 0.01 and < 0.05, respectively.

doi:10.1371/journal.pone.0162496.9002
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between the groups (P > 0.10), except that miR-103 content tended to be higher in the grain-
fed cattle than in the grazing cattle (P = 0.057).

Feeding conditions also affect skeletal muscle miRNA expression

Next, we analyzed the muscle tissue expression of the 11 miRNAs that differed significantly
between the groups (miR-10b, miR-17-5p, miR-19a, miR-29b, miR-30b-5p, miR-98, miR-142-
5p, miR-301a, miR-374b, miR-425-5p, and miR-652) to determine whether or not c-miRNA
expression was associated with that of skeletal muscle tissue miRNAs.

Intriguingly, the miR-10b expression in LL muscle was coincidently higher in the grazing cat-
tle than in the grain-fed cattle (P = 0.024, Fig 3). miR-374b and miR-652 also tended toward
higher expression in the grazing cattle than in the grain-fed cattle (P = 0.062 and = 0.061, respec-
tively). We also conducted qPCR of miRNAs that are enriched in muscle or plasma (miR-21-5p,
miR-30d-5p, miR-103, miR-206, miR-208b, miR-451, miR-486, miR-499, miR-2412, and miR-
2478), some of which are abundant in bovine skeletal muscles [4]. Of those miRNAs, only miR-
2478 in LL muscle tended to differ between the feeding conditions (P = 0.053).

To predict potential cellular biological events that the significant miRNAs are involved in, a
functional annotation of the miRNA target genes predicted by TargetScan was performed by
DAVID. The results of the GO and KEGG pathway analyses showed that the potential target
genes of uniquely upregulated miR-10b were associated with cell adhesion (Table 4). The
potential targets of downregulated c-miRNAs were associated with protein phosphorylation
and phosphate metabolism (miR-17-5p), endocytosis (miR-19a, miR-301a), mTOR signaling
(miR-19a), MAPK signaling (miR-19a, miR-98), ECM-receptor interaction and adipocytokine
signaling (miR-29b), skeletal muscle tissue development (miR-30b-5p), blood vessel develop-
ment and morphogenesis, and regulation of actin cytoskeleton (miR-301a). The potential tar-
gets of the most plasma-enriched miR-2478 were associated with protein localization and

— B Grazing +

0.5 B Grain-fed
04

0.3
0.2
0.1

0

Relative expression {arbitrary units)

miR-10b miR-374b miR-652 miR-2478

miRNA
Fig 3. miRNA expression in longissimus lumborum muscle of grain-fed and grazing Japanese Black

cattle analyzed by gRT-PCR. * and + indicate the differences between the feeding conditions at P < 0.05
and < 0.10, respectively.

doi:10.1371/journal.pone.0162496.9003
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Table 4. Potential cellular biological events predicted from the microRNA target genes.

