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Abstract

Background: The mammary gland is a dynamic organ that undergoes important physiological changes during reproductive
cycles. Until now, data regarding the characterisation of miRNA in the mammary gland have been scarce and mainly
focused on their abnormal expression in breast cancer. Our goal was to characterise the microRNA (miRNA) involved in
mechanisms regulating the mammary function, with particular focus on the lactation stage.

Methodology/principal findings: Using high-throughput sequencing technology, the exhaustive repertoires of miRNA
expressed (miRNome) in mouse and bovine mammary glands during established lactation were identified, characterized
and compared. Furthermore, in order to obtain more information on miRNA loading in the RNA-induced silencing complex
(RISC), the miRNome was compared with that obtained from RNA associated with the AGO2 protein (AGO2-miRNome) in
mouse lactating mammary gland. This study enabled the identification of 164 and 167 miRNA in mouse and bovine,
respectively. Among the 30 miRNA most highly expressed in each species, 24 were common to both species and six of them
were preferentially highly expressed in lactating than non-lactating mammary gland. The potential functional roles of these
24 miRNA were deduced using DIANA-miRPath software, based on miRNA/mRNA interactions. Moreover, seven putative
novel miRNA were identified. Using DAVID analysis, it was concluded that the predicted targets of two of these putative
novel miRNA are involved in mammary gland morphogenesis.

Conclusion/significance: Our study provides an overview of the characteristics of lactating mouse and bovine mammary
gland miRNA expression profiles. Moreover, species-conserved miRNA involved in this fundamental biological function were
identified. These miRNomes will now be used as references for further studies during which the impact of animal breeding
on the miRNA expression will be analysed.
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Introduction

MicroRNA (miRNA), or endogenous small RNA (18–22 nt),

are negative regulators of gene expression, capable of exerting

pronounced effects on the translation and stability of mRNA [1–

3]. It is estimated that miRNA genes may account for 2% to 5% of

all mammalian genes and collectively regulate the expression of up

to 60% of protein-coding genes [4,5]. miRNA-mediated gene

regulation is crucial to all biological processes such as cellular

growth, cell differentiation or death [6–8], as well as metabolism

[9–12]. Moreover, most of miRNA are expressed in a spatio-

temporal pattern [13], suggesting that they play specific functions

[8]. Despite considerable growth in their number in the miRBase

database (http://microrna.sanger.ac.uk/), the field of miRNA

research remains uncharted territory.

miRNA-mediated regulation is thought to require a minimally

stable interaction between an mRNA and an miRNA and an

Argonaute (AGO) protein, comprising a tightly associated

miRNA-associated ribonucleoprotein (miRNP), which is the core

of the RNA-induced silencing complex (RISC) [14,15]. In

mammals, the AGO subfamily comprises four proteins (AGO1-

4). Whilst all AGO proteins are translation repressors, only AGO2

exerts endonuclease activity (reviewed in [16]). This protein family

is used to identify mRNA targets using the immunopurification

techniques which have recently been developed to isolate RISC

associated mRNA and miRNA [17]. In two recent studies [18,19]

based on the cloning and deep sequencing of endogenous miRNA

associated with AGO1-3, no evidence for major miRNA sorting

was found in human cells. Until now, the correlation between the

miRNome obtained from complete tissue and that associated with

AGO proteins has only been weakly documented [20].

Studies of miRNA in mammary gland have mostly focused on

human breast cancer, and functional studies have identified

miRNA playing both tumour suppressing and oncogenic roles by

targeting the mRNA involved in breast cancer [21]. However, the

mammary gland is a dynamic organ that undergoes important

physiological changes during the female reproductive cycle. One
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important stage in this cycle is lactation, when the mammary gland

is mainly made up of mammary epithelial cells which are involved

in specific biological functions such as milk component biosyn-

thesis and secretion [22–24].

Relatively little is known about the role of miRNA during

normal mammary gland development or lactation. Ucar and

colleagues [25] showed that miR-212 and miR-132 are essential

during mammary gland development. A link between miRNA and

mammary epithelial progenitor cells has been evidenced using the

Comma-Dbeta mouse mammary epithelial cell line [26,27]. The

regulation of both epithelial-mesenchymal transition (EMT) and

EMT-associated stem cell properties via the tumour suppressor

p53-mediated transcriptional activation of miR-200c has also been

demonstrated [28]. Le Guillou et al. [29] recently showed that the

over expression of an miRNA, miR-30b, in the mouse mammary

gland results in a lactation defect characterised by the presence of

acini structures with abnormally small lumen and defective of lipid

droplet formation. These studies thus revealed the crucial role of

miRNA with respect to mammary gland biology.

miRNA expression patterns have been described in normal

mouse and ruminant mammary glands at different stages [30–35],

but the miRNA profiles obtained were not exhaustive because of

limitations to the technologies used. However, high-throughput

sequencing technology has now become a powerful tool to

describe an exhaustive miRNA repertoire and discover new

miRNA [36,37].

Whilst very recent studies of miRNA repertories in goat and

bovine mammary gland tissues during dry period, early, peak and

late lactation have been performed using high-throughput

sequencing techniques [38–41], the description of mammary

gland miRNomes is still limited. In particular, no reports on the

miRNA repertoire in the mouse mammary gland, or any

comparisons between species to characterise conserved miRNA

in this biological function, have been presented.

The principal objective of the work reported here was therefore

to identify the crucial miRNA involved in lactation. We thus

identified and compared the exhaustive repertoires of miRNA,

known and novel, expressed in mouse and bovine mammary

glands during established lactation using Solexa deep sequencing

technology. We characterised a set of miRNA that are conserved

and highly expressed during lactation, as well as miRNA related to

different species and different physiological stages. To widen the

knowledge on miRNA loading in RISC, we also compared the

whole miRNome versus the miRNome associated with the AGO2

protein, or the AGO2-miRNome, in the lactating mouse

mammary gland. The predicted biological processes targeted by

the most frequently detected miRNA were then discussed.

Materials and Methods

Animals and tissue collection
All experiments involving animals were performed in strict

accordance with the guidelines of the Code for Methods and

Welfare Considerations in Behavioural Research with Animals

(Directive 86/609EC) and the recommendations of the French

Commission de Génie Génétique (Permit number 12931

(01.06.2003)) and CEMEAA (Ethics Committee for Animal

Experimentation in Auvergne, number 02) which approved this

study. Every effort was made to minimise animal suffering.

Left and right abdominal mammary glands (#4) were collected

from two primiparous FVB/N mice at mid-lactation (day-12). The

day of parturition was designated as day 0 of lactation. No litters

containing fewer than five pups were used for any of the

experiments. When sampling, the lymph node of the mammary

gland was removed, and the tissue was frozen immediately.

Bovine mammary tissue was collected from four multiparous

Holstein dairy cows at mid-lactation. Biopsies were performed on

the upper one-third of the posterior area of one udder using the

method described by Farr et al. [42]. Approximately 500 mg of

mammary tissue were collected, rinsed in 0.9% sterile saline

solution, inspected to verify tissue homogeneity and then snap-

frozen.

Both bovine and mouse mammary gland samples were stored at

280uC until RNA extraction.

Tissue lysates and Argonaute-2 co-immunoprecipitation
Mouse mammary glands were homogenised individually in

1 mL lysis buffer (20 mM Tris HCl pH 7.5, 200 mM NaCl,

2.5 mM MgCl2, 0.5% Triton 6100, complete EDTA-free

protease inhibitors (Roche) and 100 U/mL RNase OUT (Invitro-

gen)) per 100 mg tissue and stored in ice. Homogenates were

centrifuged at 10,000 g, for 10 min. at 4uC. The supernatants

were recovered, and kept at 4uC pending AGO2 co-immunopre-

cipitation. 50 ml DynabeadsH Protein G (Immunoprecipitation

Kit- DynabeadsH Protein G; Cat. No. 100.07D; Invitrogen) per

sample were prepared according to the manufacturer’s protocol

and 5 mg anti-AGO2 monoclonal antibody (Abnova, EIF2C2

monoclonal antibody (M01), clone 2E12-1C9; Cat.

No. H00027161-M01), diluted in Ab Binding and Washing

Buffers provided with the supplier’s kit, were added to each

aliquot of beads. Supernatants from mammary lysis were

subsequently added to the beads and incubated overnight under

constant rotation at 4uC. The beads were washed five times with

200 mL lysis buffer and finally resuspended in 90 mL lysis buffer

supplemented with 10 mL 0.1 M DTT.

RNA isolation
Total RNA were isolated from mouse tissue biopsies or from the

samples obtained after AGO2 co-immunoprecipitation using the

RNA NOW kit (Ozyme), with overnight precipitation so as to

guarantee a maximum yield of small RNA. Bovine total RNA

were prepared from about 50 mg mammary tissue using the

NucleospinH miRNA isolation kit (Macherey-Nagel Inc.) accord-

ing to the manufacturer’s instructions. The concentration and

purity of total RNA were estimated by spectrophotometry

(NanodropTM, ND-1000) and its integrity was ascertained by

migration on 2% agarose gel and analysed by displaying 28S and

18S rRNA. Bovine samples were pooled in equal amounts by pairs

to obtain 10 mg RNA from each sample. Both mouse and bovine

samples were precipitated using sodium acetate 3M, 96% ethanol

and 5 mg/mL glycogen.

Small library preparation and sequencing
Libraries were prepared simultaneously using the Illumina small

RNA kit (Illumina) from GATC Biotech Company, according to

the manufacturer’s instructions. Briefly, the small RNA (below

500 nt) were isolated from total RNA using the mirVana miRNA

isolation kit (Ambion) and then size-fractionated and purified on a

denaturing 15% polyacrylamid gel, and stained with SYBR Green

II. The small RNA fractions (19–29 nt) were collected by passive

elution of the RNA from the gel, then precipitated with ethanol

and dissolved in water. The small RNA thus isolated were poly(A)-

tailed and an RNA adapter was ligated to the 59-phosphate of the
RNA. First-strand cDNA synthesis was performed using an

oligo(dT)-adapter primer and M-MLV reverse transcriptase. The

resulting cDNA were PCR-amplified to about 10–20 ng/mL using

high fidelity DNA polymerase, over 18 to 26 cycles. The primers

miRNomes of Lactating Mouse and Bovine Mammary Glands

PLOS ONE | www.plosone.org 2 March 2014 | Volume 9 | Issue 3 | e91938



(sense: 59- AATGATACGGCGACCACCGAGATCTACACTC-

TTTCCCTACACGACGCTCTTCCGATCT-39 and antisense:

59-CAAGCAGAAGACGGCATACGAGAT-Barcode-GTGACT-

GGAGTTCAGACGTGTGCTCTTCCGATCTTTTTTTTTT-

TTTTTTTTTTTTTTT-39) used for the PCR amplification were

designed for the purpose of TruSeq sequencing according to the

instructions provided by Illumina. The barcode sequences

attached to the 59-end of the cDNA are listed in Table S1. The

PCR products (total length of 165–175 bp) were analysed by

capillary electrophoresis on a Shimadzu MultiNA microchip

electrophoresis system and purified using the Agencourt AMPure

XP kit (Beckman Coulter Genomics). Libraries were sequenced on

an Illumina HiSeq 2000 by GATC Biotech Company, according

to Solexa’s sequencing method. All RNA sequencing data were

subsequently deposited in the Gene Expression Omnibus (GEO):

GSE53511.

Sequencing data analyses and discovery of novel miRNA
After removing the poly-A stretches, data analyses were mainly

performed using miRDeep2 software [43] as described in Figure

S1. After filtering for their size (17–28 nt), the cleaned sequences

were clustered into unique reads and then mapped to the mouse

(GRCm38.71) and bovine (UMD3.1.71) reference genomes using

the mapper.pl module from miRDeep2. Novel miRNA and

precursors were identified using the miRDeep2 core module

miRDeep2.pl (including the presence of reads corresponding to

typical products of miRNA biogenesis, stability of the putative pre-

miRNA hairpin and homology to previously identified miRNA).

