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Abstract

Milk is the primary source of nutrition for young mammals including humans. The nutritional value of milk is mainly
attributable to fats and proteins fractions. In comparison to cow milk, goat milk contains greater amounts of total fat,
including much higher levels of the beneficial unsaturated fatty acids. MicroRNAs (miRNAs), a well-defined group of small
RNAs containing about 22 nucleotides (nt), participate in various metabolic processes across species. However, little is
known regarding the role of miRNAs in regulating goat milk composition. In the present study, we performed high-
throughput sequencing to identify mammary gland-enriched miRNAs in lactating goats. We identified 30 highly expressed
miRNAs in the mammary gland, including miR-103. Further studies revealed that miR-103 expression correlates with the
lactation. Further functional analysis showed that over-expression of miR-103 in mammary gland epithelial cells increases
transcription of genes associated with milk fat synthesis, resulting in an up-regulation of fat droplet formation, triglyceride
accumulation, and the proportion of unsaturated fatty acids. This study provides new insight into the functions of miR-103,
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as well as the molecular mechanisms that regulate milk fat synthesis.
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Introduction

Milk, one of the most complete foods in nature, is the primary
source of nutrition for young mammals (including human beings).
The major nutritional value of milk is attributable to fats and
proteins, the first one being its most variable component [1]. In
milk, almost 99% of fat exists in the form of fat globules, which are
essentially a complex mixture of lipid droplets enclosed within a
plasma membrane and secreted by mammary gland epithelial cells
[2,3]. Triglycerides synthesized from numerous fatty acids in
mammary gland epithelial cells are the major type (>95%) of
lipids present in milk fat globules [4,5].

In comparison to cow milk, goat (Capra hircus) milk contains
much higher levels of fatty acids, as well as higher levels of fats,
proteins, carbohydrates, calcium, and vitamins [6]. Moreover, the
composition of the fatty acids found in goat milk varies
considerably to cow milk. Specifically, goat milk contains higher
contents of long-chain fatty acids than cow milk [6]. Additionally,
goat milk contains a much higher proportion of the short and
medium chain fatty acids in comparison to cow milk [7], and it has
been reported that these short and medium chain fatty acids are
beneficial in the treatment of human dyspepsia and gastrointes-
tinal dysfunction [8]. Furthermore, goat milk also contains greater
amounts of unsaturated fatty acids than cow milk [5,6], some of
which (e.g., ¢9-C18:1, ¢6,9,12-C18:3 and c9,t11-C18:2) are
thought to be functional for human health [9,10]. Consequently,
goat milk is suspected to have therapeutic value for many disorders
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and human diseases [9,10]. However, we still know little about the
genetic and molecular mechanisms that underlie the synthesis and
regulation of goat milk. Improving milk quality through the
alteration of milk composition to maximally benefit human health
is one of the major goals of milk production. Therefore,
understanding these mechanisms may lead to novel strategics
resulting in further improving the nutritional values of goat milk
and genetically modify the milk composition.

MicroRNAs (miRNAs) are endogenous single stranded non-
coding RNAs of about 22 nucleotides (nt) in length. MiRNAs have
been shown to have significant regulatory roles by targeting
mRNAs for translational repression or cleavage [11,12,13]. The
pairing between miRNA and target mRINA is mainly dependent
on the 6-8 nt seeding sequences of the miRNA, and as a result
each miRINA is predicted to target numerous target genes [13,14].
MiRNAs have been demonstrated as regulators in tissue develop-
ment [15,16], cell differentiation [17,18], lipid metabolism
[19,20], immune response [21,22], and oxidative stress response
[23]. Mammary glands synthesize lipids and secret milk fat upon
successive cycles of adult development and lactation. From
pregnancy to lactation, the mammary gland exhibits different
physiologicaland biological statuses [24,25]. Recent studies have
provided important clues suggesting that miRINAs are involved in
the development and lactation of the mammary gland. In mice,
miR-101a controls mammary gland development by regulating
cyclooxygenase-2 expression [15]. MiR-205 over-expression leads
to an expansion of the progenitor-cell population and increased
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cellular proliferation [26], while miR-27 reduces lipid accumula-
tion by targeting peroxisome proliferator-activated receptor 7y
(PPARY) in human adipocyte cells [27], and miR-33 represses
sterol transporters in human liver cells [28]. These results suggest
that miRNAs in goats may be crucial for gene regulation in
mammary gland development and lactation. Recent studies have
identified miRNA profiles in the mammary glands of the Chinese
Laoshan dairy goat (a native dairy goats breed) during early-
lactation by high-throughput sequencing [29]. However, these
results could not fully reflect the miRNA profiles in lactation.
Lactation cycle can be divided into three periods: early-, mid- and
late-lactation. During mid-lactation, milk yield is higher than in
the other periods. Furthermore, studies have shown that miRNA
profiles in early-lactation differ in comparison to mid-lactation of
mouse mammary glands [30]. Therefore, it is necessary to screen
and identify the miRNAs involved in the mid-lactation of dairy
goats.

Solexa sequencing, a high-throughput sequencing approach is
an optimal method to identify unknown molecule sequences,
including miRNAs, and accordingly, many universal and novel
miRNAs have been identified using this method in various species,
such as cabbage [31], urchin [32], pig [33], sheep [34], and
human [35]. Furthermore, Solexa sequencing can reflect the
miRNA relative abundance by number of read counts of miRNAs
[34,35].

In this study, we used Solexa sequencing to profile all miRNAs
present in goat mammary glands. Through miRNA abundance
analysis, we obtained mammary gland-enriched miRNAs. From
abundantly expressed miRNAs, we chose miR-103, which has
been reported to be involved in lipid metabolism in adipose tissue,
to further investigate the correlation between this miRNA and
lactation. To this end, we generated a recombinant adenovirus
expressing miR-103 (Ad-miR-103), and investigated the effect of
elevated expression of miR-103 on milk fat synthesis using goat
mammary gland epithelial cells (GMEC). Our results indicate that
miR-103 has a significant role in milk fat accumulation in goats.
This is the first study which demonstrates that miRNAs participate
in milk fat synthesis, and provides further insights into miRNAs
functions in lactating goats.

Results

Identification of miRNAs by Solexa sequencing in goat
mammary glands at mid-lactation

To identify miRNAs involved in lactating goats, mammary
gland tissue was harvested from 10 individuals during mid-
lactation (120 days after parturition) and subjected to RNA
extraction. These RNA samples were pooled and used for Solexa
sequencing. A small RNA library was constructed and sequenced
using Illumina Genome Analyzer Pipeline (Illumina, San Diego,
USA). We yielded 22,084,321 reads count of small RNAs. The
21-23 nt RNAs are the majority of small RNAs (Figure S1). The
products of Dicer-processing are mainly 21-23 nt miRNAs [12],
suggesting that the majority of small RNAs in goat mammary
gland may be miRNAs. Subsequently, all the small RNAs were
then mapped to various established small RNA libraries. After
discarding other small RNAs (14.3%) (i.e., tRNA, rRNA) (Table
S1), 12,367,141 reads accounted for 47.7% of the total small
RNAs obtained. The high percentage composition of miRNAs
indicates that miRINAs may represent the majority of small RNAs
involved in gene regulation in goat mammary glands during mid-
lactation. Then, we aligned the obtained sequences with current
annotated miRNAs in the miRBase. (Release 17.0) (no goat
miRNAs in the database). MiRNAs corresponding to known
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mammalian miRNA were considered to be conserved miRNAs in
this study.

823 conserved miRNAs were identified and subjected to the
estimation of their relative abundance. Interestingly, we found that
the top 30 most abundantly expressed miRNAs constitute 21.18%
of the total miRNAs and they are all conserved miRNAs. We
categorized these 30 miRNAs into seven clusters based on their
previously reported functions (Figure 1 and Table S2), which
included proliferation and apoptosis, immune response and
development, lipid metabolism, and epithelial phenotype confer-
ring. Prior to lactation, mammary glands proliferate at a high rate
to generate a vast number of epithelial cells [25]. During lactation,
mammary gland epithelial cells are responsible for milk fat
synthesis and fat globule secretion, which is regulated by the action
of several hormones (i.e., insulin) [36]. In the mammary glands of
lactating goats, we found that miRNAs associated with cell
proliferation (miR-26a, miR-21), conferring epithelial phenotype
(miR-29a, miR-30a/d), immune response and development (miR-
181, let-7a/b/f/g/1) were abundantly expressed, as well as
miRNAs involved in lipid metabolism (miR-103, miR-23a, miR-
27b, miR-200a/b/c). Specifically, miR-26a (cell proliferation) was
the most abundantly expressed, followed by miR-148 (may control
insulin content) and miR-21 (cell proliferation). These data suggest
that miRNAs play a critical role in mammary gland regulation and
cell proliferation, as well as immune responses, and lipid
metabolism. Specific knockdown of miR-148 in pancreatic B-cells
or in isolated primary islets down-regulates insulin mRNA levels
[37]. Mammary gland does not synthesize insulin, therefore miR-
148 is not included in the “lipid metabolism™ cluster. Moreover,
miR-143 and miR-145, are highly expressed in adipose tissue, and
are also abundantly expressed in the goat mammary glands as
well, suggesting the same regulatory function of some miRNAs in
mammary glands and adipose tissue.