miRNA | Category Term Fold Benjamini
enrichment'
miR-10b
GOTERM_BP_FAT | GO:0007156~homophilic cell adhesion 4.535 0.003
GOTERM_BP_FAT | GO:0016337~cell-cell adhesion 3.443 0.004
GOTERM_BP_FAT | GO:0022610~biological adhesion 2.203 0.062
GOTERM_BP_FAT | GO:0007155~cell adhesion 2.203 0.062
miR-17-5p
GOTERM_BP_FAT | GO:0006468~protein amino acid phosphorylation 2.161 0.010
GOTERM_BP_FAT | GO:0045449~regulation of transcription 1.598 0.017
GOTERM_BP_FAT | GO:0006796~phosphate metabolic process 1.836 0.021
GOTERM_BP_FAT | GO:0006793~phosphorus metabolic process 1.836 0.021
GOTERM_BP_FAT | GO:0016310~phosphorylation 1.905 0.035
GOTERM_BP_FAT | GO:0010604~positive regulation of macromolecule metabolic process 2.142 0.084
GOTERM_BP_FAT | GO:0007242~intracellular signaling cascade 1.847 0.097
KEGG_PATHWAY | bta05219:Bladder cancer 5.341 0.075
miR-19a
GOTERM_BP_FAT | GO:0007242~intracellular signaling cascade 2.012 0.028
GOTERM_BP_FAT | GO:0051094~positive regulation of developmental process 3.299 0.075
KEGG_PATHWAY | bta04630:Jak-STAT signaling pathway 2.985 0.012
KEGG_PATHWAY | bta05211:Renal cell carcinoma 3.817 0.033
KEGG_PATHWAY | bta04930:Type Il diabetes mellitus 4.297 0.049
KEGG_PATHWAY | bta04144:Endocytosis 2.268 0.058
KEGG_PATHWAY | bta04010:MAPK signaling pathway 2.019 0.066
KEGG_PATHWAY | bta04150:mTOR signaling pathway 3.981 0.071
KEGG_PATHWAY | bta05410:Hypertrophic cardiomyopathy (HCM) 3.133 0.079
miR-29b
KEGG_PATHWAY | bta04510:Focal adhesion 3.529 0.000
KEGG_PATHWAY | bta04512:ECM-receptorinteraction 4.611 0.001
KEGG_PATHWAY | bta05200:Pathways in cancer 2.201 0.008
KEGG_PATHWAY | bta05222:Small cell lung cancer 3.705 0.011
KEGG_PATHWAY | bta04920:Adipocytokine signaling pathway 3.529 0.097
miR-30b-5p
GOTERM_BP_FAT | GO:0007242~intracellular signaling cascade 1.996 0.034
GOTERM_BP_FAT | GO:0007519~skeletal muscle tissue development 5.780 0.098
GOTERM_BP_FAT | GO:0060538~skeletal muscle organ development 5.780 0.098
miR-98
KEGG_PATHWAY | bta04010:MAPK signaling pathway 2.598 <0.001
KEGG_PATHWAY | bta05200:Pathways in cancer 2.203 0.005
miR-142-5p
KEGG_PATHWAY | bta05200:Pathways in cancer 2.106 0.048
miR-301a
GOTERM_BP_FAT | GO:0007242~intracellular signaling cascade 2.211 0.001
GOTERM_BP_FAT | GO:0048514~blood vessel morphogenesis 3.627 0.051
GOTERM_BP_FAT | GO:0044087~regulation of cellular component biogenesis 4.885 0.073
GOTERM_BP_FAT | GO:0007264~small GTPase mediated signal transduction 2.675 0.074
GOTERM_BP_FAT | GO:0008104~protein localization 1.932 0.076
GOTERM_BP_FAT | GO:0009792~embryonic development ending in birth or egg hatching 2.643 0.079
(Continued)
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Table 4. (Continued)

miRNA | Category Term Fold Benjamini
enrichment'
GOTERM_BP_FAT | GO:0043009~chordate embryonic development 2.660 0.081
GOTERM_BP_FAT | GO:0001568~blood vessel development 3.043 0.085
GOTERM_BP_FAT | GO:0051173~positive regulation of nitrogen compound metabolic process 2.333 0.085
GOTERM_BP_FAT | GO:0001944~vasculature development 3.165 0.086
GOTERM_BP_FAT | GO:0045935~positive regulation of nucleobase, nucleoside, nucleotide and nucleic acid 2.300 0.091
metabolic process

GOTERM_BP_FAT | GO:0010628~positive regulation of gene expression 2.338 0.094
KEGG_PATHWAY | bta04144:Endocytosis 2.784 0.003
KEGG_PATHWAY | bta04115:p53 signaling pathway 4.262 0.006
KEGG_PATHWAY | bta04810:Regulation of actin cytoskeleton 2.281 0.048

miR-2478
GOTERM_BP_FAT | GO:0045184~establishment of protein localization 2.096 0.055
GOTERM_BP_FAT | GO:0015031~protein transport 2.101 0.079
GOTERM_BP_FAT | GO:0008104~protein localization 2.077 0.088
KEGG_PATHWAY | bta04340:Hedgehog signaling pathway 4.629 0.079

The data were statistically analyzed by DAVID as described in Materials and Methods.
Fold enrichment = (genes in list that are annotated with the term)/(total numbers of genes that are annotated with any termin the term category)

doi:10.1371/journal.pone.0162496.t004

transport. The genes predicted as targets of miR-374b and miR-652 were not significantly
linked with any specific GO terms or KEGG pathways.