For both species, novel miRNA datasets were created by adding

miRNA predicted with a miRDeep2 score .0 to known miRNA

for the species (miRBase v20). The same operation was performed

to create a new data set of precursors for both species. The

quantifier.pl miRDeep2 module was then used to map the unique

reads, new sets of miRNA and all known miRNA (miRBase v20)

on the new sets of miRNA precursors. The quantification results

generated by this module were then filtered with a custom perl

script parse_miRDeep2_outputs.pl (https://mulcyber.toulouse.

inra.fr/projects/bioinfoutils/) to eliminate any redundancy be-

tween known and putative novel miRNA.

Analysis of differential expression
A differential expression analysis between mouse and AGO2-

miRNomes was performed using R version 3.0.1 (R Development

Core Team, 2013, http://www.R-project.org) with the Biocon-

ductor DESeq2 package, version 1.0.17 [44]. DESeq2 utilises a

negative binomial distribution to model read counts per miRNA

and implements a method to normalise these counts. This

normalisation procedure uses the library median of the ratios

between the read count and the geometric mean of each gene as a

scaling factor for each library. Fold changes were estimated using

an empirical Bayes shrinkage procedure. This helps to moderate

the large spread in fold changes for genes with low counts, while it

has negligible effect on genes with high counts. Since hypothesis

tests are performed for gene-by-gene differential analyses, the p-

values obtained need to be adjusted to correct for multiple testing.

However, procedures to adjust p-values in order to control the

number of false positives found often lead to a loss of power to

detect truly differentially expressed genes because of the large

number of hypothesis tests performed. To reduce the impact of

such procedures, the filtering method described by Rau et al. [45]

was used to remove genes that appeared to generate an

uninformative signal. This method identifies a filtering threshold

that maximizes so-called filtering similarity among replicates. Tests

for differential expression were only applied to genes whose

maximal count across all four samples was higher than its

threshold. This method was implemented under the Bioconductor

HTSFilter package, version 1.0.0. [45]. The threshold value was

found to be equal to 175. Applying this filtering reduced the 1,750

miRNA to just 299. The p-values were adjusted for multiple

testing using the Benjamini and Hochberg method [46], and those

with an adjusted p-value,0.05 were considered to be significant.

miRNA targeted pathway analysis
miRNA targeted pathway analysis was performed using the

computational application DIANA miRPath v2.0 [47], applied to

the top 24 most highly expressed miRNA in mouse and bovine

lactating mammary glands. miRNA targets were predicted with

high accuracy based on DIANA-microT-CDS [48]. Targets of

putative novel miRNA were predicted using TargetScanMouse

Custom release 5.2 [5] and then their functional analysis was

performed using DAVID Bioinformatics Tools [49,50].

Results and Discussion

Characterisation of lactating mouse and bovine
mammary gland miRNomes
Four libraries were constructed using small RNA isolated from

lactating mouse (2) and bovine (2 pools of 2 cows) mammary

glands and sequenced using Illumina/Solexa technology. More

than 10 million reads were obtained from each library (Table 1).

After removing the poly-A stretches, 9.26 and 10.51 million reads

of 17–28 nt on average for the two samples of each species, were

obtained from the mice and bovine libraries, respectively (Table 1).

These clean and sized reads corresponded to 86.1% and 91.9% of

mouse and bovine reads, respectively. They were mapped to the

mouse (GRCm38.71) and bovine (UMD3.1.71) genomes and

aligned against miRBase (version 20.0). 62,046 and 46,169 unique

sequences were identified in mouse and bovine samples, respec-

tively, corresponding to three categories based on their hits: (i)

known miRNA in the species, corresponding to 824 and 487 in

mouse and bovine, respectively; (ii) novel miRNA in the species,

but also identified in other species, corresponding to 1 and 167

miRNA in mouse and bovine, respectively; and (iii) predicted

novel miRNA corresponding to 126 and 679 miRNA in mouse

and bovine, respectively (Figure 1A, Table S2). The quantity of

predicted novel miRNA and of miRNA identified in other species

but unknown in the sequenced species, was more important in

bovine than in mouse and this could probably be explained by the

smaller number of studies performed in bovine than in the mouse.

However, the number of predicted novel mouse miRNA identified

here (126) remained substantial. Our data also significantly

increased knowledge of bovine miRNA and the number of

miRBase entries. However, in both species, predicted novel

miRNA and known miRNA in other species were represented by a

small number of read counts in most of cases, and only a very

small percentage of reads (0.9 to 0.1%), confirming that the use of

NGS technology allowed results close to the complete miRNA

profile. However, deeper sequencing would be able to reveal more

low abundant miRNA.

In a recent study, Mullokandov et al. [51] showed that miRNA

representing less than 100 reads per million (RPM) are unlikely to

be functionally relevant and they found that the majority of

suppressed sensors correspond to miRNA or miRNA families

expressed above 1,000 RPM. Only a small number of miRNA

were expressed at a sufficient concentration to mediate sensor

regulation.

Reads representing more than 100 RPM in at least one of the

four libraries corresponded to 164 and 167 miRNA in mouse and

miRNomes of Lactating Mouse and Bovine Mammary Glands
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bovine, respectively (Figure 1A). Application of this threshold

resulted in the elimination of a significant number of miRNA,

which accounted for only 0.5% and 0.6% of the reads in mouse

and bovine, respectively. Mullokandov et al. [51] precised that as

the targets of one miRNA are subject to regulation by all family

members, the cumulative concentration of an entire miRNA

family could be considered. By pooling miRNA sharing seeds, the

number of different seed sequences reaching 1,000 RPM corre-

sponds to 50 in each of the species (Table S3), which probably

represent the major part of miRNA with suppressive activity.

In each miRNome, the miRNA could be classified as a function

of their abundance (Figure 1B). Twenty six and 27 miRNA were

highly expressed with more than 10,000 RPM, which constituted

78.1% and 76.6% of the total reads in mouse and bovine,

respectively. Forty nine and 53 miRNA in mouse and bovine,

respectively, were expressed at moderate levels of between 1,000

and 10,000 RPM. Eighty nine and 87 miRNA in mouse and

bovine, respectively, were expressed at low levels of between 100

and 1,000 RPM. All predicted novel miRNA were expressed with

a low abundance.

Comparison of mouse and bovine lactating mammary
gland miRNomes
One purpose of the present study was to evaluate miRNome

conservation between mouse and bovine mammary glands during

lactation. By comparing the two miRNomes, 123 miRNA were

Figure 1. Characterisation of mouse and bovine lactating mammary gland libraries. A. miRNA identification in mouse and bovine
lactating mammary glands. Unique sequences in mouse, bovine and AGO2-miRNomes were identified and classified in three categories
according to their hits: (i) known miRNA in the species (blue), (ii) miRNA identified in other species (red) and (iii) predicted novel miRNA (green).
Numbers of miRNA are presented before and after applying the 100 RPM cut-off point. B. Distribution of miRNA according to their
abundance in mouse and bovine lactating mammary glands. The miRNA were classified in three categories: low, 100#miRNA,1,000 RPM;
medium, 1,000#miRNA,10,000 RPM; and high, miRNA$10,000 RPM.
doi:10.1371/journal.pone.0091938.g001

Table 1. Summary of sequencing data lactating mouse, bovine and AGO2 mammary gland miRNA libraries.

Mouse Bovine AGO2

Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2

Raw reads 10,782,945 10,738,221 10,847,425 12,034,673 12,940,967 13,643,425

Clean readsa 9,909,832 8,760,102 9,951,849 11,245,052 5,485,346 7,610,033

Sized readsb 9,817,286 8,708,817 9,877,580 11,149,432 5,307,791 7,368,804

All unique sequences
corresponding to
sized reads

128,806 90,569 97,136 111,437 55,616 305,201*

Mapped readsc 9,369,334 8,402,247 9,549,490 10,802,108 4,674,418 6,508,282

Unique sequences
corresponding to
mapped reads

72,653 51,438 40,750 51,587 26,843 230,688*

apoly-A stretches removed.
b17–28 nt size filtering,reads used by miRDeep2 quantification process.
creads with at least one and at most five reported alignments, used by the miRDeep2 prediction process.
* In AGO sample 2, many reads below 10 counts were present, subsequently discarded by miRDeep2 processes.
doi:10.1371/journal.pone.0091938.t001
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found to be present in both species (Table S2). Moreover, 41 (39

known and 2 predicted novel) miRNA were detected in mouse but

not in bovine and 44 (40 known and 4 predicted novel) miRNA

were detected in bovine, but not in mouse. The number of

miRNA exclusive to one of these two species, in this study,

appeared high, but more than 80% of them had a low expression

level and represented fewer than 0.6% of the reads.

Deep sequencing can reliably profile miRNA abundance

relative to total miRNA, and its normalisation enables comparison

of the ranking of miRNA expression between different samples.

The mouse and bovine miRNA abundance profiles were strongly

conserved with a correlation of ranks of 0.72. However, few

exceptions with different ranks of expression between species were

observed. For example, miR-146b-5p and miR-378a-3p were highly

expressed in mouse but they were present at a low level of

expression in bovine; inversely, miR-199b-5p, miR-423-5p and miR-

193a-5p were weakly expressed in mouse but highly in bovine

(Table S2).

We can hypothesized that the miRNome differences observed

between mouse and bovine could be the existence of inherent

species differences [52]; for example differences in the relative

proportion of secretory epithelium and adipocytes in cow versus

mouse. To attenuate this point, the characterisation was

performed on mammary gland from lactating animals, at which

time the organ is mainly composed of mammary epithelial cells in

both species. Moreover, cattle have been selected for sustained

milk production, and this could explain some of the miRNome

differences observed versus the mouse data. Although the data were

obtained using the same procedure and the same bioinformatics

and biostatistical analyses during this study, we could not exclude

the possibility that such differences might be due to technical

biases [53,54,55] or to the RNA isolation methods used.

Amongst the 30 most expressed miRNA in each miRNome, six

miRNA were present only in the mouse top 30, and six others in

the bovine top 30 (Figure 2). Among them, four miRNA (miR-29b-

3p, miR-181a-5p, miR-181b-5 and miR-451a-5p) and five miRNA

(miR-20a-5p, miR-23b-3p, miR-26b-5p, miR-99a-5p and miR-199a-

3p) in the mouse and bovine, respectively, were expressed in the

other species with moderate (over 10,000 reads) to high abundance

(Table S2). 24 miRNA were common to both species (Figure 2)

and, in order to estimate their impact to the lactation process, their

presence was compared with the 30 miRNA most highly expressed

from different organs, from published data obtained with the high-

throughput sequencing technology (Table S4, Figure S2). Fifteen

of them were present in the top 30 of several tissues such as brain,

muscle, liver, lung or endometrium (in bold in Table S4). Most of

these 15 had already been defined as abundant and ubiquitously

expressed miRNA by Landgraf et al. [56] in their foundation work

on the mammalian miRNA expression atlas. These 15 miRNA

may be important regulators of fundamental and common

biological processes and we can hypothesise that they are involved

in basic processes of mammary gland biology but not necessarily in

its specific functions, such as milk component synthesis or

secretion. For example, six are members of the let-7 gene family

known to be ubiquitously expressed and involved in regulating cell

proliferation and differentiation (reviewed in [57]). Among the 24

common miRNA, seven other miRNA (miR-16-5p, miR-23a-3p,

miR-126-5p, miR-126-3p, and three members of the miR-200 family

(miR-200a-3p, miR-200b-3p, miR-200c-3p)) were mainly detected in

the top 30 of different epithelial tissues, such as kidney, lung or

endometrium (Table S4, Figure S2), suggesting that they could be

involved in physiological processes linked to epithelial cell

functions. Indeed, the importance of the miR-200 family to normal

mammary gland development was recently reported by Chang

et al. [28] and Nagaoka et al. [58]. Moreover two miRNA (miR-22-

3p and miR-141-3p) were only detected among the 24 common

miRNA of our studies on the mammary gland, thus suggesting the

value of further investigating their role. The expression of the

seven miRNA detected in the top 30 of epithelial tissues and the

two miRNA expressed only in mammary gland (miR-22-3p and

miR-141-3p) were compared with those on published non-lactating

mammary gland miRNomes generated from several species

(bovine [40], caprine [38,39,41] and human [59]) using the same

NGS technology. Six of them (miR-126-5p, miR-16-5p, and

members of the miR-200 family (miR-141-3p, miR-200a-3p, miR-

200b-3p, miR-200c-3p)) were not present amongst the 30 highly

abundant miRNA in non-lactating miRNomes. It can therefore be

suggested that these six miRNA may have functions linked to the

lactation process. It would be interesting to investigate their

function further in order to confirm this hypothesis.