The regulation of lipid metabolism within the mammary glands
is a complex process requiring precise regulation of fatty acid,
triglyceride, and cholesterols synthesis, all of which are necessary
for lactation [2,3]. However, genetic and molecular mechanisms
that control this complex process in goats are barely known,
especially the roles that miRNAs play. I'rom the top 30 miRNAs,
we found six miRNAs (e.g., miR-23a, miR-27b, miR-103, miR-
200a/b/c) to be related to lipid metabolism in human adipocyte
cells: miR-23 enhances glutamine metabolism [38]; miR-27
decreases fat accumulation [27]; miR-103 regulates triglyceride
content during cell differentiation [39]; and miR-200 affects
insulin signaling [40]. Of the six miRNAs evaluated, miR-103 is
the most abundantly expressed miRNA (272,319) (Table S2). In
addition, some predicted targets of miR-103 (i.e., Long-chain acyl-
CoA synthetase 1JACSLI1]) are involved in lactation [41]. Thus,
miR-103 was chosen for further functional studies.

MiR-103 is differentially expressed in mid-lactation and
dry period

The mammary gland undergoes extensive changes in tissue
structure and milk production between the dry period and
lactation. The enrichment of miR-103 at the mid-lactation stage
may be a reflection of its physiological role in the regulation of
lactation. Mammary gland tissue, randomly sampled from three
goats during mid-lactation (120 d after parturition) and the dry
period (60 d before parturition), was used for RNA extraction, and
pooled RNA samples for further analysis. We compared miR-103
expression in mammary gland at two different physiological stages
by quantitative Real-time PCR (qRT-PCR) and found the
expression level of miR-103 was higher (4.3-fold, p<<0.05) during
the mid-lactation period than that in the dry period (Figure 2),
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Figure 1. The top 30 miRNAs with maximum number of reads count in goat mammary gland during mid-lactation. RNA samples were
pooled from 10 individuals during mid-lactation (120 days after parturition). The top 30 miRNAs in mammary gland were identified by Solexa
sequencing and clustered based on their reported function (Table S2). Values on X-axis indicate the number of reads count of miRNAs. All goat
miRNAs are named after bovine (Bos taurus). “R+1” and“L-1": compared to bovine’s sequence, goat miRNA sequence has addition or reduction of one
base on the 3’ or 5’end.

doi:10.1371/journal.pone.0079258.g001
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development of the adult mammary gland.

MiR-103-1 transcriptionally regulates its co-regulated
host gene PANK3

Previous studies have shown that miR-103 is generally
expressed in different tissues and cells [42,43,44], while differen-
tially expressed during adipogenesis [45] and development [46].
Ectopic expression of miR-103 in preadipocyte 3T3-L1 cells up-
regulated adipogenesis markers and increased triglyceride accu-
mulation at an early stage of adipogenesis [47], while miR-103
silencing in OB/OB mice resulted in reduced levels of fat-pad
weights [48]. The MiR-103 family has three members, miR-103-1,
miR-103-2 and miR-107, which reside in the sense oriented intron
5 of three members of the pantothenate kinase (PANK) gene
family members across species: PANR3, PANK2, and PANKI,
respectively. PANK enzymes catalyze the rate-limiting step in Co- 0
enzyme A (CoA) synthesis, and are thus considered to be
important metabolic regulators [49,50], as CoA is a necessary Figure 2. MiR-103 expression correlates with lactation stages.

cofactor for enzymatic reactions including important steps in the MiR-103 is differentially regulated at mid-lactation and dry period. gRT-
PCR measurement of miR-103 level at mid-lactation expressed as fold
change compared to that at dry period, normalized to 1. Columns,
average of 12 experiments; bars, SEM. *, p<<0.05.
doi:10.1371/journal.pone.0079258.g002

Relative miR-103 expression

synthesis of fatty acids, amino acids, cholesterol, pyruvate/lactate,
glucose, and Krebs cycle intermediates [49].
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Previous studies have shown that some sense oriented intronic
miRNAs are co-regulated with their host genes; these miRNAs can
positively assist the function of their co-regulated host genes
[51,52]. For example, miR-33, which is a sense oriented intronic
miRNA in the sterol regulatory element-binding protein (SREBP),
1s co-regulated with SREBP and is capable of targeting ATP-
binding cassette sub-family G (ABCG1) [52] which is downstream
of SREBP [53]. MiR-103-1 resides in the sense oriented intron 5
of PANK3 which is an important enzyme for fatty acid synthesis
[49,50]. To investigate whether miR-103-1’s function is connected
with PANK3’s, we must know whether miR-103-1 expression is co-
regulated with PANE3’s. We compared their expression in the
mammary glands of 30 goats by Pearson correlation and found a
strong correlation between miR-103-1 and PANK3 (R=0.891,
$<<0.001) (Figure 3A). This result is consistent with previous
studies done in the mouse 3T3-L1 cell line [47], suggesting that co-
regulation of miRNA-103 and its host gene is highly conserved in
mammals.

As the transfection efficiency with recombinant plasmids in
GMEC was very low (< 5%), we used a recombinant adenovirus
construction, which has been shown to be a highly effective and
safe method to over-express genes in recalcitrant cell lines [54,55].
Interestingly, we found that over-expression of miR-103 using Ad-
miR-103 (adenovirus inserted with miR-103) down-regulates the
expression of PANK3, whereas suppression of miR-103 leads to up-
regulation of PANK3 (Figure 3B, C) by using miR-103-antisense-
inhibitor, a small, chemically modified single-stranded RNA
molecule designed to specifically bind to and inhibit endogenous
miRNA molecules. Additionally, no miR-103 binding sites were
found in the 3', 5’or the coding region of PANK3, indicating that
this regulation is indirect. A possible explanation is that miR-103
may target other genes that can affect the transcriptional activity of
PANEK3. Taken together, these data imply that miR-103-1
transcriptionally regulates its co-regulated host gene PANAS in
goat.

Over-expression of miR-103 promotes milk fat droplet
accumulation in GMEC

In vivo, the fat droplet in GMEC 1is secreted outside the cell to
form the milk fat globule [3]. We compared the fat droplet
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formation between cells over-expressing miR-103 and controls
that included cells infected by adenovirus (Ad) without any
miRNA sequences and uninfected cells by using oil red O. With an
optimal dose (multiplicity of infection: 200), we found that over-
expression of miR-103 causes significantly increased fat droplet
accumulation compared to Ad-control and wuninfected cells
(Figure 4A, B). However, no significant differences were observed
between the fat droplet accumulation in cells treated with the miR-
103-inhibitor and the negative control (data not show). One
possible explanation is that the suppression of miR-103 could be
compensated by other redundant signaling pathways and thereby,
knockdown of miR-103 alone does not affect fat droplet formation.

MiR-103 increases triglyceride accumulation in GMEC

Milk fat globules are composed almost exclusively of triglycer-
ides [4,5]. We used a triglyceride determination kit (Sigma-
Aldrich) to determine the triglyceride content in GMEC at 72 h
after infection with Ad-miR-103 virus. The uninfected and Ad
without any miRNA sequences -infected cells were used as
controls. In control groups, we found that triglyceride content of
Ad-infected cells was slightly lower than that of uninfected cells
(Figure 4C), suggesting that adenovirus may affect triglyceride
accumulation. Triglyceride content of Ad-miR-103-infected cells
was higher than that of uninfected and Ad-infected cells
(Figure 4C). Specifically, triglyceride content of Ad-miR-103-
infected cells was 33% higher ($<<0.05) than that of Ad-infected
cells. Our data suggests that miR-103 plays an important role in
regulating triglyceride synthesis.

Elevated miR-103 expression alters fatty acid
composition in GMEC

Fatty acids are stored in the form of triglycerides in epithelial
cells [3,4], and in milk they are further clustered as saturated and
unsaturated fatty acids, or cis- and trans-fatty acids [6,9]. We
harvested GMEC at 72h post-infection by Ad-(control) and Ad-
miR-103, respectively. Cells were methyl-esterified, and the
components and contents of fatty acids were analyzed by gas
chromatography-mass spectrometry (GC-MS). Compared to the
Ad-infected cells, the total fatty acid content in Ad-miR-103-
infected cells was significantly greater (1.16-fold, p<<0.05)
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Figure 3. MiR-103-1 transcriptionally regulates its co-regulated host gene PANK3. A: A positive correlation between miR-103-1 and PANK3
expression in mammary gland of 30 lactating goats. This correlation suggests that miR-103-1 and its host gene PANK3 are co-regulated in goat.
Intensity scatter plot shows comparison of expression of miR-103 and PANK3; B: The optimal MOI (200) of Ad-miR-103 for infection and dose of miR-
103-inhibitor for transfection (60 nM). Ad-control without any miRNAs sequences or inhibitor-control was used as control. GMEC was used as a
model. The data (miR-103 levels) were expressed as fold change as compared to controls, normalized to 1. Columns, average of 12 experiments; bars,
SEM. *, p<<0.05; C: MiR-103-1 transcriptionally regulates its host gene PANK3. Over-expression of miR-103 down-regulates the expression of PANK3 in
GMEC, whereas suppression of miR-103 leads to up-regulation of PANK3. Over-expression or suppression of miR-103 was conducted by using Ad-miR-
103 or miR-103 inhibitor as controls, respectively. MOI of Ad-miR-103 and concentration of inhibitor is shown under X coordinate axis. The data
(PANK3 levels) were expressed as fold change as compared to controls, normalized to 1. Columns, average of 9 experiments; bars, SEM. *, p<<0.05.
doi:10.1371/journal.pone.0079258.g003

PLOS ONE | www.plosone.org 4 November 2013 | Volume 8 | Issue 11 | e79258



MiR-103 Controls Milk Fat Accumulation

D & . . | Uninfected
S E 7 ZAAd
e & ol I Ad-miR-103
c 8 o
o @ 154

[&]

c

[12]

.E 1.04

100 pm o

2

2 054

2

S 0.0
5 -7 5 0
<£ 16}

X g5l

[ JUninfected
VA Ad

= I Ad-miR-103
0 £

o 3
= g o4
x E
g e 0.3

@O
o -
< 8

S 0.2

1]