Association between miRNA target expression and miRNAs in skeletal
muscle

Hypothesizing that the differences in miRNA expression could affect the regulation of miRNA
target genes, we further analyzed expression of potential miRNA target genes in LL muscle tis-
sue by qPCR. Although cell adhesion-related genes were employed for extraction of miR-10b-
related GO terms in bioinformatic analysis, those genes showed lower cumulative weighed con-
text++ scores [27] than PTEN and ELOVLG6 genes. In addition, most of the cell adhesion-
related genes were not expressed in JB cattle muscles according to our preliminary analysis.
Therefore, based on the result of the target gene prediction by TargetScan analysis, we espe-
cially focused on the genes associated with fat and muscle growth, development, and/or metab-
olism among the predicted genes, to assess the relationships between circulating or muscle
miRNAs and the gene expression related to beef quality. One of the lipogenic genes, SCD1,
which is predicted as a target of miR-98, miR-142-5p, and miR-2478, showed higher expression
in the grain-fed than in the grazing cattle (P = 0.038, Fig 4). The other adipogenic or lipogenic
genes, miR-301a target PPARG2 and a target of miR-10b and miR-2478, ELOVLS, also tended
to differ between the groups (P = 0.058 and = 0.051, respectively). The expression of PTEN, the
potential target of miR-10b, miR-17-5p, miR-19a, miR-29b, miR-30b-5p, miR-142-5p, miR-
301a, miR-652, and miR-2478, was lower in the grazing cattle than in the grain-fed cattle
(P=0.011). The mRNA expression of actin-binding protein PFN2, the potential target of miR-
17-5p, miR-19a, miR-30b-5p, miR-142-5p, miR-301a, and miR-2478, also tended to be down-
regulated in the grazing cattle compared to the grain-fed cattle (P = 0.064), as did the potential
miR-29b targets DNAJB2 (P = 0.021) and COL3A1 (P = 0.100). These expression patterns of
the miRNA targets indicated that the expressions of these potential miRNA target genes are
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Fig 4. miRNA target gene expression in longissimus lumborum muscle of grain-fed and grazing
Japanese Black cattle analyzed by gRT-PCR. * and + indicate the differences between the feeding
conditions at P < 0.05 and < 0.10, respectively.

doi:10.1371/journal.pone.0162496.9004

Table 5. Summary of altered miRNAs and the miRtarget genes of interestin LL muscle of the grazing JB cattle compared to the grain-fed.

Target gene'!
DNAJB2 SCD1 EVOLV6 PPARG PTEN PFN2
Category |heat shock adipogenesis | adipogenesis | adipogenesis |PI3K signaling | actin-binding
proteins
miRNA changes LL H ! 1 1 H L]
muscle?
miRNA Circulation? | LL
muscle?

miR-10b 11t 11 + +
miR-17-5p | 1! - +
miR-19a 15 - +
miR29 | 1 - + +
miR-30b- | 4 - + +
5p
miR-98 1 -
miR-142- | 11 - + + +
5p
miR-301a | ! - + + +
miR-374b | 11 1
miR-425- 1 -
5p
miR-652 1! 1
miR-2478 | - 1 + + + + +

'+ indicates the gene targeted by the altered miRNAs in the top row of this table.
2110r] |: up- or down-regulated at P < 0.05, for|: up- or down-regulated at P < 0.10, -: not changed (P > 0.10).

doi:10.1371/journal.pone.0162496.t1005
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associated with grain-fed housing-induced changes in circulating and muscle miRNAs in JB
cattle. These relevant results are summarized in Table 5.

Discussion

It has been demonstrated that diet and supplementary nutrients affect miRNA expression in
adipose tissues of mice [14-16], sheep [17] and cattle [18]. However, miRNAs in circulation
and skeletal muscle have poorly understood in farm animals thus far. Nevertheless, a polyun-
saturated fatty acids (PUFAs)-enriched diet might have the potential to alter the expression of
c-miRNAs linked to changes in dietary fatty acids (as inferred from plasma fatty acid concen-
tration) [33]. In the present study, we focused on the effects of feeding conditions on c-miR-
NAs and skeletal muscle miRNAs as well as on muscle target genes in JB cattle, whose beef has
high marbling potential, to understand not only the implications of feeding diet and grazing on
the expression of the set of miRNAs and their target genes in skeletal muscles, but also the asso-
ciations between altered muscle gene expression and c-miRNAs. Most of studies examining
effects of grain-rich high concentrate feeding compared to high roughage feeding or grazing
resulted in higher IMF depot but accompanied higher body weight of B cattle in the concen-
trate feeding than in the roughage feeding [22,34], nevertheless a high concentrate feeding that
showed higher IMF depot without significant difference in final body weight between cattle fed
high and low concentrate indicated a positive effect of grain-rich concentrate [21,35]. In the
present study, grain-fed cattle showed significantly higher body weight than grazing cattle, nev-
ertheless the higher lipogenic gene expression in the grain-fed cattle could partly be caused by
the difference in the diet.