Characterisation of AGO2-miRNome in lactating mouse
mammary gland
In mouse lactating mammary gland, miRNA associated with

AGO2 protein (AGO2-miRNome) were exhaustive described on

small RNA isolated by co-immunoprecipitation using anti-AGO2

antibody (Figure S3) and deep sequencing. Two libraries from two

animals were produced and an average of more than 13 million

reads was obtained (Table 1). The data were analysed as described

previously. After cleaning and sizing, 6.34 million reads of 17–

28 nt were obtained. Around 50% of these reads were eliminated.

This percentage was high, and in line with the results obtained by

immunoprecipitation using the anti-AGO protein approach [60].

After normalisation and applying a cut-off point at 100 RPM, 152

known miRNA and four predicted novel miRNA were identified

(Figure 1A). The miRNA were distributed between different levels

of abundance (Figure 1B), which showed that 15 of them were

highly expressed.

The mouse miRNome from the total RNA was then compared

with the AGO2-miRNome. Before the 100 RPM cut-off point was

applied, the lists of the miRNA were not identical. In fact, some

miRNA identified in the mouse mammary gland miRNome were

not found in the AGO2-miRNome and conversely (Table S2).

The difference occurred on miRNA with a low reads: all miRNA

identified after application of the cut-off point in one miRNome

were present in the other miRNome but some of them were

expressed below 100 RPM (Table S5). Some of this difference

could be explained by a lower concentration of total RNA in the

immunoprecipitated samples than that obtained from the organ,

which impacted the composition of the libraries.

For each miRNA, AGO2-RISC loading was characterised by

the comparing of the read counts after normalisation of the whole

and AGO2-miRNomes. For example, miRNA expressed with the

same number of counts in the two miRNomes were considered to

be fully loaded in AGO2-RISC. The miRNA were classified

according to their percentage loading in AGO2-RISC (Table S5).

Eighty seven miRNA were expressed at the same levels in AGO2-

and whole miRNomes (Figure 3). Sixty miRNA were significantly

less loaded (or depleted) in AGO2-RISC (p-value,0.05), including

seven that were loaded at less than 10% (miR-674-5p, miR-34c-5p,

miR-196a-5p, let-7j-5p, miR-34a-5p, let-7d-5p and miR-185-5p).

Thirty eight were present with more counts in the AGO2-

compared with the whole miRNomes. As observed by Burroughs

et al. [18], our data suggests that each miRNA would not be loaded

in an equivalent way in the AGO-RISC. In our study, miRNA

enriched or depleted in AGO2-RISC were not the same as those

seen in human THP-1 cells [18], showing that the enrichment and

depletion processes are dependent on the biological context.
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Figure 2. The top 30 most highly expressed miRNA in mouse and bovine lactating mammary glands. Representation of the percentage
of normalised reads in the total library of the 24 miRNA common to the mouse and bovine species (A) and of the six miRNA present in only one
species (B).
doi:10.1371/journal.pone.0091938.g002

Figure 3. Characterisation of mouse AGO2-RISC loading. Proportion of miRNA expressed with an equivalent ( = ) or a different (. or ,)
abundance in AGO2-RISC and mammary gland miRNomes. A few representative examples are presented for each category and the complete data are
listed in Table S5.
doi:10.1371/journal.pone.0091938.g003
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Identification of putative novel microRNA
The NGS technology also constitutes a powerful tool to identify

novel miRNA. Using the miRDeep2 package, 126 and 679 novel

miRNA were predicted in the mouse and bovine miRNomes,

respectively. However, after a cut-off point was applied at

100 RPM, only two and four predicted novel miRNA (Table 2,

Figure 4) were retained in the mouse and bovine, respectively.

They were expressed at low levels which could explain why they

had not been described previously. Moreover, four predicted novel

miRNA (after the cut-off at 100 RPM) were detected in the

AGO2-miRNome. As mentioned by Burroughs et al. [18], the

presence of mRNA and small RNA other than miRNA, in

immunoprecipited samples, is important. For this reason, filters for

different contaminants following the miRDeep2 analysis were

added. Two of the four novel miRNA initially predicted from

AGO2 samples corresponded to an mRNA and an snRNA. The

other two predicted novel miRNA were present in the mouse

Figure 4. Predicted precursor structures of mouse (A) and bovine (B) predicted novel miRNA. Secondary structures of predicted
precursor (PP) hairpins corresponding to seven predicted novel miRNA identified in this study using miRDeep2 software. The predicted miRNA
mature sequences -5p and -3p are highlighted in red. Several putative precursors were located for three of them.
doi:10.1371/journal.pone.0091938.g004
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miRNome, but only one was retained because the other was

expressed below 100 RPM.

If we considered the predicted novel miRNA present in at least

one miRNome after application of the cut-off point at 100 RPM,

we were able to detect three and four different predicted novel

miRNA in the mouse and bovine, respectively. Moreover, three of

them (mmu-2_24638-5p, bta-16_10094-5p, bta-16_10667-5p) were

localised in several genomic positions, thus corresponding to

several potential new precursors (Figure 4).

The evolution of novel miRNA families is intimately linked to

that of novel cell types associated with highly specialised biological

functions [61]. They may provide an important substrate for the

emergence of new regulatory activities, with a higher degree of

tissue specificity and lower level of expression [62]. Because the

mammary gland is an evolutionarily a recent organ, and lactation

is one of the most remarkable products of evolution, the predicted

novel miRNA described in this study could correspond to tissue-

specific miRNA of importance to the functioning of this organ.

Table 2. Predicted novel mouse and bovine miRNA.

miRNome Name Sequence with predicted seed
Read
counts

miRDeep2
score

Example
miRBase miRNA
with the same
seed

Mouse mmu-3_28325-3p AUCACAUUGACAGGGAUUUU 1,165 3.5 mmu-miR-23a-3p

mmu-11_6623-3p UGGUGGGUGCAUAUGUUUU 3,204 5.1 aly-miR294a-3p

Bovine bta-5_32567-5p AAAGGGGAAAGGUGCUUUUG 7,442 3.5 cin-miR-4005b-3p

bta-10_2736-3p GUGGGACGCGUGCGUUUU 7,790 1.2 gga-miR-1670

bta-16_10094-5p AAAAAGUUCGUUCAGGUUUUU 2,047 4.2 bta-miR-2284j

bta-16_10667-5p CAUUGGUGGUUCAGUGGU 1,628 4.8 zma-miR171c-5p

AGO2 mmu-2_24638-5p UCCUCGUUAGUAUAGUGGUGAGU 727 1.1 nve-miR-2033-3p

mmu-3_28325-3p AUCACAUUGACAGGGAUUUU 2,054 3.5 mmu-miR-23a-3p

In bold type: seed.
doi:10.1371/journal.pone.0091938.t002

Figure 5. Pathways targeted by the miRNA highly expressed in mouse and bovine mammary glands. KEGG function annotations,
ordered by ascending p-values (,0.05, Table S6), for the 24 miRNA in the top 30 common to mouse and bovine and the six miRNA highly expressed
in lactating but not non-lactating mammary glands. Biological processes targeted by 23 or 24/24 miRNA and 6/6 miRNA are indicated in bold type.
SP, signaling pathway.
doi:10.1371/journal.pone.0091938.g005
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Among the seven novel miRNA predicted in this study, five

contained a seed that already exists in known miRNA. Two novel

miRNA displayed significant homology to those known in the

species (mmu-3_28325-3p to mmu-miR-23a-3p and bta-16_10094-5p

to bta-miR-2284j). miRNA mmu-3_28325-3p was also present in the

AGO2-miRNome, which is a further argument to support the idea

that this miRNA is not a false positive miRNA. Moreover, miR-23a

has been described as being involved in the processes of EMT [63]

or apoptosis [64]. As these processes are important in the

mammary gland biology, the role of mmu-3_28325-3p, it would

be interesting to investigate this feature further. Furthermore, the

miRDeep2 data results specified that miRNA bta-16_10094-5p

miRNA is perfectly aligned to the 59 position of the known

precursor bta-miR-2285t (miRBase reference MI0022348; data not

shown), for which only the mature 3p is currently described.

Thereby, this predicted novel bovine miRNA appears to be a

member of the bta-miR-2284/2285 bovine-specific family, which

has more than 40 members spanning the entire bovine genome

[65,66].

miRNA target gene predictions and KEGG pathway
analysis
To investigate the functional role of the 24 common miRNA

highly expressed in bovine and mouse mammary glands during

lactation, target gene predictions were performed based on

miRNA/mRNA interactions using Diana-microT v3.0. The

predicted target genes were classified according to KEGG function

annotations which allowed the identification of 83 biological

processes with a p-value,0.05 (Figure 5 and Table S6). The most

enriched signalling pathways were found to be the PI3K-Akt,

MAPK, insulin, Wnt and calcium pathways. Focal adhesion, axon

guidance and ubiquitin mediated proteolysis were identified as

being some of the most targeted functions by these 24 miRNA

(Figure 5). Genes involved in cellular structure (gap junction, focal

adhesion and adherens junction) also seemed to be preferentially

targeted by these miRNA.

As for the miRNA highly expressed during lactation but not

during non-lactating stages, the same types of analysis were

performed on the six miRNA identified (miR-126-5p, miR-16-5p,

miR-141-3p, miR-200a-3p, miR-200b-3p, miR-200c-3p). KEGG

annotation identified 56 biological processes with a p-value,0.05,

including 47 pathways common to the previous analysis. Some

pathways, involved in important functions in the mammary gland

(protein processing in the endoplasmic reticulum, the Jak-STAT

signalling pathway, apoptosis, the calcium signaling pathway,

ECM-receptor interaction or cytokine-cytokine receptor interac-

tion) were predicted as targeted by the 24 miRNA, but they were

not detected using the six miRNA found to be highly expressed

during lactation but not during non-lactation stages. Moreover,

five pathways significantly targeted by these six miRNA only were

identified and included the tight junction pathway involved in

cellular structure. Some genes in this pathway important to

mammary gland biology, such as Pten, Ocln and Gnai, were

identified as being targeted by more than one of the six miRNA.

Highly expressed miRNA seemed to be involved in pathways

important to mammary gland biology, and better characterisation

of their expression profiles in terms of physiological status will

enable a refinement of their function.

Regarding the seven predicted novel miRNA, their gene targets

and functions were also predicted. In all cases, some important

pathways (Table S7) in mammary gland function, such as the Wnt

signalling pathway or apoptosis, were identified. Several genes

involved in ‘‘mammary gland development’’ or ‘‘lactation’’ (Chuk,

Ccnd1, Met, Prlr, Stat5b, Elf5, Tgfbr2) were targeted by mmu-

3_28325-3p. Moreover, other genes involved in ‘‘mammary gland

morphogenesis’’ (Notch1, Sox9, Areg, Btrc, Esr1, Igf1, Igf1r, Nr3c1,

Pax6, Trp63) or ‘‘mammary gland epithelial cell proliferation’’

(Sox9, Areg, Btrc, Col8a1, Esr1) were targeted by bta-16_10094-5p.