]

8 014

>

k=

= 00 i

: ; [ 1Ad

o o 1 * — ;
g 751 221 Ad-miR-103 o 35 - 777} Ad-miR-103 020 W Dt 71 Ad-miR-103
® = = T
S 604 i 75 s 7
> Q S5 i
3} o i
o 454 ¢y 214 &)
5] e 2107 , ki
S 30+ T 14 o '
= ® 8 s -'_":-
8 45 > 7 = |~
= £ @ " I i
© w u o - ] -
- 0 o ;

- | S o oh ot o
Total fatty acid Aty acd aly acd CAGY AT CQ,,c,'\ifi-)‘:\ ,\,c;\%-“ ,Q'\%,’l-
e ted 12 o¥

Sﬁ“ﬂa unsatﬂfa

Figure 4. MiR-103 promotes milk fat accumulation in GMEC. A: Over-expression of miR-103 promotes fat accumulation. Cells in the left
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both used as controls. Arrows indicate Ad- and Ad-miR-103-infected cells; B: Over-expression of miR-103 increases fat droplet content. Fat droplets
were extracted using isopropanol in un-, Ad-control without any miRNA sequences and Ad-miR-103-infected cells at 72 h post infection. The data
(absorbance, 510 nm) were expressed as fold change as compared to uninfected cells, normalized to 1. Columns, average of 3 experiments; bars,
SEM. *, p<<0.05; C: Elevated miR-103 expression up-regulates triglyceride content. Triglyceride content was determined by using a Serum Triglyceride
Determination Kit in un-, Ad-(control) and Ad-miR-103-infected cells. Columns, average of 12 experiments; bars, SEM. *, p<<0.05; D: Over-expression of
miR-103 increases total fatty acids content in GMEC. Fatty acid content expressed as fold change compared to internal control C19:0. Columns,
average of 9 experiments; bars, SEM. *, p<<0.05; E: Over-expression of miR-103 reduces total saturated fatty acids and promotes total unsaturated fatty
acids. Columns, average of 9 experiments; bars, SEM. *, p<<0.05; F: Over-expression of miR-103 alters the composition of major types of fatty acids in
GMEC. Columns, average of 9 experiments; bars, SEM. *, p<<0.05, **, p<<0.01.

doi:10.1371/journal.pone.0079258.g004

(Figure 4D). A significant decrease was found in the total saturated unsaturated/saturated fatty acids. The analysis of fatty acid
fatty acids (0.86-fold, p<<0.05) (Figure 4E), whereas, a marked contents showed that Ad-miR-103-infected cells accumulated
increase was observed in the total unsaturated fatty acids (1.48- more ¢9-C18:1 (1.35-fold, p<<0.05), t11-C18:1 (1.17-fold) and
fold, p<<0.05) (Figure 4E), resulting in an up-regulated ratio of c9,t11-C18:2 (2.16-fold, p<<0.05) (Figure 3F). Furthermore, C16:0
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content of Ad-miR-103-infected cells was higher than that of the
control (1.18-fold, p<<0.05), whereas C18:0 was lower compared to
the control (0.49-fold, p<<0.01) (Figure 3G). These five types of
fatty acids identified in GMEC are all common and important
components of goat milk [6,7,8]. Specifically, ¢9-C18:1 and t11-
C18:1 are unsaturated fatty acids which have been shown to
decrease the risk of cardiovascular disease [7,9]; ¢9,t11-C18:2
(linoleic acid) is known for its broad range of beneficial effects on
human health [7,9,10]. Taken together, miR-103 plays a
significant role in regulating fatty acid composition.

MiR-103 up-regulates gene expression associated with
the milk fat synthesis process in GMEC

Milk fat synthesis in mammary gland epithelial cell is controlled
by complex gene networks which consisting of multiple metabolic
processes including de novo fatty acid synthesis, triglyceride
synthesis, fatty acid uptake, and fat droplet formation [56]. Fatty
acids are de novo synthesized by fatty acid synthase (FASN) and
acetyl-coenzyme A carboxylase alpha (ACACA) [57]. These fatty
acids are then unsaturated by stearoyl-CoA desaturase (SCD) and
processed into triglycerides by diacylglycerol acyltransferasel
(DGAT1) in the endoplasmic reticulum [56]. Fatty acids from
outside the cell are hydrolyzed by lipoprotein lipase (LPL) and
transported into cells by CD 36 molecule thrombospondin
receptor (CD36) and solute carrier family 27 transporter sub-
family A member6 (SLC27A6)[57,58,59]. These fatty acids are
also incorporated into triglycerides within the endoplasmic
reticulum. All triglycerides coalesce to form fat droplets by adipose
differentiation related protein (ADRP) and PAT-related protein
family member 47 (TTP47) [60], and subsequently secreted out by
butyrophilin subfamily 1 member Al (BTNIAL) [61]. To
investigate how miR-103 affects milk fat synthesis, we assessed
the expression of key genes involved in these processes at 72 h in
GMEC that over-expressing miR-103 (Table 1). For de novo fatty
acid synthesis, expression levels of FASN and ACACA in Ad-miR-
103-infected cells were significantly higher than in control groups
(Ad-infected cells) (1.15-fold, p<<0.05; 1.57-fold, p<<0.05). For fatty
acid hydrolysis and uptake, expression of LPL and SLC2746 in Ad-
miR-103-infected cells was significantly greater than that of Ad-
infected cells (20.48-fold, p<<0.01; 1.40-fold, p<<0.05). Specifically,
SLC2746 is responsible for long-chain and saturated fatty acid
transport [39]. The up-regulation of LPL and SLC27A6 are in
accordance with the increased total fatty acid content (Figure 4D)
and up-regulated C16:0 content (Figure 4F), suggesting that a
higher level of fatty acid utilization is triggered by augmented
miR-103 expression. For triglyceride synthesis, expression of
DGAI (1.21-fold, p<<0.05) and SCD (2.87-fold, p<<0.05) was up-
regulated with elevated miR-103 expression, supporting our
previous findings that triglyceride content and unsaturated fatty
acids content were both increased in epithelial cells (Figure 4C, E).
Furthermore, for fat droplet formation, the up-regulated expres-
sion of ADRP (18.02-fold, p<<0.05) was consistent with the
increased fat droplets in Ad-miR-103-infected cells (Figure 4B).
Taken as a whole, miR-103 has an extensive role in regulating
milk fat synthesis in goats. The entire gene network that controlls
the milk fat synthesis, was up-regulated, supporting our previous
findings that miR-103 over-expression increased the amount of fat
droplets, as well as the contents of triglycerides and fatty acids.

Searching for the underlying causes of increased fat
accumulation

Previous studies have shown that PPARy, SREBP-1¢, and liver-
X-receptor o (LXRa) are key transcription factors involved in the
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regulation of milk fat metabolism, by triggering the transcription of
genes associated with triglyceride synthesis (PPARY targeting
DGATI, and ATP-binding cassette sub-family A member 1
[ABCAI]), fat droplet formation (PPARYy targeting ADRP)
[62,63], cholesterol transport (LXRa targeting ABCGI) [64], and
fatty acid synthesis (i.e., SREBP-1c targeting FASN and ACACA)
[65]. These transcription factors and their downstreams are not
predicted targets of miR-103. We assessed the mRNA expression
of these three transcription factors at 0, 24, 48, and 72 h in GMEC
with Ad-miR-103 (Figure 5) (the data of Figure 5 (72 h) and
Table 1 were generated from a same experiment). Ad-infected
cells were used as a control. Throughout the observation period,
the rise of PPARy expression (Figure 5A) paralleled the elevation of
DGATI expression (Figure 5B) and ABCAI expression (Figure 5C).
The up-regulated expression of LXRo (p<<0.05; Figure 5D) was
consistent with the increased expression of ABCGI (p<0.05;
Figure 5E). SREBP-1¢ (Figure 5F) showed a different expression
profile with FASN (Figure 5G) and ACACA (Figure 5H); however,
the expression of these three genes in Ad-miR-103-infected cells
was always greater than that of Ad-infected cells. Based on the
similar expression profiles of transcriptional factors and their
downstream targets, we speculated that up-regulation of genes
associated with the milk fat synthesis in miR-103 over-expression
background may be due to the increased expression of PPARY,
SREBP-1¢, and LXRo. in GMEC.

Suppression of lipolysis or B-oxidation can accelerate triglycer-
ide accumulation in adipose tissue [66,67]. For lipolysis, two
enzymes (i.e., hormone-sensitive lipase [HSL] and adipose
triglyceride lipase [ATGLY]) catabolize triglycerides stored within
lipid droplets to release fatty acids and glycerol [68]. Fatty acids
produced from lipolysis are transported by long-chain acyl-CoA
synthetase 1 (ACGSL1, a predicted target of miR-103 [Table S3]),
enter into mitochondria by carnitine palmitoyltransferase (CPT1),
and undergoes B-oxidation which is regulated by peroxisome
proliferator-activated receptor o (PPARar) and acyl-CoA oxidase 1
(ACOXI, a predicted target of miR-103 [Table S3]) [41]. In this
study, HSL and ATGL expression was lower than that of the Ad
control through the observation period (Figure 6A, B). The
expression profiles of ACSLI, CPT1, PPARx, and ACOXI were
quite different; however their expression in Ad-miR-103-infected
cells was lower than the Ad control (Figure 6C-F). Taken together,
the changes in gene expression have led us to conclude that either
the augmentation of gene transcription or the decreased lipolysis
and B-oxidation levels, or both, accelerate triglyceride accumula-
tion in GMEC.