Characteristics of plasma extracellular vesicle miRNA profile in JB cattle

We profiled the plasma EV miRNAs in JB cattle in both the indoor grain-fed and grazing con-
ditions. Previously we successfully prepared EV miRNAs from plasma of cattle by an ultra-cen-
trifugation method [24], and we therefore employed the same method in the present study.
The present results revealed no significant difference between the feeding conditions in the
profiles of abundant miRNAs in the plasma EV of cattle. Those profiles were enriched with
bovine-specific miR-1584-5p, miR-2305, miR-2412, and miR-2478, which are associated with
energy metabolism [32]. Although it is unknown why those miRNAs were abundant in the
profiles, they may be involved in bovine-specific energy metabolism. Regarding the top 20 c-
miRNAs, the c-miRNA profiles of both JB cattle groups were considerably similar to those of
JSH cattle [24], except that in the latter, miR-15b, miR-19b, miR-20a, and miR-26a were not in
the top 20 but were above 30. The differences between JB and JSH in beef quality traits such as
marbling (IMF depot) [36] may not be associated with composition of those major c-miRNAs.

miR-10b and miR-2478 in circulation and skeletal muscle of JB cattle

The present results of microarray and qPCR revealed that the grazing JB cattle had a higher
plasma content of miR-10b and lower plasma contents of miR-17-5p, miR-23b-3p, miR-28,
miR-30b-5p, miR-30d, miR-98, miR-301a, miR-345-5p, miR-374b, miR-425-5p, miR-652, and
miR-874 than the grain-fed cattle. Most of the differently expressed c-miRNAs were downregu-
lated in the grazing group. In contrast, the unique miR-10b upregulation in the grazing cattle
plasma deserves taking notice. As we hypothesize that c-miRNA changes indicate alterations of
skeletal muscle physiology, miR-10b expression in the LL muscle was upregulated coincidently
with the change of circulating miR-10b, suggesting involvement of miRNAs in muscle property
alteration. The expression levels of muscle miR-374b, miR-652, and miR-2478 also tended to be
higher in the LL muscle of the grazing cattle. To date, c-miRNAs in cattle have been reported in
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relation to grazing [24], heat stress [23], pregnancy [37], and viral infection [38], but not in rela-
tion to changes in circulating miR-10b. The altered miRNAs could be indicators of feeding con-
ditions such as grain abundance and may be useful noninvasive biomarkers to monitor feeding.

Association of miR-10b with the target PTEN in JB cattle muscle

TargetScan analysis predicted that miR-10b and miR-2478 targeted PTEN. According to a bio-
informatic analysis of potential implications of the circulating and muscle miR-10b upregula-
tion, GO terms related to cell adhesion were extracted as biological events associated with the
predicted miR-10b target genes. However, most of the cell adhesion-related genes might not be
meaningful due to lack of expression in JB cattle muscle in our preliminary result. The PTEN
expression in the LL muscle was lower in the grazing JB cattle than in the grain-fed cattle.
Indeed, it was demonstrated that miR-10b can target PTEN and cause cell proliferation and/or
migration [39,40]. PTEN is the phosphatase that converts phosphatidylinositol 3,4,5-triphos-
phate (PIP;) to inactivate phosphatidylinositol 4,5-bisphosphate (PI-4,5-P,), and it inhibits
phosphatidylinositol-3-kinase/ Akt (PI3K/Akt) signaling [41], which is a key determinant of
the insulin-dependent increase in glucose uptake into muscle and adipose cells. Overexpression
of PTEN inhibits GLUT4 translocation and glucose uptake in 3T3-L1 adipocytes [42]. Skeletal
muscle-specific deletion of PTEN protects mice from developing insulin resistance and diabetes
induced by a high-fat diet, and thus improves glucose homeostasis [43]. By inhibiting PI3K/
Akt signaling, PTEN can regulate muscle cell differentiation [44] and hypertrophy under the
reduced availability of insulin-like growth factor binding protein 2 (IGFBP2) [45]. Thus, the
reduced PTEN expression in the grazing cattle suggests alterations in both muscle cell growth
and glucose homeostasis in the LL muscle, which might be modulated by miR-10b and possibly
miR-2478, and might further affect final beef production.