These results suggest that the predicted novel miRNA mmu-

3_28325-3 and bta-16_10094-5p are likely to play a key role in the

biology of the mammary gland.

Conclusion

This study constitutes the first report of multispecies (mouse and

bovine) mammary miRNomes in the context of lactation and the

identification of some species-specific miRNA involved in this

fundamental biological function. The miRNomes were completed

by characterisation of an exhaustive list of miRNA present in

mouse AGO2-RISC. The miRNomes generated will be used as a

reference for further studies during which the impact of breeding

on these miRNomes will be evaluated. The data obtained here are

also important and essential to the next stage of this research,

which will focus on the functional characterization of miRNA in

the mammary gland during lactation.

Supporting Information

Figure S1 Flow charts of data processing steps. Flow

charts for (A) the creation of a new miRNA reference dataset, (B)
the quantification of all sample and (C) the filtering and cleaning

of raw outputs. For each step (in dotted borders) the input, work

flow and output are shown. Files are presented in rectangular

boxes; processes are presented in rounded boxes. MirDeep2

internal processes and output files are in orange. Original

reference files are in blue, while new files produced by our

process (in black) are in green. The file formats are: .fa, fasta; .arf,

arf mapping format; .mrd, miRDeep2 text output; .csv, csv spread-

sheet.

(TIF)

Figure S2 Expression of 3 miRNA of the top 30 most
highly expressed miRNA in epithelial and non-epithelial
tissues confirming NGS data. Relative expression of miR-

200a-3p (TaqManH ID 000502, Applied Biosystems), miR-26a-5p

(TaqManH ID 000405) and let-7c-5p (TaqManH ID 000379) were

determined by RT-qPCR, on Mastercycler RealPlex 4 (Eppen-

dorfH), in epithelial (mammary gland at lactation day-12 (MG) and

kidney (K)) and non-epithelial (brain (B) and liver (L)) mouse tissue

samples. miRNA expression were normalized to U6 expression

(TaqMan H ID 001973). Values are means 6 S.E. (n = 3 technical

repetitions on 3 different individuals).

(TIF)

Figure S3 AGO2 enrichment after immunoprecipitation
(IP). Anti-Ago2 Western-blot on an 10% Bis-acrylamide Tris gel

(EIF2C2 monoclonal antibody (M01), clone 2E12-1C9, Cat.

No. H00027161-M01, Abnova). Endogenous mouse AGO2

protein weight: 97 kDa. 1, 2 and 3: mammary gland lysates of 3

samples (input fractions, 50 mg per lane); 4 and 5: IP fractions of 2

samples (,5 mg per lane).

(TIF)

Table S1 Barcode sequences attached to the 59-end of
the cDNA used for the libraries preparation and
sequencing.

(DOCX)
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Table S2 Quantification (normalized sequencing reads)
of known miRNA in the species (A) or in other species (B)
and predicted novel miRNA (C) in mouse, AGO2 and
bovine miRNomes of lactating mammary gland.
(DOCX)

Table S3 miRNA sharing identical seeds reaching
cumulative 1,000 RPM threshold in lactating mouse
and bovine mammary miRNomes.
(DOCX)

Table S4 Tissues expression of the 24 common miRNA
of the top 30 most expressed miRNA in bovine and
mouse mammary glands. All the data considered for this

comparison have been obtained by NGS technology on organs.

References : Brain [67]; Endometrium [68]; Lung [69]; Muscle

[70]; Liver [71]; Kidney [72]; Bladder [73]; Stomach [74]; Heart

[75].

(DOCX)

Table S5 AGO2-RISC loading (p-value,0.05) of the 185
miRNA expressed in the mouse miRNome and AGO2-
miRNome: (A) miRNA showing statistical equivalent abundanc-

es into both miRNomes, (B) miRNA significantly enriched in

AGO2-RISC and (C) miRNA significantly less loaded in AGO2-

RISC.

(DOCX)

Table S6 Pathways targeted by miRNA highly ex-
pressed in mouse and bovine mammary gland.
(DOCX)

Table S7 Major pathways targeted by the predicted
novel miRNA highly expressed in mouse and bovine
mammary gland.
(DOCX)
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Annotation of the goat genome using next
generation sequencing of microRNA expressed
by the lactating mammary gland: comparison of
three approaches
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Abstract

Background: MicroRNAs (miRNA) are small endogenous non-coding RNA involved in the post-transcriptional regulation
of specific mRNA targets. The first whole goat genome sequence became available in 2013, with few annotations.
Our goal was to establish a list of the miRNA expressed in the mammary gland of lactating goats, thus enabling
implementation of the goat miRNA repertoire and considerably enriching annotation of the goat genome.

Results: Here, we performed high throughput RNA sequencing on 10 lactating goat mammary glands. The
bioinformatic detection of miRNA was carried out using miRDeep2 software. Three different methods were used
to predict, quantify and annotate the sequenced reads. The first was a de novo approach based on the prediction
of miRNA from the goat genome only. The second approach used bovine miRNA as an external reference whereas
the last one used recently available goat miRNA. The three methods enabled the prediction and annotation of
hundreds of miRNA, more than 95% were commonly identified. Using bovine miRNA, 1,178 distinct miRNA were
detected, together with the annotation of 88 miRNA for which corresponding precursors could not be retrieved in
the goat genome, and which were not detected using the de novo approach or with the use of goat miRNA. Each
chromosomal coordinate of the precursors determined here were generated and depicted on a reference
localisation map. Forty six goat miRNA clusters were also reported. The study revealed 263 precursors located in
goat protein-coding genes, amongst which the location of 43 precursors was conserved between human, mouse
and bovine, revealing potential new gene regulations in the goat mammary gland. Using the publicly available
cattle QTL database, and cow precursors conserved in the goat and expressed in lactating mammary gland, 114
precursors were located within known QTL regions for milk production and composition.

Conclusions: The results reported here represent the first major identification study on miRNA expressed in the
goat mammary gland at peak lactation. The elements generated by this study will now be used as references to
decipher the regulation of miRNA expression in the goat mammary gland and to clarify their involvement in the
lactation process.
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* Correspondence: Fabienne.LeProvost@jouy.inra.fr
1INRA, UMR1313 Génétique Animale et Biologie Intégrative, F-78350
Jouy-en-Josas, France
Full list of author information is available at the end of the article

© 2015 Mobuchon et al.; licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,
unless otherwise stated.

Mobuchon et al. BMC Genomics  (2015) 16:285 
DOI 10.1186/s12864-015-1471-y



Background
MicroRNAs (miRNA) are small non-coding RNA that
regulate targeted mRNA expression at a post-transcriptional
level [1,2]. It is estimated that miRNA genes may account
for 2-5% of all mammalian genes and regulate the expres-
sion of up to 60% of protein-coding genes [3,4]. miRNA play
a major role in a broad range of biological processes. They
are encoded in the genome and transcribed in a polII-
dependent manner [5,6] as long transcripts from which long
hairpin precursors are generated (pre-miRNA, ~70 nt) and
cleaved out by the microprocessor Drosha endonuclease
and cofactors [7]. The pre-miRNA are then exported to the
cytosol where they are cleaved by the Dicer protein, re-
leasing the loop and a duplex consisting of the mature -5p
and -3p miRNA [7,8]. The miRNA are subsequently in-
corporated in the miRNA-induced silencing complex
(miRISC) so that they can act on their targets.
Within a genome, a particular locus may carry several

miRNA genes in what is called a cluster, defined as having
a distance of less than 10 kb between each miRNA [9].
The expression of clustered miRNA is highly correlated,
as they are often co-expressed from a single promoter as a
single polycistronic transcript with neighbouring miRNA
[10,11]. An internal coordination of clustered miRNA
to regulate downstream biological networks has been
suggested [12].
Approximately half of vertebrate miRNA are located in

intergenic regions, referred to as intergenic miRNA [13,14].
The other half are intragenic, localized in introns and exons
(about 40% and 10%, respectively) of protein-coding tran-
scription units [14]. Intragenic miRNA tend to be co-
expressed with their host genes [13]. Host genes and their
resident miRNA have been considered to have synergistic
effects [15,16]. Indeed, genes highly correlated in expres-
sion with an intragenic miRNA gene have been found to
be more likely predicted as miRNA targets [17].
In the goat, the first publicly-available whole genome

sequence (CHIR_1.0) was released in 2013 [18]. It con-
sists of 30 pseudo-chromosomes (2.52 Gb) and an artifi-
cial chromosome designated as U (138 Mb) [18]. The
high level of colinearity between goat and cattle chromo-
somes enabled assembly of the goat genome using the
cattle genome as a reference. The annotation of potential
goat protein-coding genes was performed using the
homology-based annotation of proteins from cattle and
humans [18].
Deep whole transcriptome sequencing, also known as

RNA sequencing (RNA-seq), coupled with the develop-
ment of several computational approaches, has offered nu-
merous opportunities to discover and study the occurrence
of miRNA across the genome [19,20]. Moreover, the avail-
ability of whole genome sequences has enabled the rapid
annotation of miRNA. In the goat, some studies have been
undertaken to determine miRNA in different tissues using

this technology. The miRNA thus detected were firstly an-
notated using the sequences available in miRBase. For
example, cattle and sheep miRNA from miRBase were
used to annotate several miRNA in the skin of cash-
mere goats, and in the testis and mammary gland dur-
ing both dry periods and at peak lactation [21-23]. Both
ruminant and sheep genomes were also used to map
the sequencing reads, as described by Ji et al. [19], who
identified several miRNA in the goat mammary gland
at early lactation. Furthermore, available Expressed Se-
quences Tags (EST) for the goat, combined with miRNA
from numerous species (sheep, cow, pig, dog and horse)
enabled the characterisation of hundreds of miRNA in goat
ovaries and muscle [24,25]. Once the goat genome had
been released, it started to be used for miRNA identifica-
tion. Dong et al. [18] also identified 487 miRNA in their as-
sembly using predictions by the INFERNAL software [26]
against the Rfam database. Among the 487 miRNA found,
157 were located in 44 genomic clusters containing be-
tween two and 46 miRNA. Comparing the miRNA se-
quences from human, cattle, dog, chimpanzee, mouse and
rat, they determined six goat-specific miRNA [18]. The goat
genome was also utilized for the mapping of sequencing
reads from goat testis, urine and skeletal muscle, and anno-
tation of the miRNA thus characterized was performed
by sequence homology with sheep, cow or human miRNA
[27,28]. Finally, in order to map sequencing reads to the
goat genome, miRDeep2 software combined with se-
quences from miRBase were used to detect 205 known
and nine putative miRNA in goat hair follicles [29]. Al-
though the goat genome has recently enabled the iden-
tification of several known and putative miRNA in
different goat tissues as described above, it is still neces-
sary to implement the reference list for goat miRNA, par-
ticularly in the lactating mammary gland, as much as
decipher the involvement of miRNA in lactation which
has recently begun to be investigated in vitro or in other
species [30-33]. In the goat, a potential role for miR-103
and miR-27a in the regulation of milk fat synthesis in
mammary epithelial cells has been reported [34,35]. Des-
pite these studies, the role of mammary miRNA is still
poorly documented and greater knowledge of mammary
goat miRNA will enable elucidation of the functions of
miRNA in this organ.
Our increasing knowledge of the goat genome means

it is now relevant to determine associations of marker
alleles with phenotypes of interest in this species that
are indicative of quantitative trait loci (QTL). In live-
stock, the detection of QTL is a step towards identifying
genes and causal polymorphisms for traits of importance
to agriculture and selection [36]. Most studies focused
on detecting QTL for milk production have been carried
out in cattle [37-40], and only preliminary studies have
been performed in the goat [41], perhaps because of the
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lack of genomic tools for this species. A clearer under-
standing of miRNA and their localisation in the goat gen-
ome may offer perspectives to decipher the complexity of
traits in dairy goats.
The work presented was therefore intended to gen-

erate an overview of miRNA expressed in lactating
goat mammary gland. The precise location of their
genes in the goat genome was determined by compar-
ing three approaches to predict and annotate the se-
quencing reads. The localisation of miRNA precursors
was compared in human, mouse and cattle in order to
predict the genomic localisation of goat miRNA which
might suggest conserved regulation in this species.
Their genomic repartition and conservation across
the 3 species mentioned above as well as their pos-
ition relative to known bovine milk QTL, were inves-
tigated. Our findings offer new data on goat miRNA
and genome annotation that will enable further stud-
ies in this species.