Discussion

MiR-103 regulates milk fat synthesis

For decades, researchers have been dedicated to the study of
mmproving the composition of goat milk to meet the increasingly
elaborate nutritional requirements of humans. Currently, the main
way to increase the nutritional value of goat milk is by altering
their diets [69,70,71], for example, either changing their food
composition (forage vs concentrate) [72,73], or adding dietary lipid
supplements (i.e., fatty acid), to increase certain component
production (i.e., unsaturated fatty acids, conjugated fatty acid in
milk) [74,75]. However, there are numerous drawbacks to this
method, such as [76,77,78] (1) a limited capacity to produce the
desired component of milk through feeding; (2) digestibility of
dietary lipid supplements in ruminants does not depend on fatty
acid intake (i.e., o-linolenic acid); (3) animal factors (i.e., breed,
individuality) affect the fatty acid composition of milk fat.
Therefore, to genetically control milk yield and fatty acids
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Table 1 Relative mRNA expression in miR-103 over-expression or suppression background.

MiR-103-inhibitor- to inhibitor-

Gene symbol Gene description Ad-miR-103 to Ad control
De novo fatty acid synthesis

FASN Fatty acids synthase 1.15% 0.67*
ACACA Acetyl-coenzyme A carboxylase alpha 1.57* 0.88
ACSS2 Acyl-CoA synthetase short-chain family member 2 191 0.56
Triglyceride synthesis

scD Stearoyl-CoA desaturase(delta-9-desaturase) 2.87* 0.83*
GPAM Glycerol-3-phosphate acyltransterase 1.11 0.76
AGPAT6 1-acylaglycerol-3-phosphate O-acyltransferase 6 0.62 333
LPINT Lipin 1 0.50 3.11
DGAT1 Diacylglycerol acyltransferase 1 1.21% 0.83*
Milk fat droplet formation and secretion

ADFP Adipose differentiation related protein 18.02* 0.82*
TIP47 PAT-related proteins family, member 47 0.78 0.89*
gBTN1AT Goat Butyrophilin, subfamily 1, member A1 0.97 0.94
Fatty acid uptake

LPL Lipoprotein lipase 20.48** 0.87
CD36 CD 36 molecule (thrombospondin receptor) 3.75 0.89
SLC27A6 Solutecarrier family27transporter,sub-family A,member6 1.40% 0.94
Fatty acid transport

ABCA1 ATP-binding cassette,sub-family A, member 1 1.25% 1.02
ABCG1 ATP-binding cassette,sub-family G, member 1 1.15 1.13
ABCG2 ATP-binding cassette,sub-family G, member 2 1.21 1.19%*
Fatty acid intra-cellular transport

FABP4 Fatty acids-binding protein 4 0.81 1.18
Fatty acid activation

ACLY ATP-citrate lyase 0.50 1.64
PANK3 Pantothenate kinase family,member 3 0.32* 1.26%*
ACSS1 Acyl-CoA synthetase short-chain family, member 1 1.91 1.09
PDK4 Pyruvate dehydrogenase kinase family, member 4 0.10% 2.48*
Fatty acid receptor

GPR41 Orphan G protein-coupled receptor family, member 41 0.29 4.71

doi:10.1371/journal.pone.0079258.t001

composition, we must consider the genetic research [79] or
molecular breeding. The first step in molecular breeding for the
milk industry is to identify the key genes responsible for milk
synthesis. Genome wide association studies [80,81] and quantita-
tive trait loci (QTL) identification [82,83] in cows has given us
important information about genes related to milk yield and
composition, however, the mechanisms in which these key genes
control the metabolism and composition of goat milk require
further studies. In this study, we determined that miRNAs play
crucial role in regulating milk fat synthesis. MiR-103, one of the 30
most abundantly expressed miRNAs in the lactating mammary
gland, controls gene expression (Figure 7), goat milk fat
accumulation, as well as the ratio of unsaturated/saturated fatty
acids. To the best of our knowledge, this is the first evidence that a
miRNA controls milk fat synthesis. Our results suggest that miR-
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Genes were clustered based on main functions relative to milk fat synthesis. Ad(control)-infected cells were used as control for Ad-miR-103-infected cells. Inhibitor-
control was used as control for miR-103-inhibitor-control. MRNA expression levels were determined at 72 h post infection or at 48 h post transfection. MRNA levels were
measured by qRT-PCR, Data expressed as fold change compared to controls, normalized to 1. Columns, average of 12 experiments; *, P<<0.05; **, P<0.01.

103 may be an important regulator for fat composition and
nutrient level of goat milk.

Previous studies have shown that normal adipose cells with high
triglyceride levels may increase the probability of lipotoxicity [84].
Elevated PPARy expression can prevent lipotoxicity [85]. In our
work, not only PPARy expression (Figure 5A), but also the
expression of its downstream ADRP (Table 1) which is responsible
for fat droplet formation [63], were both increased, suggesting that
triglyceride in epithelial cells may be used for milk fat droplet
formation. Therefore, it eliminated the possibility that the
increased triglyceride accumulation in GMEC caused a patholog-
ical status.
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Figure 5. Over-expression of miR-103 transcriptionally hastens the expression of key transcription factors controlling the milk fat
synthesis. Elevated miR-103 expression promotes the expression levels of PPARy (A), DGATI1(B), ABCA1(C), LXRa (D), ABCG1(E), SREBP-1c(F) FASN (G),
and ACACA (H). PPARy, SREBP-1c, and LXRux are key important transcription factors that regulate nearly the whole milk fat synthesis process in
mammary gland epithelial cells. DGAT1(B) and ABCA1(C) are downstream targets of PPARy (A); ABCGI(E) is downstream target of LXRa (D); FASN (G)
and ACACA (H) are downstream targets of SREBP-1c (F). Gene expression in Ad(control)-infected, Ad-miR-103-infected, and uninfected GMEC was
assessed at 0, 24, 48, and 72 h. gRT-PCR measurement of gene expression expressed as fold change compared to their respective level at 0 h,
normalized to 1. Columns, average of 12 experiments; bars, SEM. *, p<0.05. PPARy, peroxisome proliferator-activated receptor y; SREBP-1c, sterol

regulatory element-binding protein-1c; LXRa,nuclear oxysterol receptoro;other gene symbols were listed in Table 1.

doi:10.1371/journal.pone.0079258.g005

MiR-103 may suppress -oxidation to increase
triglyceride content

Triglycerides are not only an important component of milk fat
globules, but also a main form of energy storage [66,67,68]. Fatty
acids from lipolysis are transported to mitochondria where fatty
acids undergo B-oxidation for energy production. Fatty acid
uptake can also provide material for B-oxidation. All fatty acids
will be degraded to acetyl-CoA, some of which will be used for the
de novo fatty acid synthesis [66,68]. The relationship between milk
fat synthesis and B-oxidation is shown in many types of cells, such
as adipocytes [68] and skeletal muscle cells [86]. In this study, we
found ACSLI and ACOXI, both involved in B-oxidation, to be
predicted targets of miR-103 (Table S3). MiR-103 is highly
expressed in mid-lactation. Through suppression of ACSLI and
ACOXI expression, miR-103 may decrease the whole B-oxidation
level and up-regulate acetyl-CoA amounts for fatty acid and
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triglyceride synthesis to meet the huge milk demands needed
during mid-lactation.

Suppression of B-oxidation resulted in a down-regulation of
energy supplies; however Ad-miR-103-infected cells still accumu-
lated more triglycerides. We speculated that the main pattern of
cell oxidation for energy supplies might change, such as from -
oxidation to a-oxidation [87]. Furthermore, fat tissue in ruminants
is the main energy supply for milk fat synthesis [88]. We found that
lipolysis in GMEC is not the main way to provide fatty acids for -
oxidation, for the mRNA expression of lipolysis-related genes (e.g.,
HSL and ATGL) are relatively low in normal and Ad-miR-103-
infected cells (data not show). In addition, the utilization of fatty
acids was higher (the expression of LPL and SLC2746 was
increased, Table 1), indicating that the main origin of fatty acids
used for B-oxidation may be from extracellular sources.

MiR-103 may decrease B-oxidation through regulating Leptin
(LEP) and AMP-activated protein kinase subunit o (AMPKa)
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Figure 6. Elevated miR-103 expression decreases gene expression associated with lipolysis and p-oxidation. Over-expression of miR-
103 down-regulates the mRNA levels of HSL (A), ATGL (B), ACSL1(C), CPT1 (D), PPARx (E) and ACOXT (F). HSL (A) and ATGL (B) are key regulators of
lipolysis. ACSL1(C), CPT1 (D), PPARx (E) and ACOX1 (F) are key regulators of B-oxidation. Gene expression in Ad(control)-infected, Ad-miR-103-infected,
and uninfected cells was assessed at 0, 24, 48, and 72 h. gqRT-PCR measurement of gene expression expressed as fold change compared to their
respective level at 0 h, normalized to 1. Columns, average of 12 experiments; bars, SEM. *, p<<0.05, **, p<<0.01.
doi:10.1371/journal.pone.0079258.9006

pathways. LEP stimulates lipolysis process [89]. The AMPKa significantly increased LEP mRNA expression relative to controls,
signal pathway directly activates B-oxidation [41,90]. QRT-PCR while it decreased the expression of AMPRu, which is consistent
analysis (Figure S2) indicated that miR-103 over-expression

transport

Triglyceride f Fat droplet
—9—7—1 Fatty acid raloroplet
synthesis ugfake formation T

Figure 7. Gene networks modulated by miR-103. Genes associated with milk fat metabolism are shown to be positively (arrowheads) or
negatively (end lines) regulated by miR-103 over-expressed. Genes in one box indicated that they were involved in one process of milk fat synthesis.
Over-expression of miR-103 can increase fat droplet, triglyceride, and fatty acid contents, which had been identified in the manuscript. MiR-103 was
co-regulated with PANK and miR-103 also can regulate PANK expression though an unknown pathway.

doi:10.1371/journal.pone.0079258.g007
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with an increase in fatty acid content and a decrease in B-oxidation
levels.