Potential impact of miR-2478 and its targets on JB cattle muscle

miR-2478 potentially targets mRNAs of lipogenic genes ELOVL6 and SCD1. ELOVLS catalyzes the
elongation of saturated and monounsaturated fatty acids with 12-, 14-, and 16-carbons in the endo-
plasmic reticulum of the adipocyte. SCD1 converts a portion of stearic acid (18:0) into oleic acid
(18:1) [46]. The expression of both ELOVL6 and SCD! increased during IMF deposition and tem-
porally had a very large upregulation in longissimus muscle of Angus steers fed a high-starch diet
after an early weaning, compared to normally weaned cattle [47]. This supports our present observa-
tion of downregulated ELOVL6 and SCD1 expression in the grazing JB cattle compared to the
grain-fed cattle. The downregulated ELOVL6 and SCDI expression in our study was associated with
the increased miR-10b and miR-2478 expression in the LL muscle of grazing JB cattle. Therefore, it
is likely that the expression of those lipogenic genes induced by grain-rich feeding was also modu-
lated by miR-10b and/or miR-2478 in the IMF of the LL muscle, and might affect beef quality.
miR-2478 was also predicted to target PEN2 and DNAJB2, whose expression tended to be
reduced in the LL muscle of the grazing cattle in the present study. Especially, profilin binds to
actin filament at the barbed end and affects actin homeostasis during cell movement [48]. In
addition, because profilin can bind to PI-4,5-P, [49], PEN2 expression might also be associated
with the alteration of PTEN expression in the LL muscle, since profilin overexpression induced
PTEN upregulation and reduced Akt expression [50]. Expression of DNAJB2, a co-chaperone
regulator of heat shock protein Hsp70 that is expressed principally in the nervous system, is
induced in human skeletal muscle during its recovery from damage by exercise [51]. In a study
using samples of skeletal muscle and the pathologies associated with protein aggregation, it was
proposed that DNAJB2 has a role in protein turnover in skeletal muscle [52]. The higher mus-
cle DNAJB2 expression in the grain-fed JB cattle than in the grazing cattle might indicate that
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DNAJB2 was upregulated via downregulation of miR-2478 by some cellular stress due to differ-
ence between the feeding conditions.

Association of circulating miRNA with muscle miRNA and the biological
impact on JB cattle

In this study, it is concluded that the differing c-miRNAs between the feeding conditions could
be an indicator not only of the grain abundance of a diet but also changes in gene expression
associated with PI3K signaling and lipogenesis in the LL muscle of JB cattle. To date, however,
the effects of c-miRNAs on tissues including EV recipient cells remain poorly understood.

We concluded that difference in circulating miR-10b between the feeding conditions was
associated with the miR-10b upregulation in the LL muscle of cattle. EVs containing miR-210
isolated from metastatic breast cancer cells promote metastasis via the induction of angiogene-
sis in the tumor, and the addition of miR-210-enriched EVs induced the activation of endothe-
lial cells in vitro [53]. Although roles of c-miRNAs to downregulate the muscle target genes
were not demonstrated in this study, at least c-miRNAs, especially miR-10b, might either be
taken into the LL muscle, or be secreted from the tissues inside the cattle body including mus-
cles. High-fat diet feeding to cattle raises expression of miRNAs including miR-19a in both the
subcutaneous and visceral fat [18], suggesting that high energy diet cause increase in adipose
tissue miRNA expression. It is therefore likely that the present grain feeding as a higher energy
diet altered miRNA expression in adipose tissue and might promote secretion of exosomes
containing miRNAs such as miR-19a into plasma of the grain-fed cattle. It is necessary to clar-
ify the departing and destination tissues of c-miRNAs and the mechanism how the c-miRNAs
are balanced between circulation and various tissues of secretion and recipient.

In the present study, muscle PTEN and PFN2 were the predicted targets of most of the
altered c-miRNAs (miR-17-5p, miR-19a, miR-30b-5p, miR-142-5p, miR-301a) between the
feeding conditions, as well as miR-10b. Moreover, the results of bioinformatic functional anno-
tation indicated that the altered c-miRNAs are associated with cellular biological events
involved in phosphorylation, various intracellular signaling pathways, skeletal muscle and
blood vessel development, and protein localization. Taking together, c-miRNAs might affect
tissue development and maturation in cattle. Further research is needed to elucidate actions of
feeding-induced c-miRNAs on the expression of the target genes in potential recipient tissues.

Conclusion

The present study revealed that the grazing of JB cattle on pasture affected the plasma c-miR-
NAs compared to grain-feeding JB cattle. Especially, miR-10b expression increased in both cir-
culation and the LL muscle in the grazing cattle. The altered expression of miR-10b and miR-
2478 in the LL muscle was further associated with the expression of the target lipogenic genes,
ELOVLG6 and SCD1, respectively. Moreover, expression of the factor regulating glucose homeo-
stasis, PTEN, was also reduced in the grazing cattle. These results indicated that changes in c-
miRNAs induced by a grain-rich diet are associated with skeletal muscle miRNA and the
potential target gene expression, suggesting in turn that muscle miRNAs are involved in the
regulation of muscle and adipogenic genes that determine beef quality.
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