Methods
Animals and tissue sampling
All animal manipulations were performed in strict ac-
cordance with the guidelines of the Code for Methods
and Welfare Considerations in Behavioral Research with
Animals (Directive 86/609 EC) and the recommenda-
tions of the CEMEAA (Ethics Committee for Animal
Experimentation in Auvergne). Every effort was made to
minimize animal suffering. Ten peak-lactating Alpine
goats (48 ± 2 d post-partum), from the INRA Experi-
mental Farm in Lusignan (France) were slaughtered, and
directly after death, ~50 g of mammary gland were col-
lected under sterile conditions from the secretory area con-
taining lobulo-alveolar structures (acini). The samples were
frozen immediately in liquid nitrogen and stored at −80°C
until RNA extraction.

RNA isolation
Total RNA was extracted from ~150 mg mammary tissue
using TRIZol® Reagent (Life Technologies) and further
purified with the SV Total RNA Isolation system (Pro-
mega) to eliminate any contaminating genomic DNA.
RNA purity and concentration were estimated by spec-
trophotometry (Nanodrop™, ND-1000) and using a 2100
Bioanalyzer Instrument (Agilent). Samples with a RNA
Integrity Number (RIN) higher than 8, corresponding to
high RNA quality, were used for the study.

Library preparation and sequencing
Library preparation and sequencing was performed by the
IGBMC Microarray and Sequencing Platform (Strasbourg,
France). The TruSeqTM small RNA kit protocol (Illumina)
was followed to generate small RNA libraries directly
from ~7 μg of total RNA, suitable for subsequent high

throughput sequencing. Briefly, during the first step, RNA
adapters were ligated sequentially to each end of the RNA;
firstly the 3′ RNA adapter (5′ TGGAATTCTCGGGTGC
CAAGG 3′) which is specifically designed to target micro-
RNAs and other small RNAs containing a 3′ hydroxyl
group resulting from enzymatic cleavage by Dicer or other
RNA processing enzymes, and then the 5′ RNA adapter
(5′ GTTCAGAGTTCTACAGTCCGACGATC 3′). Small
RNA ligated with 3′ and 5′ RNA adapters were then re-
verse transcribed and PCR amplified (30 sec at 98°C;
[10 sec at 98°C, 30 sec at 60°C, 15 sec at 72°C] × 13 cycles;
10 min at 72°C) to obtain cDNA. The final step was acryl-
amide gel purification of the 140–150 nt amplified cDNA
(corresponding to cDNA obtained from small RNA +
120 nt from the adapters). The libraries were checked for
quality and then quantified using the 2100 Bioanalyzer
Instrument (Agilent). Libraries were loaded in the flow-
cell at an 8 pM concentration and clusters were generated
using Cbot and sequenced on HiSeq 2500 (Illumina) as
single-end 50 base reads, according to the manufacturer’s
instructions. The quantity and quality of reads for each
library are shown in Additional file 1: Table S1. RNA se-
quencing data were deposited in the Gene Expression
Omnibus (GEO): GSE61025.

Sequencing data processing
After removing sequences which corresponded to the
sequencing adapters, and filtering by size (17–28 nt),
using Cutadapt [42] data analyses were processed using
miRDeep2 software [43], as described by Le Guillou
et al. [44] and performed on the bioinformatics platform
Genotoul (http://bioinfo.genotoul.fr/). The cleaned se-
quences were clustered into unique reads and then
mapped to the reference goat genome (CHIR_1.0, [18])
using mapper.pl module. Putative miRNA and precur-
sors were identified using the miRDeep2 core module,
miRDeep2.pl (including reads corresponding to typical
products of miRNA biogenesis, stability of the putative
pre-miRNA hairpin and homology to previously identi-
fied miRNA). The miRDeep2 core algorithm needs to
use known miRNA from the species under analysis, held
in a reference database such as miRBase [45]. As few goat
miRNA are reported in miRBase v21, three approaches
were used. Thus, the use of the 2 miRNA from the virus
BK Polyomavirus (Bkv) (precursor: bkv-mir-B1, mature:
bkv-miR-B1-5p and bkv-miR-B1-3p), the 793 bovine
miRNA (Bos taurus, bta), or the 436 goat miRNA from
miRBase v21 were compared. Three independent sets of
potential precursors (from BK Polyomavirus, bovine and
goat) were created from the miRDeep2 prediction with a
miRDeep2 score ≥0. Further, precursors from the BK
Polyomavirus, bovine or goat containing known miRNA
not found in potential precursors were added to the sets.
The same operation was then performed to create three
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independent datasets containing putative miRNA and all
known miRNA from miRBase v21. The quantifier.pl
miRDeep2 module was then used to map unique reads
and new sets of miRNA on new sets of potential precur-
sors. The quantification results produced by the quanti-
fier.pl module were then filtered with a custom perl
script parse_miRDeep2_outputs.pl (https://mulcyber.-
toulouse.inra.fr/projects/bioinfoutils/) to eliminate any
redundancy between known and putative miRNA.
miRNA with at least ten read counts summing the ten
libraries were considered, thus putative miRNA can be
submitted to miRBase [46].

Quantitative RT-PCR
Nine miRNA were chosen for RT-qPCR validation; miR-
29a-3p (TaqMan® ID 007600_mat, Applied Biosystems),
miR-99a-5p (TaqMan® ID 006254_mat), miR-126-3p
(TaqMan® ID 008451_mat), miR-140-3p (TaqMan® ID
471823_mat), miR-222-3p (TaqMan® ID 000525), miR-
223-3p (TaqMan® ID 002295), miR-204-5p (TaqMan® ID
000508), miR-409-3p (TaqMan® ID 002332), miR-6119-5p
(Custom TaqMan® small RNA Assay). Reverse transcrip-
tion was achieved on 10 ng of total RNA using the
TaqMan® MicroRNA Reverse Transcription (Applied
Biosystems, Foster City, CA, USA) kit following the
manufacturer’s instructions. In the thermal cycler (Ste-
pOne+, Applied Biosystems, Foster City, CA, USA), each
15 μL RT reaction followed 30 min at 16°C, 30 min at 42°
C, 5 min at 85°C. Then, 1.3 μL of miRNA-specific cDNA
from the reaction were amplified using the TaqMan® Small
RNA Assays (Applied Biosystems, Foster City, CA, USA)
following the manufacturer’s instructions. Amplification
was performed at 95°C for 10 min, pursued by 40 cycles of
95°C for 15 s and 60°C for 1 min. All miRNA levels were
normalized to the values of U6 snoRNA [47,48].

Screening for intragenic miRNA in the human, mouse,
cattle and goat genomes
The chromosomal positions of miRNA in the human,
mouse and cattle genomes were downloaded from miRBase
v21 (http://mirbase.org/). Datasets for protein-coding genes
were downloaded from BioMart Ensembl release 78, using
the latest version of the genome (GRch38 for human,
GRCm38.p3 for mouse and UMD3.1 for cattle (http://
www.ensembl.org/biomart)). The positions of mRNA and
the Coding Protein Sequence on the goat genome were ob-
tained from Dong et al. [18]. Comparisons of the chromo-
somal locations of miRNA and protein-coding genes were
performed using the IntersectBed tool in BEDTools soft-
ware [49] with options requiring the same strandedness
and an overlap of 100% necessary to cross miRNA and
gene coordinates.

Screening for miRNA in QTL
All Bovine QTL were downloaded from CattleQTLdb (Ani-
malQTLdb release 22, http://www.animalgenome.org).
QTL traits linked to milk lactose, fat and protein content
or yield and milk somatic cell scores, with a significance
equal to significant and/or a p-value <0.05 were extracted
from the entire bovine QTL file. Screening for mammary
miRNA in the QTL was performed using IntersectBed
with the options used to compare the chromosomal loca-
tion of miRNA and protein-coding genes.

Results and discussion
Comparison of strategies for miRNA sequence
identification
Next generation sequencing (NGS) technologies coupled
with bioinformatic analysis offer a powerful method to
analyze miRNA gene expression which allows for both
the measurement of known miRNA and the identifica-
tion of novel miRNA [50]. Unlike other technologies,
they enable not only the discovery of novel miRNA but
also the capacity to detect weakly expressed miRNA.
Here, we performed RNA-Seq on RNA isolated from

the mammary gland of lactating goats, using Illumina/
Solexa NGS technologies. Bioinformatic analyses of se-
quenced products were performed usingmiRDeep2 software
which can identify known and putative miRNA with an
accuracy of 98.6-99.9%, as reported by Friedländer et al. [43].
As in a previous study where the mammary glandmiRNome
of lactating cow was established [44], themiRDeep2 software
was used to determine the miRNome of lactating goat mam-
mary gland. As required by the miRDeep2 algorithm, both a
list of known miRNA and a whole genome sequence are ne-
cessary for the species of interest in order to predict and
quantify miRNA from the sequencing reads. During this
study, and using the whole goat genome that has recently be-
come available [18], three strategies (Figure 1) were com-
pared for the prediction and annotation of miRNA. The first
strategy was a de novo approach based on the use of BK Poly-
omavirus, a species that is phylogenetically distant from goat,
with very few known miRNA (1 precursor and its 2 miRNA)
were available inmiRBase v21 and for which we checked that
corresponding sequences could not be found in the
goat genome. Thus this strategy was unable to retrieve
viral miRNA in the goat genome and only managed to
predict potential precursor from it. The second strat-
egy used bovine precursors from miRBase v21, because
bovine is a phylogenetically related species of the goat
and has almost twice the number of goat miRNA. Fi-
nally, the third strategy was based on the use of goat
precursors very recently available in miRBase v21.

Prediction of miRNA
The first step in the process was the prediction of pre-
cursors from the location of mapped reads on the goat
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genome using miRDeep2 (Figure 1). The miRDeep2 core
algorithm scores each potential precursor excised from
the goat genome principally for the combined compatibility
of energy stability, positions and frequencies of reads with
the Dicer processing signature [51]. The prediction results
produced by miRDeep2 revealed the same number of po-
tential precursors (3,322) with the three strategies (Figure 1).
As a result, external information did not influence either
precursor prediction or the associated scores.
Precursors with a miRDeep2 score ≥0 were retained

as new potential precursors in this study. The three

strategies produced different numbers of potential precur-
sors with a miRDeep2 score ≥0. Thus 1,327 potential
precursors were identified using the de novo approach,
while 1,017 and 1,067 potential precursors were pre-
dicted using the bovine and goat miRNA-based strat-
egy, respectively (Figure 1). These differences were due
to 328 and 278 potential precursors containing mature
miRNA known in bovine and goat respectively, and re-
ferred to not as potential precursors but known precur-
sors. Overall, we obtained 1,345 potential precursors
using the bovine and goat approaches, of which 1,284