MiR-103 and its host gene PANK3

Some sense oriented intronic miRNAs are co-regulated with
their host genes and positively assist the function of their co-
regulated host genes [51,52]. MiR-103-1 is a sense oriented
intronic miRNAs of PANK3 which plays an important role in
generating Acetyl CoA for de novo fatty acid synthesis [49,50]. In
this study, we identified a positive correlation between miR-103-1
and PANE3 (P<<0.001, Figure 3A). This correlation between miR-
103-1 and PANK3 expression suggests that the function of miR-
103-1 may be related to PANKS3’s; thereby miR-103 might
modulate milk fat synthesis.

De novo fatty acid synthesis and fatty acid uptake are two
redundant pathways for supplying fatty acid for milk fat droplet
and triglyceride synthesis [56,57]. Among these two pathways,
PANKS3 promotes de novo fatty acids synthesis by regulating CoA
synthesis [49,50]; LPL, CD36, and SLC27A6 are involved in fatty
acid uptake [56,57,58,59]. In this study, it seems that the fatty acid
supplied by PANK is not the major pathway for supplying fatty
acid because, when the total amount of fatty acids and triglyceride
was increased (Figure 4C, D), PANK3 expression was down-
regulated (Figure 3C), whereas, LPL, CD36 and SLC27A46
expression involved in fatty acid uptake were up-regulated
(Table 1). Therefore, we speculated that fatty acids, through
uptake, may be the main origin for the raw material of triglyceride
synthesis in the endoplasmic reticulum.

In contrast, to the increased milk fat resulting from miR-103
over-expression, suppression of miR-103 expression had no effect
on fat droplet accumulation (data not show). One possible
explanation for this is that other miRINAs in the miR-103 family
(e.g., miR-107), or synergic miRNAs which target genes in
conjunction with miR-103, could regulate fatty acid synthesis,
compensating for miR-103 knockdown.

Furthermore, in this study, we identified the relationship
between miR-103-1 and PANK3. However, we were not able to
analyze the relationship between miR-103-2, miR-107 and their
host gene PANKZ, PANK1, as the sequences of PANKT and PANR?
in goat are unknown and cDNA cloning did not succeed.

To validate miR-103 target genes, we measured the expression
of miR-103 predicted targets (Table S3). The levels of PDK4,
glutamate dehydrogenase 1(GUDI, data not show), ACSL! and
ACOX1 were decreased as miR-103 over-expressed, and their
expression were increased as miR-103 expression suppressed (data
not show). However, miR-103 expression had little effect on the
expression of JAK7 and other genes. Even so, we have used
MFOLD software to analyze the AG of the 80 bp flanking
sequence of a miR-103 binding site on these predicted targets, and
have constructed miR-103 sensors using pGL3-control luciferase
reporter vector inserted into the Xbal locus with 100-200 bp
miRNA binding site of targets. However, we have not yet obtained
direct proof that one of these genes is a direct target of miR-103.

Collectively, our data not only provides new insights regarding
miRNAs participation in the gene network controlling milk fat
synthesis, but also gives us important clues that miR-103 may be
used as an index for a molecular breeding program in goats.
Furthermore, transgenic goats have been reported to secrete milk
containing lactoferrin, a-fetoprotein, and lysozymes [91,92,93].
These successes in goats provide important clues that over-
expression of certain component are feasible in the mammary
gland. Therefore, miR-103 could be a candidate gene used for
increasing milk yield or unsaturated fatty acid production in the
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goat milk industry, which is one of the main objectives of dairy
goat breeding.

Conclusion

In summary, we have identified miR-103 as a new class of
regulators of milk fat synthesis. We presented novel data
concerning miR-103 expression in lactating goats using a Solexa
sequencing approach. For the first time we show that goat
mammary gland-enriched miR-103 is linked to milk triglyceride
accumulation and unsaturated fatty acids content, indicating that
miRNAs may potentially play a role in milk production and the
synthesis of beneficial milk components in dairy animal.

Materials and Methods

Ethics Statement

The animal care and use were approved by the Institutional
Animal Care and Use Committee in the College of Animal
Science and Technology, Northwest A&F University, Yangling,
China.

Animals, sampling, and RNA extraction

Dairy goats used in the study were from the elite herd of Xinong
Saanen Dairy Goats in the experimental farm of Northwest A&F
University of China. 30 healthy, three-year-old goats with similar
body weight were selected for this study. All goats given birth the
kids in one month were in the second lactation. Mammary gland
tissues were surgically collected from the goats at mid-lactation
(120 days after parturition) and immediately frozen in liquid
nitrogen. All the 30 samples of mammary gland tissue were
subjected to total RNA extraction. 10 of the 30 RNA samples were
pooled and used for Solexa sequencing. Additionally, mammary
gland tissues from 3 of these 30 samples were collected similarly
from goats at dry lactation (60 days before parturition). All tissues
were weighted 0.5 g-1.0 g.

Total RNA was extracted from the mammary gland tissue using
a mirVana miRNA Isolation Kit (Ambion, USA) according to the
manufacturer’s instructions. The quantity and quality of RNA was
measured using a NanoDrop ND-1000 spectrophotometer
(Nanodrop, USA). The A260/A280 ratio was >2.1 and the
A230/A260 ratio was >1.9 for all samples. Total RNAs were
stored at —80°C for further use. We also used a mirVana miRNA
Isolation Kit (Ambion, USA) to extract total RNA from GMEC.
The A260/A280 ratio was >2.1 and the A230/A260 ratio was
>2.0 for all samples.

Solexa sequencing and bioinformatics analysis for small
RNAs

Sequencing RNA samples were pooled from 10 individuals of
total mRNA during mid-lactation with equal quantities (10 pg).
Subsequently, small RNA library was constructed according to
experimental procedure reported previously [32,33], and was
sequenced using Illumina’ Genome Analyzer Pipeline software
(Illumina, San Diego, USA). The small RNA sequences (18-26 nt)
were mapped onto mammal genome. And results were subjected
to a series of data filtration step, discarding the sequences matched
to rRNA, tRNA, snRNA, snoRNA, repeat sequences, and
degraded mRNA. Sequences were retained for miRNA based
on several features [94]. Then potential miRNAs were aligned to
the statistics of mammalian miRNAs in miRBase 17.0 using the
ACGTI101-miR program (LC Sciences, Houston, USA). Finally,
goat miRNA aligned with other mammalian known miRNAs were
obtained. These miRNAs will be referred to conserved miRNAs in
this study.
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Primers, cDNA synthesis and gRT-PCR for miRNA and
mRNA

For miRNA, first strand cDNA was synthesized using 100 ng
total RNA and a TagMan® MicroRNA Reverse Transcription Kit
(Ambion, USA). 100 ng total RNA, 50 U MutiScribeTM Reverse
Transcriptase, 3.8 U RNase Inhibitor, 15 mM dNTPs, and
1 xReverse Transcription Buffer were run in a total reaction
volume of 15 ul and incubated at 16°C for 30 min, 42°C for
30 min, and 85°C for 5 min. Then, 0.8 ul of the RT reaction was
combined with 0.5 pl of and 5 pl of TagMan® Universal PCR
Master Mix in a 10 pl final volume for gPCR. The PCR assay was
carried out with a TagMan MicroR-103 Assay (Ambion, USA) on
a Bio-Rad CFX96 real-time PCR detection system (Bio-Rad,
USA) with cycling conditions of 95°C for 10 min, followed by
95°C for 15 sec and 60°C for 60 sec for a total of 40 cycles. The
miRNA was normalized to U2 or U6 snRNA (TagMan U2 Assay
and U6 assay, Ambion) level. Fold change was determined using
the 27T method.

For mRNA, 1 pg of total RNA was synthesized into cDNA
using PrimeScript® RT Reagent Kit (Perfect Real Time, Takara,
Japan). RT-reaction volume contained 1 pg total RNA, 50 pmol
Oligo dT Primer, 100 pmol Random 6 mers, 200 U PrimeScript®
RT Enzyme Mix I, and 1 xPrimeScript® Buffer. The mixture of
this 20 ul volume was incubated at 37°C for 15 min and at 85°C
for 5 min. The first strand cDNA was diluted with DNase/RNase
free water. The qPCR assay was performed using SYBR® Premix
Ex Taq™ II (Perfect Real Time) (Takara, Japan) on a Bio-Rad
CFX96. A total of 20 pl mix composed of 1 pl of RT reaction,
0.4 uM Forward Primer, 0.4 uM Reverse Primer, and 1 xSYBR
Primix Ex Taq ™. This mixture was incubated at 95°C for 30 s,
96°C for 5s and 60°C for 30s for a total of 40 cycles.
Glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) was used
as an internal control. MRNA level was normalized to GAPDH
level. Fold change was determined using 2**“" method. Primers
features and qPCR performance were listed in Table S4. In
addition to the primers from published papers, other primers were
designed using goat’s genes that were cloned in our laboratory. All
primers were synthesized by Invitrogen Corp (USA).