Reads mapped on the 
goat genome

Potential precursors 
excised
40,330

Potential precursors
3,322

Potential precursors 
with a miRDeep2 score  0

and associated miRNA

P
red

ictio
n

Potential precursors containing 
at least one miRNA 
from the reference

(with miRDeep2 score >-50)
and associated miRNA

Q
u

an
tificatio

n
 

an
d

 an
n

o
tatio

n

All miRNA from miRBase v21

De novo
With bovine 

miRNA

2

1

miRDeep2.pl

793

D
ataset

creatio
n

miRDeep2     processing

quantifier.pl

Precursors of reference species
containing miRNA from

the reference not 
found in potential precursors

Bovine miRNA

Virus miRNA

1,017
2,034

328
656

489

35,828

1,327
2,654

0
0

0

35,828

1,068 1,178

miRNA

use as input

software

precursor

filtering stepWith goat
miRNA

1,067
2,134

278
556

39

35,828

1,095

Goat miRNA

808

267

436

parse_miRDeep2_output.pl

Legend

Figure 1 Summary of the three approaches used to predict, quantify and annotate sequencing reads. Common processes and results are
indicated in red for the prediction step and in blue for the quantification and annotation steps. Specific processes and results are indicated in
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(95%) were common with the de novo approach
(Figure 2).
The differences between the three analyses were due

to dual causality. The first is the random component of
the prediction, which constitutes the RandFold signifi-
cance. Indeed, some potential precursors had a p-value
close to the threshold (p ≤ 0.05), and this value varied at
each prediction, directly impacting the associated miR-
Deep2 score (+3.8 for a significant p-value) and then put
some precursors above or below the miRDeep2 thresh-
old we fixed. The second difference between analyses
only affected potential precursors which contains known
miRNA of the reference species. Actually, some miRNA
were known only in bovine (for instance miR-1260b) or

in goat (for instance miR-374e), enabling the identification
of specific potential precursors (15 in bovine and 4 in goat).
Our prediction results thus showed that the use of

precursors from an external reference (i.e. bovine in this
study) or miRNA for the studied species is not necessary
to predict most of precursors from the genome (95%).
Therefore, for a species with none or only a few miRNA
in miRBase, a de novo prediction can produce results al-
most as complete as if precursors from an external or
studied species were used.
For each approach, two sets of data were thus created: i)

one containing potential precursors with or not known
miRNA of the species, and ii) one containing putative
miRNA and all knownmiRNA frommiRBase v21 (Figure 1).
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Figure 2 Comparison of the number of potential precursor and miRNA obtained by the three approaches. Potential precursors are represented
in A, known and putative miRNA are represented in B and C, respectively. *: Adding precursors of reference species containing known
miRNA not found initially in potential precursors enabled the annotation of 88 and 4 miRNA with the approach using bovine and goat
miRNA, respectively.

Mobuchon et al. BMC Genomics  (2015) 16:285 Page 6 of 17



miRNA identification and quantification
Use of the quantifier.pl module and the custom script
parse_miRDeep2_outputs.pl, as described by Le Guillou
et al. [44], allowed us to map sequencing reads as well
as the set of data containing miRNA (putative and
known) on the data set containing potential precursors.
Only precursors carrying miRNA with at least ten
counts summing all libraries were retained reducing the
numbers of potential precursors to 913 in the de novo
approach, 924 with bovine and goat miRNA (Table 1,
‘Filtered’). In addition, depending on the location of
reads relative to the position of known miRNA from
miRBase on the “potential precursors”, reads were
assigned to miRNA, and two miRNA (5p and 3p) were
retained for each precursor. This step enabled the quan-
tification and annotation of 1,068, 1,178 and 1,095 dis-
tinct miRNA using the de novo, bovine or goat miRNA
approaches, respectively; these included both known and
putative miRNA which had not previously been described
in any species from miRBase v21. The quantifier.pl mod-
ule from miRDeep2 provided secondary structures of pre-
cursors containing known or putative miRNA and few

examples are exposed in Additional file 2: Figure S1. Then,
among the common miRNA obtained using the three
methods, 381 were known miRNA and 591 were putative
miRNA (Figure 2). As different precursors produce identi-
cal miRNA, the number of miRNA annotated here was
not the double of the number of precursors. This similar
annotation of mature miRNA was not surprising regard-
ing these miRNA because of the strong similarity between
sets of “potential precursors”. We also observed few puta-
tive miRNA that were only found using one or other of
the approaches, corresponding to potential precursors
with a random score ≥0 (Figure 2).
In addition, using the bovine or goat miRNA method,

489 bovine or 39 goat precursors (Figure 1) were added
to the set of “potential precursors”, in which 138 and 25
precursors (Table 1, category of ‘known precursors’) en-
abled the supplementary quantification and annotation
of 88 and 4 miRNA in bovine and goat approaches, re-
spectively (Table 1, Figure 2). It appears that these miRNA
corresponded to precursors not detected as potential pre-
cursors predicted by miRDeep2 at the prediction step.
Therefore, the associated genome regions containing these

Table 1 Comparison of precursors’ annotation results using the three approaches

De novo Bovine Goat

Potential precursors Reads mapped (%)* 75.1 74.9 74.9

Total 1,327 1,017 1,067

Filtered** : 913 924 924

miRNA -5p and -3p 305 299 305

−5p + −3p annotated 172 172 172

−5p annotated + −3p putative 20 20 20

−5p putative + −3p annotated 14 13 14

−5p + −3p putative 99 94 99

Only -5p 298 303 305

−5p annotated 53 59 59

−5p putative 245 244 243

Only -3p 310 322 317

−3p annotated 60 67 66

−3p putative 250 255 251

Known precursors Reads mapped (%)* 0 2.9 2

Total 1 808 267

Filtered**: 0 138 25

−5p + −3p known 0 4 8

Only -5p known 0 55 8

Only -3p known 0 49 8

−5p known + −3p annotated 0 17 0

−3p known + −5p annotated 0 13 1

Annotated miRNA correspond to miRNA annotated by homology (perfect match full length) with mature miRNA from miRBase v21. Putative miRNA correspond to
miRNA not yet described in any species. In bold, numbers correspond to the total of each subcategory.
*Percentage of reads mapped on the set of potential precursors.
**Only potential precursors with cumulative counts >10 have been retained.
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miRNA may not be available in the actual version of the
goat genome. Our results indicate that using an external
reference combined with a good quality reference genome
could produce a list of the miRNA expressed in a specific
tissue. Indeed, the use of bovine precursors enabled the
quantification of 88 more miRNA when compared with
the de novo approach or using goat miRNA, giving an
overview of the miRNA expressed in the lactating goat
mammary gland. The use of bovine miRNA was also able
to provide an assessment of the quality of the goat gen-
ome assembly, as this was only assembled very recently in
its first version, CHIR_1.0, which might not be totally
complete. Dong et al. [18] specified that around 89% of
their raw paired-end sequences mapped to the assembled
goat genome, suggesting that additional miRNA might
still be found in the remaining 11%. Consequently, the 88
miRNA identified using bovine precursors may contribute
to improving our knowledge of the genome.
Furthermore, our results pointed to the fact that about

23% of total reads did not map on the set of “potential
precursors” (Table 1). They may correspond to miRNA
that are not found in the goat genome or in bovine pre-
cursors. As an example, sequences with at least 500
summing reads in the 10 libraries may have represented
60% of unmapped reads corresponding to 445 unique
sequences. To clarify the origin of these unmapped
reads, a blast against all miRNA from miRBase v21 (one
mismatch or gap allowed) was performed. Two sequences
corresponding to miR-143 represented 20% of unmapped
reads (Additional file 3: Table S2). Taken together, 88 of
these unique sequences corresponded to 40 distinct
miRNA, at least 37 of which are known in the bovine and
needed to be taken into account during quantification. For
example, a precursor containing mature miR-143 was pre-
dicted in the goat (chr7_10657), but the sequence of the
potential precursor reported by miRDeep2 stopped at the
end of the predicted mature miRNA. According to Fried-
länder et al. [43], the precursor sequence is the consensus
precursor miRNA sequence inferred from deep sequen-
cing reads. It represents the Drosha hairpin product, and
does not include a substantial flanking genomic sequence,
unlike most miRBase precursors. The absence of these
flanking regions prevented mapping of these reads on po-
tential precursors (reads mapping on “potential precur-
sors” allowed 0 mismatches). The same scenario was
hypothesized for the 36 miRNA known in bovine.
The combination of the tools used (quantifier.pl, par-

se_mirdeep2_outputs.pl, mature miRNA from miRBase)
was sufficiently powerful to annotate potential precur-
sors. Therefore, in order to produce the most complete
annotation of the goat genome, the results of the ap-
proach using bovine miRNA were retained for the re-
mainder of the analysis. The goat mammary gland
miRNome established here thus comprised 1,178 mature

miRNA, divided into 629 known and 549 putative
miRNA (Additional file 4: Table S3, Additional file 5:
Table S4). The expressions of nine miRNA were con-
firmed using RT-qPCR (Additional file 6: Figure S2).

Annotation of the goat genome
An overview of precursors and miRNA expressed in the
goat mammary gland at peak lactation was thus pro-
duced and each precursor was positioned on goat chro-
mosomes (Figures 3, 4 and Additional file 7: Figure S3,
Additional file 4: Table S3). The example of CHI 19 is
shown in Figure 3. The 924 precursors were distributed
throughout the chromosomes. Those with the most pre-
cursors were CHI 21, CHI X and CHI 19, having 76, 69
and 47 miRNA genes, respectively. Our results agreed
with the chromosomal distribution of miRNA identified
in previous reports [18,22], although we were able to
provide a longer list of precursors representing around
2-fold of those previously described (487 and 464 loca-
tions identified by Dong et al. [18] and Wu et al. [22],
respectively, versus 924 in the current study). Goat and
bovine chromosomes have a high colinearity with those
containing the most precursors being BTA 21, BTA X,
and BTA 19 [52]. In addition, chromosome length does
not correlate to the number of precursors, as previously
observed by Ghorai and Ghosh [53]. Thus, for example,
one of the longest goat chromosomes is CHI 2 (135 Mb)
which only carries 21 precursors, while CHI 21 (63 Mb)
carries 76 precursors (Figure 4). Density defined as the
number of precursors/chromosome size is lower for CHI
6 and CHI 14 with a density of 0.13 and 0.14 respect-
ively, while CHI 21 has a higher density of 1.13. How-
ever, chromosome X in several mammalian species has
been reported to carry a higher density of miRNA pre-
cursors than those associated with autosomes in the
testis, while precursors linked to the X chromosome
have higher substitution rates than miRNA linked to
autosomal chromosomes [54]. However, in the current
instance, CHI X had a density of 0.57, representing the
chromosome with the fifth highest density of precursors.
Because of the high colinearity between the goat and

bovine genomes [18] most of the precursors identified
during our study were located at identical positions in
both species. However, the 21 members’ mir-2284, a
ruminant-specific miRNA family [55], were not located
on the same chromosome in the bovine and goat ge-
nomes, except for four precursors (mir-2284ab, mir-
2285 k, mir-2285 l and mir-2285o). Furthermore, we
used the publicly available genome to map our sequen-
cing reads, containing chromosomes, scaffold and con-
tigs. We were thus able to identify some precursors that
were identical between chromosomes and contigs; for
example, mir-2284y was retrieved on both. The high se-
quence homology between miRNA produced by many
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mir-2284 family precursors may explain why they could
be retrieved at several chromosomal locations and eluci-
date the difference in chromosomal positions between
goat and bovine. This family was not yet fully described
in goat although ruminant-specific miRNA may contrib-
ute to understand specific features of those species, es-
pecially in terms of lactation.
The goat genome contains large numbers of ruminant-

specific repeat regions that account for 42.2% of the
genome [18]. This can be perceived through miRNA
annotation, because we identified several identical pre-
cursors with different locations. For example, on CHI
16, 2 precursors were predicted to produce miR-29c.
Otherwise, a particular situation was observed because 29
overlapping precursors were detected on the goat genome.
Indeed, at the same chromosomal location, one precursor
was predicted by miRDeep2 with associated miRNA -5p
and -3p, and another was predicted from the -3p of the
first precursor. It was possible that both might produce
identical miRNA -3p and -5p. No other such example
exists in miRBase v21. Because they produced identical
mature miRNA, the same name was assigned to these
overlapping precursors (Additional file 4: Tables S3,

Additional file 8: Table S5, Additional file 9: Table S6, and
Additional file 10: Table S7).
In animals, miRNA genes are often found to be clus-

tered on the genome [56,57]. For this reason, precursors
located in close proximity to each other were searched
for, with an inter-miRNA distance smaller than 10 kb
[9]. Our results revealed the presence of 46 clusters con-
taining 165 precursors which represented 18% of all the
precursors identified during our study, which was less
than in the cow where clustered miRNA genes represent
26% of all known bovine miRNA (Figure 4, Additional
file 8: Table S5) [52]. The number of cluster varies ac-
cording to the species, since 36%, 46% and 47% of
miRNA are found clustered in zebrafish, mouse and hu-
man, respectively [9,58]. Most of the precursor clusters
reported here were discistronic, in the sense that they
comprised two precursors, as is usually observed [12].
But larger clusters exist on the goat genome; for ex-
ample, CHI 21 carries a cluster of 41 precursors, which
appears to be conserved in mammals [18], close to a
cluster on BTA 21 containing 47 precursors. Moreover,
7 clusters were only made up of putative precursors, the
largest of which contained 5 putative precursors on CHI
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26. Most miRNA genes within 50 kb of each other dis-
played highly correlated expression patterns, as they
could be processed from a polycistronic primary tran-
script [11]. However, due to their complex maturation
and degradation, Guo and Lu [59] showed that they
might also display differences in their levels of expres-
sion. Furthermore, miRNA genes in a cluster may have a
functional relationship via co-regulating or coordinated
regulatory processes [60]. Clusters often contain mem-
bers of different miRNA families, particularly in animal
genomes [1]. In the present case, several members of the
same family (such as the let-7 family) were identified as
being clustered, as well as the largest miRNA gene clus-
ter localized on CHI 21 which contained 16 members of
the mir-154 family. Unrelated miRNA in the same cluster
are often assumed to have similar targeting properties
[56]. Further studies are necessary to clearly understand
how the expression of goat miRNA clusters is regulated.

Intragenic goat miRNA and the conservation of their
location among human, mouse and cow
Unlike the whole genome sequences of other livestock
species, the goat genome has not yet been very well
characterized. To date, almost 22,175 protein-coding
genes have been annotated, based on the bovine and hu-
man genome annotation data available [18]. On the
other hand, it has been estimated that up to half of all
vertebrate miRNA are processed from introns of
protein-coding genes, or from genes encoding for other
non-coding RNA [13].
By investigating intragenic precursors in the goat gen-

ome, 322 precursors were found to be located in goat
mRNA and CDS, representing about 35% of all the pre-
cursors identified during our study. However, miRNA
that share the same strand orientation of their host
genes have similar transcription mechanisms [1,61]. Thus,
263 precursors were detected in 217 goat mRNA and
CDS regions (Additional file 9: Table S6) with the same
orientation, representing about 28% of all the precursors
identified during the study. Among the 263 goat intra-
genic precursors, 68 were known and 195 were putative
precursors. The low percentage of intragenic precursors
(28%), compared with the 50% quoted in the literature,
might have been due to a lack of annotation for protein-
coding genes on the goat genome. Genome annotation
could therefore be improved by determining the localisa-
tion of miRNA.
Twenty one host genes contained 2 or more precur-

sors, such as MCM7 on CHI 25 and GABRE on CHI X,
which contained a cluster of 3 precursors. As for host
gene functions, some of these are major actors in devel-
opment of the mammary gland; for example, members
of the ErbB signaling pathway (ERBB2), or members of
the Wnt signaling pathway such as RSPO2 [62,63].

Others host genes play a critical role in mammary me-
tabolism, such as VLDLR (Very low density lipoprotein
receptor), SREBF2 (Sterol responsive element binding
factor 2), or AGPAT6 (1-Acylglycerol-3-phosphate O-
acyltransferase 6) (Additional file 9: Table S6).
Interestingly, among the 217 host genes, the expres-

sion of 76 coding genes was confirmed in the mammary
gland of the same goat using previous data from micro-
arrays ([64]; GEO Series accession number GSE6380).
According to these observations, only 35% of host genes
were expressed in the mammary gland at peak lactation.
This low percentage is likely due to a lack of complete-
ness of the microarray. The difference observed might
also be due to the difference in detection level of the
techniques employed.
Taken together, a clearer understanding of intragenic

goat miRNA may highlight potential new regulations of
miRNA and gene expression, some of which may play
critical roles in the lactation function.
Conservation of the location of miRNA/host genes

throughout a species genome may offer a useful tool for
its annotation. In human, mouse and cattle, 1,018, 694,
and 285 precursors, respectively, in protein-coding genes
have been detected as having the same orientation
(Table 2). During the present study, a comparison of in-
tragenic precursors in human, mouse and cattle with in-
tragenic goat precursors revealed conservation of the
location of 43 precursors (Figure 5, Additional file 10:
Table S7). Due to the lack of annotation of goat protein-
coding genes, we were not able to identify the precise lo-
cation of conserved, intronic or exonic resident miRNA
and compare it with conserved locations in the human,
mouse or cow genomes. Godnic et al. [65] screened for
intragenic precursors in the human, mouse and chicken
genomes and found 27 precursors with conserved co-
locations between the 3 species. Among these, 16 pre-
cursors were found amongst the 43 conserved between
human, mouse, cow and goat in our analysis (let-7 g,
mir-101-2, mir-103, mir-107, mir-128-1, mir-1306, mir-
140, mir-15b, mir-16b, mir-211, mir-218-1, mir-26a-1,
mir-32, mir-33a, mir-455, let-7-2), so the location of
these precursors appears to be highly conserved in all
vertebrates. Six intragenic precursors were found on

Table 2 Intragenic miRNA precursors in human, mouse,
cow and goat

Human Mouse Cow Goat

Known miRNA genes 1,881 1,193 808 924

Within protein-coding genes 1,018 694 285 263

% of known miRNA 54% 58% 35% 28%

Human, mouse and cattle precursors were downloaded from miRBase v21,
and protein-coding gene locations were downloaded from BioMartEnsembl
(http://www.ensembl.org/biomart). The locations of goat mRNA were obtained
from Dong et al. [18].
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chromosome X in human, mouse, cow and goat. Chromo-
some X was the only chromosome on which the locations
of host genes were conserved between species compared
using autosomes. The location of host genes on chromo-
some X appears to be markedly conserved between species
(Additional file 10: Table S7). As some goat precursors were
localized in genes coding for proteins for which the
Ensembl name was not available, referred to as “deprecated
identifiers” (Additional file 9: Table S6), the comparison
with intragenic precursors in human, mouse and cow en-
abled the characterization of seven host genes per type of
conservation (Additional file 9: Table S6). Furthermore, the
locations of 24 precursors were conserved between human,
mouse and cow (Figure 5). Among these 24 intragenic pre-
cursors, ten were detected in the goat during the present
study. These ten miRNA could also be localized in protein-
coding genes in the goat, but the lack of annotation of the
goat genome probably prevented their identification. In
addition, among these ten miRNA, mir-128-2, mir-218-2
and mir-301a were found in the ARPP21 (cAMP-regulated
phosphoprotein), SLIT3 (Slit homolog 3) and SKA2 (Spin-
dle and kinetochore associated complex subunit 2) genes in
human, mouse, cow and chicken [65]. By investigating an-
notated goat mRNA, transcript coding for SKA2 was found
to be annotated in the goat genome, suggesting that
mir-301a is not intragenic in goat. However, the tran-
script coding for both ARPP21 and SLIT3 could not be
retrieved. Furthermore, the genomes of human, mouse,
cow and chicken have been well characterized by com-
parison with very recently assembled goat genome.
Consequently, it could be hypothesized that ARPP21
and SLIT3 have not yet been described in the goat gen-
ome, and the presence of conserved intragenic precursors

may indicate the location of these genes in this genome.
Among the seven other conserved intragenic precursors
in human, mouse and cow, mir-1249 in the host gene
KIAA0930 and mir-499 in the host gene MYH7B (Myosin
heavy chain 7B cardiac muscle beta) were not retrieved ei-
ther in the goat protein-coding genes available, suggesting
once again that these genes have yet to be described in the
goat genome. Using the conservation of precursor loca-
tions in well-known genomes may constitute a useful tool
to predict the location of protein-coding genes that have
not yet been described in newly assembled genomes such
as the goat.
Evidence suggests that intragenic miRNA and host

genes might be processed from the same RNA [66], and
are often co-expressed with their host genes [13,67]. Pre-
vious studies indeed reported that conserved resident
precursors such as mir-26a/b might cooperate with their
host genes, the carboxy-terminal domain RNA polymer-
ase II polypeptide A small phosphatase (CTDSP) family,
in the regulatory network of G1/S phase transition [68].
Another example is mir-33a, which may act in concert
with its SREBF2 host genes to govern intracellular func-
tion and cholesterol homeostasis in vertebrates, thus
representing an example of miRNA-host gene cooper-
ation in regulating a metabolic pathway [69]. Evaluating
the expression of host genes relative to that of their resi-
dent precursors in the lactating mammary gland could
provide new insights into the regulation of mammary
function and/or development.

Screening for miRNA in bovine quantitative trait loci
Results of the QTL mapping studies that have been per-
formed in livestock species are available in the animal
QTL database (http://www.animalgenome.org/). Because
no QTL mapping studies have been reported for goat in
this QTL database, bovine QTL data were used in our study
to investigate the localization of precursors expressed in
mammary gland QTL. In cattle, some 2,307 QTL out of a
total of 8,305 have been reported to be associated with milk
traits (Additional file 11: Table S8).
Comparative mapping enables exploitation of the

whole genome sequence and its annotation available for
a model species, and inference of this information to
other species whose genome annotation has not been
well characterized. In this regard, a comparative analysis
of the known goat precursors identified in the present
study and the precursors expressed in bovine lactating
mammary gland [44] was performed, and revealed 255
highly precursors conserved between these species.
Out of these, 114 were located within QTL regions associ-

ated with milk traits and distributed within all bovine chro-
mosomes except BTA 1, 9, 11, 12, 17, 28 and X (Table 3).
Cattle QTL have very large genome coverage and therefore
could explain the anchorage of a high number of miRNA in

Figure 5 Conserved intragenic precursors in human, mouse, cow
and goat. Human, mouse and cattle precursors were obtained from
miRBase v21, and the locations of protein-coding genes were
downloaded from BioMartEnsembl (http://www.ensembl.org/biomart).
The locations of goat mRNA were obtained from Dong et al. [18].
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these QTL regions. The presence of miRNA clusters in these
QTL regions was also noted. Indeed, the larger cluster con-
taining 42 precursors (mir-379/656 cluster) in the bovine
genome was found within a QTL region for milk fat percent-
age and content on BTA 21. The mir-34b/34c cluster, con-
taining mir-34b, mir-34c, mir-670, mir-129-2 and mir-130a,
was also identified within QTL regions for milk fat yield and
for milk protein yield on BTA 15.
Interestingly, several precursors were only found in

QTL associated with one type of trait; for example, mir-
26b on BTA 2 located in a QTL associated with the
somatic cell score. On BTA 15, the 5 intraQTL precur-
sors were found relative to milk fat and protein yield.
Furthermore, on BTA 7, mir-340 was only found in QTL
associated with milk fat. Finally, an intragenic miRNA,
mir-33a, was also localized in a QTL linked to milk fat
content. As mentioned above, the host gene of mir-33a,
SREBF2, is known to regulate the expression of several
lipogenic enzymes in numerous tissues involving the
mammary gland, and plays a key role in controlling
cholesterol homeostasis [70]. Intragenic mir-33a and the
host gene SREBF2 may act in a coordinated manner to
govern lipid metabolism [69], their presence in QTL as-
sociated with milk fat content possibly revealing a role
for this cooperation in the regulation of milk fatty acid
traits. However, further investigations are needed to at-
tribute different QTL to miRNA and their cooperation,
because although the presence of precursors in QTL has
been shown, no studies have yet attempted to unravel
the role of miRNA in milk QTL traits.
Although QTL regions are not well conserved between

breeds within the same species nor between different
species, it is well documented that syntenic regions are
highly conserved between species [71]. It is impossible
at this stage to infer any association between these
highly conserved goat miRNA genes and milk traits.
However, syntenic regions may contain highly conserved
orthologous genes and this information could constitute
a starting point to study association of genes or clusters
of genes with particular traits. Further validation studies
should therefore be undertaken in order to check whether
miRNA genes that are highly conserved in cattle could
also be associated with milk traits.