Cell culture

GMEC was cultured in DMEM/F12 medium (Invitrogen
Clorp., USA), containing 5 pg/ml insulin, 0.25 umol/1 hydrocor-
tisone, 50 U/ml penicillin/ml streptomycin, 10 ng/ml epidermal
growth factor 1 (EGF-1, Gibco), and 10% FBS at 37°C in a
humidified atmosphere with 5% COq [95]. The medium was
changed every day. Primary GMEC were isolated under sterile
conditions using a modification of the tissue explant method [96].
Briefly, mammary gland epithelial tissue was surgically collected
from goat mammary gland at mid-lactation (120 d after parturi-
tion) and then rinsed three times with D-Hanks buffer solution
containing 1000 U/ml penicillin and 1000 U/ml streptomycin.
After removing the connective and adipose tissue that surrounds
the mammary epithelium, the mammary gland epithelial tissue
was minced into approximately 1 mm” sections and then seeded in
tissue culture dishes (35 mm diam.) with 0.5 ml DMEM/F12
medium. The medium was added dropwise between the tissue
sections. After 90 min in a humidified atmosphere, the volume of
DMEM/F12 medium was brought up to 2 ml and then the dishes
were returned to the humidified atmosphere. At confluence, the
GMEC were dissociated using Trypsin-EDTA Solution (0.25%
Trypsin and 0.05% EDTA). The passage 1 or 2 cells were seeded
on DMEM/F12 medium in culture plates (Nunc, Denmark) at a
density of 5x10* cells/cm? for adenovirus infection as described
below.
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Ad-miR-103 generation and infection

Authentic miR-103 stem-loop and about 300 nucleotides
flanking sequences on the 5’ and 3’ side of miR-103 were
amplified from normal Xinong Saanen Dairy Goat genomic
DNA. The primers for miR-103 stem-loop were designed using
Oligo software (version 6.0): forward primer CGCTA-
GAAGCTTTTGGGTTAA -TACTCCATTGAG, reverse prim-
er:  GCCCTAGACCATGGATTTGTCATTTTGTAAAACT.
The adenovirus vectors pAd-control(which dose not contain an
mserted sequence) and pAd-miR-103 were constructed and
packed in HEK 293 cells using a commercial system (AdEasy,
Stratagene). GMEC was infected with Ad or Ad-miR-103 at
multiplicities of infection MOI (MOI) of 50, 100, 150, 200 or 250.
Infection efficiency was determined by observation of green
fluorescence under inverted/phase contrast microscopy (Leica
CMF-500, Germany). The infection efficiency was highest (70%)
at a MOI of 200. MiR-103 expression was higher in Ad-miR-103-
infected cells than that in Ad-infected cells, (2.42-fold, p<<0.05,
Figure 3B) at a MOI of 200. For the Ad control, miR-103 in Ad-
infected cells (at a MOI of 200) did not change compared to
uninfected cells (Figure S3), suggesting that Ad doesn’t alter miR-
103 expression by itself at this MOI. Then GMEC at a density of
8x10" cells per well was infected with Ad-miRNAs or Ad at an
optimal MOI of 200. The infected cells were cultured for 0, 24, 48,
or 72 h and then subjected to RNA extraction and cDNA
synthesis as described above. The infected cells for 72 h were also
used for the tests described below (Oil Red O staining, triglyceride
assay, and fatty acid analysis).

Transfection GMEC with antisense inhibitor of miR-103

Goat specific miR-103-inhibitor (antisense inhibitor for miR-
103) (Anti-miR™ miRNA Inhibitor) and inhibitor negative
control antisense oligonucleotide (Anti-miR™ miRNA Inhibitor
Negative Control#l) were purchased from Invitrogen (USA). The
inhibitor control was labeled with FAM fluorescence (Invitrogen,
USA). Different doses of inhibitor-control were added to GMEC.
And inhibitor-control doesn’t alter miR-103 expression by itself
(Figure S3). We found that miR-103 had the lowest expression
level with 60 nM inhibitor-control (Figure 3B). Furthermore, the
transfection efficiency was nearly 70% (60 nM) by observation of
FAM under microscopy. Then, an aliquot (500 ul) of medium in
serum-and-antibiotic-free was added to 6-wells incubated with a
complex compromising 20 pl transfection reagent, and 60 nM
miR-103-inhibitor or 60 nM negative control for 15 min accord-
ing to procedure manual of Lipofectamine™ RNAIMAX
(Invitrogen, USA). Cells were seeded at a density of 2x10* cells
per well. RNA was extracted at 48 h after transfection.

Oil red O staining

The Ad-miRNA-103- and Ad-infected cells cultured in wells (6
well plate) were rinsed three times in phosphate- buffered saline
(PBS), fixed in 10% (v/v) paraformaldehyde for 40 min, and then
rinsed again with PBS. The fat droplets in the cells were stained
with 5% oil red O in isopropanol for 15 min and then examined
microscopically. Uninfected cells were also stained for comparison.
The culture wells were photographed. Then, we extracted fat
droplet and quantitated the fat droplet accumulation according to
Sanchez-Hidalgo’s method [97]. 100 ul/well of isopropanol were
added to each washed and dried stained well, and the stained lipid
was allowed to extract for 3 min. The extracted mixture
absorbance was read spectrophotometrically at 510 nm using a
NanoDrop ND-1000 spectrophotometer (Nanodrop, USA).
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Triglyceride assay

The Ad-miR-103- and Ad-infected cells were harvested in lysis
buffer (50 mmol/1 Tris-HCL, pH 7.4, 150 mmol/NaCl, 1%
Triton X-100) and sonicated to homogenize the cell suspension.
Uninfected cells were used as a control. Triglyceride content was
measured using a Serum Triglyceride Determination Kit accord-
ing to the manufacturer’s instructions (Sigma—Aldrich).

Fatty acid extraction and analysis

The way to extract and analyze fatty acids is according to a
slightly modified method of Kang and Wang [98]. The Ad-miR-
103- and Ad-infected cells were harvested and collected in sealable
glass tubes. A 2 ml aliquot of 2.5% (v/v) trichloroacetic acid-
methanol solution was added to each tube. The tubes were
incubated overnight at 90°C. On the following day, the tubes were
cooled to room temperature and then 2 ml saturated KCL
solution was added to the tubes followed by 1 ml methyl
nonadecanoate (C19:0) (Sigma, no. 74208) as the internal control.
The organic compounds in the mixture were extracted twice with
2 ml pure n-hexane. The n-hexane containing fatty acids was
transferred to new glass tubes, evaporated to a volume of 500 ul
using a nitrogen concentrator HP-5016GD (Ji Cheng Company,
Shanghai), and then stored at -20°C.. The fatty acid content of the
samples was determined using gas chromatography-mass spec-

trometry (GC-MS) (Agilent 5975, USA) at the Analysis Center of

Northwest A&F University. The following conditions were
employed: column: HP-5 (60 mx0.25 mm. i.d. x0.25 pm d.f));
detector temperature: 280°C; split ratio: 1:10; carrier gas flow: He
0.8 ml/min; injector temperature 250°C; temperature program:
starting from 40°C for 2 min, isothermal for 30 min, increasing by
8°C/min to 240°C, then 240°C for 15 min.

Statistical analysis

Statistical analysis were performed with SPSS software (version
10.0). All data are reported as mean * standard error (SE).
Statistical differences in two groups were determined by Student’s ¢
test. The differences were considered significant at p<<0.05, and
highly significant as p<<0.01. RT-qPCR data were analyzed using
the AACT method. Correlation between miR-103-1 and PANK3
were analyzed using Pearson’s correlation coefficient. The figures
and Tables shown are representative of at least nine experiments.

Supporting Information

Figure S1 Length distribution and frequency of small
RNAs. Small RNAs in goat mammary gland shows an unequally
distribution in length. Percentage on each pillar indicates the
percentage of miRNA out of the total clean copy number. The
majority of small RNA sequences is 21 nt~23 nt.

(DOC)

Figure 82 MiR-103 increases LEP expression and de-
creases AMPKa expression. Over-expression of miR-103
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increases the mRNA expression level of LEP (A), whereas
decreases the mRNA expression level of AMPKx (B). Gene
expression in Ad-infected, Ad-miR-103-infected, and uninfected
cells was assessed at 0, 24, 48, and 72 h. gqRT-PCR measurement
of gene expression expressed as fold change compared to their
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(DOC)

Figure 83 MiR-103 expression in GMEC treated with Ad
and inhibitor control (treatments are Ad-miR-103 and
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expression at a MOI of =300. Inhibitor control has no effect on
miR-103 expression at any concentration. The expression levels of
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And the expression levels of miR-103 were determined at 48 h
after transfecting GMEC with inhibitor-control. The data (miR-
103 levels) were expressed as fold change as compared to normal
cells MOI=0 and 0 nM), normalized to 1. Columns, average of 3
experiments.
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Table S1 Small RNAs length distribution and frequency
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(DOC)

Table S2 Most abundant miRNAs in mammary gland of
lactating goats.

(DOC)

Table S3 Predicted targets of miR-103.
(DOC)

Table S4 Feature of mRNA primers for qPCR analysis.
(DOC)

Acknowledgments

We thank prof. Li Changan for surgical sampling of mammary gland
tissue; the goat farm crew for taking care of the animals; and researchers of
the Dairy Goat Lab for useful discussions. We are also grateful to Dr. John
Yoder, Matthew Eveland, and Mark Ortiz for their suggestions in the
manuscript preparation; Dr. Art L Goetsch and Andrew Holowiecki for
their helpful English language correction and editing.

Author Contributions

Conceived and designed the experiments: JL. DMG XZL. Performed the
experiments: XZL LPZ. Analyzed the data: XZL LPZ. Wrote the paper:
XZL WW JL.

7. Haenlein GFW (2001) Past, present and future perspectives of small ruminant
dairy research. J Dairy Sci 84: 2097-2115.

8. Babayan VK (1981) Medium chain length fatty acid esters and their medical and
nutritional applications. J] Am Oil Chem Soc 59: 49-51.

9. Haenlein GFW (2004) Goat milk in human nutrition. Small Ruminant Res 51:
155-163.

10. Alferez MJM, Barrionuevo M, Aliaga IL, Sampelayo MRS, Lisbona F, et al.
(2001) Digestive utilization of goat and cow milk fat in malabsorption syndrome.
J Dairy Res 68: 451-461.

11. Barte D (2004) MicroRNAs: Genomics, Biogenesis, Mechanism, and Function.
Cell 116: 281-297.

November 2013 | Volume 8 | Issue 11 | e79258



23.

24.

26.

27.

28.

29.

30.

31.

33.

34.

36.

37.

38.

39.

40.
41.

42.

43.

. Kim VN (2005) MicroRNA biogenesis: coordinated cropping and dicing. Nat

Rev Mol Cell Bio 6: 376-385.

. Alvarez JP, Pekker I, Goldshmidt A, Blum E, Amsellem Z, et al. (2006)

Endogenous and Synthetic MicroRNAs Stimulate Simultaneous, Efficient, and
Localized Regulation of Multiple Targets in Diverse Species. The Plant Cell 18:
1134-1151.

. Lewis BP, Burge CB, Barte DP (2005) Conserved Seed Pairing, Often Flanked

by Adenosines, Indicates that Thousands of Human Genes are MicroRNA
Targets. Cell 120: 15-20.

. Tanaka T, Haneda S, Imakawa K, Sakai S, Nagaoka K (2009) A microRNA,

miR-101a, controls mammary gland development by regulating cyclooxygenase-
2 expression. Differentiation 77: 181-187.

. Krichevsky AM, King KS, Donahue CP, Khrapko K, Kosik KS (2003) A

microRNA array reveals extensive regulation of microRNAs during brain
development. RNA 9: 1274-1281.

Sun L, Xie HM, Mori MA, Alexander R, Yuan BB, et al. (2011) Mir193b—365 is
essential for brown fat differentiation. Nat Cell Biology 13: 958-965.

. Xiao CC, Calado DP, Galler G, Thai TH, Patterson HC, et al. (2007) MiR-150

Controls B Cell Differentiation by Targeting the Transcription Factor c-Myb.
Cell 131: 146-159.

. Jennifer S, Khosrow A (2012) MicroRNAs: emerging roles in lipid and

lipoprotein metabolism. Lipid Metab 23: 220-225.

. Esau C, Davis S, Murray SF, Yu XX, Pandy SK, et al. (2006) miR-122

regulation of lipid metabolism revealed by in vivo antisense targeting. Cell
Metab 3: 87-98.

. Taganov KD, Boldin MP, Chang KJ, Baltimore D (2006) NF-kB-dependent

induction of microRNA miR-146, an inhibitor targeted to signaling proteins of
innate immune responses. PNAS 103: 12481-12486.

. Rodriguez A, Vigorito E, ClareS, Warren MV, Couttet P, et al. (2007)

Requirement of bic/microRNA-155 for Normal Immune Function. Science
316: 608-611.

Sangokoya C, Telen MJ, Chi JT (2010) microRNA miR-144 modulates
oxidative stress tolerance and associates with anemia severity in sickle cell
disease. Blood 116: 4338-4348.

Knight CH, Peaker M (1982) Development of the mammary gland. J] Reprod
Fert 65:521-536.

Sonnenberg A, Daams H, Van der Valk MA, Hilkens J, Hilgers J (1986)
Development of mouse mammary gland: identification of stages in differenti-
ation of luminal and myoepithelial cells using monoclonal antibodies and
polyvalent antiserum against keratin. ] Histochem Cytochem 34 (8): 1037-1046.
Greene SB, Gunaratne PH, Hammond SM, Rosen JM (2010) A putative role for
microRNA-205 in mammary epithelial cell progenitors. J Cell Sci 123: 606-618.
Lin Q, Gao ZG, Alarcon RM, Ye JP, Yun Z (2009) A role of miR-27 in the
regulation of adipogenesis. FEBS J 276: 2348-2358.

Marquart TJ, Allen RM, Ory DS (2010) miR-33 links SREBP-2 induction to
repression of sterol transporters. PNAS 107: 12228-12232.

Ji ZB, Wang GZ, Xie 7], Zhang CL, Wang JM (2012) Identification and
characterization of microRNAs in the dairy goat (Capra hircus) mammary gland
by Solexa deep-sequencing technology. Mol Biol Rep In press.

Avril-Sassen S, Goldstein LD, Stingl J, Blenkiron C, Le Quesne J, et al. (2009)
Characterisation of microRNA expression in post-natal mouse mammary gland
development. BMC Genomics 10:548.

Wang JY, Hou XL, Yang XD, Gustafson P (2011) Identification of conserved
microRNAs and their targets in Chinese cabbage (Brassica rapa subsp.
pekinensis). Genome 54: 1029-1040.

. Wei ZL, Liu XL, Feng TT, Chang YQ (2011) Novel and Conserved Micrornas

in Dalian Purple Urchin (Strongylocen-trotus Nudus) Identified by Next
Generation Sequencing. Int J Biochem Sci 7:180-192.

Li MZ, Xia YL, Gu YR, Zhang K, Lang Q, et al. (2010) MicroRNAome of
Porcine Pre- and Postnatal Development. PLoS ONE 5: el11541.

McBride D, Carre W, Sontakke S, Hogg CO, Law A, et al. (2012) Identification
of miRNAs associated with the follicular-luteal transition in the ruminant ovary.

Reproduction 144: 221-233.

. Leea S, Paulsona KG, Murchisonc EP (2011) Identification and validation of a

novel mature microRNA encoded by the Merkel cell polyomavirus in Homo
sapiens Merkel cell carcinomas. J Clin Virol 52: 272-275.

Hennighausen L, Robinson GW (2001) Signaling Pathways in Mammary Gland
Development. Dev Cell 1: 467-475.

Melkman-Zehavi T, Oren R, Kredo-Russo S, Shapira T, Mandelbaum AD, et
al. (2011) miRNAs control insulin content in pancreatic B-cells via downreg-
ulation of transcriptional repressors. EMBO J 30: 835-845.

Frost RJA, Rooij EV (2010) miRNAs as Therapeutic Targets in Ischemic Heart
Disease. J Cardiovasc Translational Res 3: 280-28.

Trajkovski M, Hausser J, Soutschek J, Bhat B, Akin A, et al. (2011) MicroRNAs
103 and 107 regulate insulin sensitivity. Nature 474: 649-654.

Teleman AA (2010) miR-200 De-FOGs insulin signaling. Cell Meta 11:8-9.
Jeppesen J, Kiens B (2012) Regulation and limitations to fatty acid oxidation
during exercise. J Physiology 590: 1059-1068.

Kim J, Krichevsky A, Grad Y, Hayes GD, Kosik KS, et al. (2004) Identification
of many microRNAs that copurify with polyribosomes in mammalian neurons.
PNAS 101:360-365.

Landgraf P, Rusu M, Sheridan R, Sewer A, Lovino N, et al. (2007) A
mammalian microRNA expression atlas based on small RNA library
sequencing. Cell 129:1401-1414.

PLOS ONE | www.plosone.org

44.

46.

47.

48.

51.

52.

53.

54.

56.

57.

59.

60.

61.

62.

63.

64.

66.

67.

68.

70.

71.

72.

MiR-103 Controls Milk Fat Accumulation

Silveri L, Tilly G, Vilotte JL, de Provost FL (2006) MicroRNA involvement in
mammary gland development and breast cancer. Reprod Nutr Dev 46: 549—
556.

. Zhang Y, Qian Q, Ge D, Li YH, Wang XR, et al. (2011) Identification of

Benzophenone C-Gluc osides from Mango Tree Leaves and Their Inhibitory
Effect on Triglyceride Accumulation in 3T3-L1 Adipocytes. ACS 59: 11526~
11533.

Miska EA, Alvarez-Saavedra E, Townsend M, Yoshii A, et al. (2004) Microarray
analysis of microRNAs expression in the developing mammalian brain. Genome
Biol 5:R68.

Xie HM, Lim B, Lodish HF (2009) MicroRNAs Induced During Adipogenesis
that Accelerate Fat Cell Development Are Down regulated in Obesity. Diabetes
58:1050-1057.

Trajkovski M, Hausser J, Soutschek J, Bhat B, Akin A, et al. (2011) MicroRNAs
103 and 107 regulate insulin sensitivity. Nature 474: 649-654.

. Rock CO, Calder RB, Karim MA, Jackowski S (2000) Pantothenate kinase

regulation of the intracellular concentration of coenzyme A. J Biol Chem 275:
1377-1383.

. Robishaw JD, Neely JR (1985) Coenzyme A metabolism. Am J Physiol 248: E1—-

E9.

Soifer HS, Rossi John J, Seetrom P (2007) MicroRNAs in Disease and Potential
Therapeutic Applications. Mol Ther 15: 2070-2079.

Gerin S, Clerbaux LA, Haumont O, Lanthier N, Das AK, et al. (2010)
Expression of miR-33 from an SREBP2 Intron Inhibits Cholesterol Export and
Fatty Acid Oxidation. JBC 285: 33652-33661.

Ecker J, Langmann T, Moehle C, Schmitz G (2007) Isomer specific effects of
Conjugated Linoleic Acid on macrophage ABCGI1 transcription by a SREBP-1c
dependent mechanism. BBRC 352: 805-811.

Zhong L, Granelli-Piperno A, Choi YW, Steinman RM (1999) Recombinant
adenovirus is an efficient and non-perturbing genetic vector for human dendritic
cells. Eur J Immunol 29: 964-972.

. Rosenfeld MA, Siegfried W, Yoshimura K, Yoneyama K, Fukayama M, et al.

(1991) Adenovirus-mediated transfer of a recombinant alpha l-antitrypsin gene
to the lung epithelium in vivo. Science 252: 431-434.

Bionaz M, Loor JJ (2008) Gene networks driving bovine milk fat synthesis during
the Lactation cycle. BMC Genomics 9: 366.

Bauman DE, Davis CL (1974) Biosynthesis of milk fat. In: Larson BL, Smith
VR, editors. In Lactation: a comprehensive treatise. New York: Acad. Press. pp.

31-75.

. Fielding BA, Frayn KN (1998) Lipoprotein lipase and the disposition of dietary

fatty acids. Br J Nutr 80: 495-502.

Stahl A (2004) A current review of fatty acid transport proteins (SLC27). Pflugers
Arch 447: 722-727.

McManaman JL, Russell TD, Schaack J, Orlicky DJ, Robenek H (2007)
Molecular determinants of milk lipid secretion. J Mammary Gland Biol
Neoplasia 12: 259-268.

Ogg SL, Weldon AK, Dobbie L, Smith AJH, Mather IH (2004) Expression of
butyrophilin (Btnlal) in lactating mammary gland is essential for the regulated
secretion of milk-lipid droplets. PNAS 101: 10084-10089.

Kadegowda AKG, Bionaz M, Piperova LS, Erdman RA, Loor JJ (2009)
Peroxisome proliferator-activated receptor-y activation and long-chain fatty
acids alter lipogenic gene networks in bovine mammary epithelial cells to various
extents. ] Dairy Sci 92: 4276-4289.

Yamazaki T, Shiraishi S, Kishimoto K, Miura SJ, Ezaki O (2011) An increase in
liver PPARY2 is an initial event to induce fatty liver in response to a diet high in
butter: PPARY2 knockdown improves fatty liver induced by high-saturated fat.
J Nutr Biochem 22: 543-553.

Cheng YX, Liu GB, Pan Q, Guo SF, Yang XH (2011) Elevated Expression of
Liver X Receptor Alpha (LXRa) in Myocardium of Streptozotocin-Induced
Diabetic Rats. Inflammation 34: 698-706.

. Damiano F, Alemanno S, Gnoni GV, Siculella L (2010) Translational control of

the sterol-regulatory transcription factor SREBP-1 mRNA in response to serum
starvation or ER stress is mediated by an internal ribosome entry site. Biochem J
429: 603-612.

Ducharme NA, Bickel PE (2008) Minireview: Lipid Droplets in Lipogenesis and
Lipolysis. Endocrinology 149: 942-949.

Waki S, Abu-Elheiga LA (2008) Fatty acid metabolism: target for metabolic
syndrome. J Lipid Res 50: S138-S143.

Duncan RE, Ahmadian M, Jaworski K, Sarkadi-Nagy E, et al. (2007)
Regulation of lipolysis in adipocytes. Annu Rev Nutr 27:79-101.

59. Chilliard Y, Ferlay A, Mansbridge RM, Dorecau M (2000) Ruminant milk fat

plasticity: nutritional control of saturated, polyunsaturated, trans and conjugated
fatty acids. Ann Zootech 49: 181-205.

Cortes C, da Silva-Kazama DC, Kazama R, Gagnon N, Benchaar C, et al.
(2010) Milk composition, milk fatty acid profile, digestion, and ruminal
fermentation in dairy cows fed whole flaxseed and calcium salts of flaxseed
oil. J Dairy Sci 93: 3146-3157.

Sahlu T, Carneiro H, Shaer HME, Fernandez JM, Hart SP, et al. (1999) Dietary
protein effects on and the relationship between milk production and mohair
growth in Angora does. Small Ruminant Res 33: 25-36.

Chilliard Y, Ferlay A (2004) Dietary lipids and forage interactions on cow and
goat milk fatty acid composition and sensory properties. Reprod Nutr Dev 44:
467-492.

November 2013 | Volume 8 | Issue 11 | e79258



~

76.

77.

78.

79.

80.

81.

82.

83.

84.

3.

Serment A, Schmidely P, Giger-Reverdin S, Chapoutot P, Sauvant D (2011)
Effects of the percentage of concentrate on rumen fermentation, nutrient
digestibility, plasma metabolites, and milk composition in mid-lactation goats.

J Dairy Sci 94: 3960-3972.

. Doreau M, Bauchart D, Chilliard Y (2010) Enhancing fatty acid composition of

milk and meat through animal feeding. Anim Reprod SCI 51: 19-29.

. AbuGhazaleh AA, Potu RB, Ibrahimhttp://www.sciencedirect.com/science/

article/pii/S0022030209713323 - aff2#afl2 S (2009) Short communication:
The effect of substituting fish oil in dairy cow diets with docosahexaenoic acid-
micro algae on milk composition and fatty acids profile. J Dairy Sci 92: 6156
6159.

Mosley EE, Powell GL, Riley MB, Jenkins TC (2002) Microbial biohydrogena-
tion of oleic acid totrans isomers in vitro. J Lipid Res 43:290-296.

Samkova E, Spicka J, Pesek M, Pelikanova T, Hanus O (2012) Animal factors
affecting fatty acid composition of cow milk fat: A review. S Afr ] Anim Sci 42:
83-100.

Morand-Fehr P, Fedele V, Decandia M, Frileux YL (2007) Influence of farming
and feeding systems on composition and quality of goat and sheep milk. Small
Ruminant Res 68: 20-34.

Sahlu T, Goetsch AL (2005) A foresight on goat research. Small Ruminant Res
60: 7-12.

Binsbergen RV, Veerkamp RF, Calus MPL (2012) Makeup of the genetic
correlation between milk production traits using genome-wide single nucleotide
polymorphism information. J Dairy Sci 95: 2132-2143

Olsen HG, Hayes BJ, Kent MP, Nome T, Svendsen M, et al. (2011) Genome-
wide association mapping in Norwegian Red cattle identifies quantitative trait
loci for fertility and milk production on BTA12. Anim Genet 42: 466-474.
Fontanesi L, Scotti E, Dolezal M, Lipkin E, Dall’Olio S, et al. (2010) Bovine
chromosome 20: milk production QTL and candidate gene analysis in the
Italian Holstein-Friesian breed. Ital ] Anim Sci 6: 133-135.

Wang X, Wurmser C, Pausch H, Jung S, Reinhardt F, et al. (2012) Identification
and Dissection of Four Major QTL Affecting Milk Fat Content in the German
Holstein-Friesian Population. PLoS ONE 7: e40711.

Unger RH (1995) Lipotoxicity in the pathogenesis of obesity-dependent
NIDDM. Diabetes 44: 863-870.

. Medina-Gomez G, Gray SL, Yetukuri L, Shimomura K, Virtue S, et al. (2007)

PPAR gamma 2 Prevents Lipotoxicity by Controlling Adipose Tissue
Expandability and Peripheral Lipid Metabolism. PLoS Genet 3: e64.

PLOS ONE | www.plosone.org

14

86.

87.

88.

89.

90.

91.

92.

94.

96.

97.

98.

MiR-103 Controls Milk Fat Accumulation

Rasmussen BB (1999) Regution of fatty acid oxidation in skeletal muscle. Anuual
Rev Nutrition 19: 463-484.

Mannaerts GP, Van Veldhoven PP, Casteels M (2000) Peroxisomal lipid
degradation via B-and a-oxidation in mammals. Cell Biochem Biophy 32: 78—
83.

Rebuffe-Scrive R, Enk L, Crona N, Lonnroth P, Abrabamsson, et al. (1985) Fat
cell metabolism in different regions in women. Effect of menstrual cycle,
pregnancy, and lactation. J Clin Invest 75: 1973-1976.

Ramsay TG (2003) Porcine leptin inhibits lipogenesis in porcine adipocytes.
J Anim Sci 81: 3008-3017.

Eaton S, Bursbyt T, Middletonf MP, Mills K (2000) The mitochondrial
trifunctional protein: Centre of a beta-oxidation metabolon? Biochem Soc Trans
28:177-182.

Yu HQ, Chen JQ, Sun W, Liu SG, Zhang AM, et al. (2012) The dominant
expression of functional human lactoferrin in transgenic cloned goats using a
hybrid lactoferrin expression construct. J Biotechnol 161: 198-205.

Moura RR, Melo LM, Freitas VJDF (2011) Production of Recombinant
Proteins In Milk Of Transgenic And Non-Transgenic Goats. Braz Arch Biol
Technol 54: 927-938.

. Cooper CA, Brundige DR, Reh WA, Maga EA, Murray JD (2011) Lysozyme

Transgenic Goats” Milk Positively Impacts Intestinal Cytokine Expression And
Morphology. Transgenic Res 20(6): 1235-1243.

Jin WB, Li NN, Zhang B, Wu FL, Li WJ, et al. (2008) Identification and
verification of microRNA in wheat (Triticum aestivum). J Polym Res 121: 351
355.

German T, Barash I (2002) Characterization of an epithelial cell line from
bovine mammary gland. In Vitro Cell. Dev Biol 38: 282-292.

Li HX, Luo X, Liu RX, Yang YJ, Yang GS (2008) Roles of Wnt/p-catenin
signaling in adipogenic differentiation potential of adipose-derived mesenchymal
stem cells. Mol Cell Endocrinol 291: 116-124.

Sanchez-Hidalgo M, Lu Z, Tan DX, Maldonado MD, Reiter RJ, et al. (2007)
Melatonin inhibits fatty acid-induced triglyceride accumulation in ROS17/2.8
cells: implications for osteoblast differentiation and osteoporosis. Am J Physiol
Regul Integr Comp Physiol 292: R2208-R2215.

Kang JX, Wang J (2005) A simplified method for analysis of polyunsaturated
fatty acids. BMC Biochem 6: 5-8.

November 2013 | Volume 8 | Issue 11 | e79258