Conclusions
The present study provides a full catalogue of miRNA
expressed in the goat mammary gland at peak lactation,
together with each chromosomal location. To the best of
our knowledge, this work represents a significant enrich-
ment of the repertoire of goat miRNA and their location
on the genome.
During this study, the bioinformatic detection of goat

miRNA was carried out using three alternative strategies.
The first one was a de novo predictive approach using

the whole goat genome sequence for mapping and anno-
tating sequenced reads. The second and third approaches
involved a bovine and goat miRNA gene repertoire, re-
spectively, as reference. Comparing the three approaches
demonstrated that the second produced more exhaustive
results, but de novo prediction revealed identical results
that could be used as in a predictive and quantification
strategy for species for which no or only a few miRNA
have been reported in miRBase and whose genome is not
fully known.
We report the identification of 924 miRNA in the goat

mammary gland, 263 of which were found to be intra-
genic. Of these, the intragenic locations of 43 goat pre-
cursors were found to be conserved among human, mouse
and cow, suggesting a conserved regulation of their expres-
sion between species regarding these intragenic miRNA.
Conservation of the location of miRNA allowed us to
hypothesize as to the location of genes that have not yet
been annotated in the goat genome.
Preliminary studies to compare the goat and cattle ge-

nomes showed that 114 conserved precursors expressed
in the lactating mammary gland of both species were lo-
calized within QTL regions associated with milk produc-
tion traits. Further analyses are now required to clarify
the potential effects of mammary miRNA on milk pro-
duction traits, particularly in the goat.
All the goat miRNA identified during this work will be

added to miRBase and can therefore serve as a reference
for future studies.

Availability of supporting data
The data sets supporting the results of this article are
available in Gene Expression Omnibus (GEO) (http://
www.ncbi.nlm.nih.gov/geo/) with accession number:
GSE61025.
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Abstract

Background

Nutrition affects milk composition thus influencing its nutritional properties. Nutrition also mod-

ifies the expression of mammary genes, whose regulation is not fully understood. MicroRNAs

(miRNA) are small non coding RNA which are important post-transcriptional regulators of

gene expression by targeting messenger RNAs. Our goal was to characterize miRNA whose

expression is regulated by nutrition in the lactating goat mammary gland, which may provide

clues to deciphering regulations of the biosynthesis and secretion of milk components.

Methodology/principal findings

Using high-throughput sequencing technology, miRNomes of the lactating mammary gland

were established from lactating goats fed ad libitum or deprived of food for 48h affecting

milk production and composition. High throughput miRNA sequencing revealed 30 miRNA

with an expression potentially modulated by food deprivation; 16 were down-regulated and

14 were up-regulated. Diana-microT predictive tools suggested a potential role for several

nutriregulated miRNA in lipid metabolism. Among the putative targets, 19 were previously

identified as differently expressed genes (DEG). The functions of these 19 DEG revealed,

notably, their involvement in tissue remodelling.

Conclusion/significance

In conclusion, this study offers the first evidence of nutriregulated miRNA in the ruminant

mammary gland. Characterization of these 30 miRNA could contribute to a clearer under-

standing of gene regulation in the mammary gland in response to nutrition.

Introduction
The mammary gland synthesizes and secretes large quantities of milk components during lac-
tation; these include proteins, lactose and lipids which have a considerable effect on the
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nutritional, technological and sensory properties of milk. Ruminant milk production and com-
position are linked to both intrinsic and extrinsic factors, such as nutrition [1]. The synthesis
and secretion of milk components by mammary epithelial cells involve numerous genes. Inter-
estingly, nutrition affects the expression of genes encoding important factors for milk produc-
tion in ruminants [2–4]. More precisely, 48 hours of food deprivation applied to lactating goats
was shown to cause a drop in milk production and component secretion, associated with the
altered expression of 161 genes, including those coding for lipogenic enzymes and major milk
proteins [2]. However, the mechanisms underlying the regulation by nutrition of these genes
remain poorly documented.

MicroRNAs (miRNA) are small non-coding RNA of ~22 nucleotides in length that princi-
pally regulate gene expression by altering mRNA stability or translation. MiRNA are thought
to regulate at least ~60% of genes and are involved in all cellular processes [5–8]. Increasing
numbers of miRNA are now being identified thanks to the latest advances in deep sequencing
which enables access to an overview of the miRNA expressed in a tissue (referred to a
miRNome).

However, few studies have reported the role of miRNA in development of the mammary
gland [9–13] and in the lactation function [14, 15]. In particular, miRNA have been character-
ized in the ruminant mammary gland [16–19]. Recent in vitro studies have notably revealed
potential roles formiR-103 andmiR-27a in the regulation of milk fat synthesis in goat mam-
mary epithelial cells [20, 21].

Moreover, miRNA expression and function have been reported to be modulated by diets
involving a deficiency or augmented intake [22, 23]. For example, caloric restriction up-regu-
lates the expression ofmiR-140-3p in the epiphyseal growth plate of rats, determined using
microarray and RT-qPCR analyses [24]. Ørom et al. [25] demonstrated that caloric restriction
for six months had a considerable effect on the miRNA profile of the mouse mammary gland,
determined by microarray. In addition, the expression of about fifteen known and predicted
miRNA was changed in the muscle of monkeys subjected to caloric restriction when compared
to those receiving an ad libitum diet [26]. Nevertheless, the nutritional regulation of ruminant
miRNome is still poorly documented. In particular, in the ruminant mammary gland, no stud-
ies offering evidence of the effects of nutrition on miRNA expression have yet been performed.

Therefore, in order to better understand the mechanisms underlying the regulation of mam-
mary gene expression in response to dietary factors, the aim of this study was to obtain an over-
view of mammary miRNA of goat which received two different diets and to identify miRNA
differently expressed in these two conditions. Moreover, we studied the relationship between
differently expressed miRNA and genes in the same samples. To our knowledge, this is the first
study to have addressed the impacts of nutrition on the expression of miRNA in the mammary
gland of ruminants and on lactation.

Materials and Methods

Ethics Statement
This study was performed at the experimental unit of INRA Research Center of Theix in 2003.
At that time we did not require to submit each animal trail to ethical committee, the institute
had its recommendations of the Animal Care as well as the Ethics Committee for Animal
Experimentation of our region (Auvergne: CEMEAA number 02) that have been strictly fol-
lowed. To minimize suffering, all goats were euthanized using captive bolt gun followed by
exsanguination at the abattoir of the research center under accreditation number 63 345 001.
All samples have been collected once the animals have been slaughtered and not while they
were alive.

Food Deprivation Affects the Goat Mammary miRNome
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Animals and RNA preparation
Twelve Alpine goats at peak lactation (48±2 days post-partum at the beginning of the experi-
ment) from the Lusignan experimental station (France) were chosen based on their homogene-
ity of their milk yield, number of lactations and their genotype at the α-S1-casein locus which
has an impact on milk protein content and indirectly on milk fat content. Goats were fed twice
daily an orchard grass hay-based diet for two weeks during the pre-experimental period. Forty-
eight hours before slaughtering, six goats were fed ad libitum (Control), whereas the six others
were food deprived (FD). Milk was collected 15 min before euthanization (S1 Fig). Tissues
samples were collected within 30 min after euthanization. All animal manipulations and sam-
ples collection were the same as described by Ollier et al. [2]. Mammary gland tissues were iso-
lated just after slaughtering, snap frozen immediately and stored at -80°C. RNA were extracted
using TRIZol1 Reagent (Life Technologies) and further purified using the SV Total RNA isola-
tion system (Promega) to eliminate contaminating genomic DNA. The concentration and
quality of RNA preparations were assessed using spectrophotometry (Nanodrop™, ND-1000)
and 2100 Bioanalyzer Instrument (Agilent). Samples with an RNA Integrity Number (RIN)
higher than eight were used. For high throughput sequencing, RNA from four Control goats
and six FD goats were used.

Sequencing library preparation and data processing
The preparation and sequencing of libraries were performed by the IGBMCMicroarray and
Sequencing Platform (Strasbourg, France). Briefly, 7 μg of total RNA were used to generate
small RNA libraries using the TruSeq™ Small RNA kit protocol (Illumina). In the first step,
RNA adapters were ligated sequentially to each end of the RNA: first the 30 RNA adapter (5’
TGGAATTCTCGGGTGCCAAGG 3’) that was specifically modified to target small RNA, then
the 50 RNA adapter (5’ GTTCAGAGTTCTACAGTCCGACGATC 3’). Small RNA ligated with 30

and 50 adapters were reverse transcribed and PCR amplified (30 sec at 98°C; [10 sec at 98°C, 30
sec at 60°C, 15 sec at 72°C] x 13 cycles; 10 min at 72°C) to obtain cDNA constructs. Finally,
acrylamide gel purification of the 140–150 nt amplified cDNA constructs (corresponding to
cDNA inserts from small RNA + 120 nt from the adapters) was performed. The libraries were
checked for quality and then quantified using a 2100 Bioanalyzer Instrument (Agilent). The
libraries were loaded in the flowcell at a concentration of 8 pM and clusters were generated
using the Cbot before being sequenced on HiSeq 2500 (Illumina) as single-end 50 base reads,
according to Illumina’s instructions.

For analysis, sequences of adapters were removed using Cutadapt [27] and reads were fil-
tered according to their size (17–28 nt). Data analyses were processed using mostly miRDeep2
software [28] as described by Le Guillou et al. [19]. The cleaned sequences were clustered into
unique reads and then mapped to the reference Goat genome (CHIR_1.0, http://goat.kiz.ac.cn/
GGD/, [29]). Precursors and miRNA were identified using the miRDeep2 core module, miR-
Deep2.pl. Potential miRNA datasets were created by adding known miRNA in goat (miRBase
v21) to miRNA associated with predicted precursors with a miRDeep2 score�0. This number
scored for the likelihood for a miRNA to be a real precursor according to the combined of ener-
getic stability, positions and frequencies of read with Dicer processing. This score is comprised
between 10 and -10, so a score�0 has been chosen representing because it allowed the discov-
ery of a maximum of miRNA minimizing the rate of false positives. Then, the same operation
was performed to create a data set of potential precursors. The quantifier.pl miRDeep2 module
was then used to map unique reads, the set of potential miRNA and all known miRNA (miR-
Base v21) on the set of potential precursors enabling the annotation of miRNA. The quantifica-
tion results produced by the quantifier.pl module were then filtered with a custom perl script
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parse_miRDeep2_outputs.pl (https://mulcyber.toulouse.inra.fr/projects/bioinfoutils/) to elimi-
nate any redundancy between known and predicted miRNA. RNA sequencing data were
deposited in the Gene Expression Omnibus (GEO): GSE61025.

Quantitative RT-PCR
Seven miRNA were chosen for RT-qPCR validation among known miRNA which expression
was affected by the food deprivation and based on their level of expression; miR-99a-5p (Taq-
Man1 ID 006254_mat, Applied Biosystems),miR-126-3p (TaqMan1 ID 008451_mat),miR-
140-3p (TaqMan1 ID 471823_mat),miR-222-3p (TaqMan1 ID 000525),miR-223-3p (Taq-
Man1 ID 002295),miR-204-5p (TaqMan1 ID 000508),miR-409-3p (TaqMan1 ID 002332).
Reverse transcription was achieved on 10 ng of total RNA using the TaqMan1 MicroRNA
Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA), according to the manu-
facturer’s instructions. In the thermal cycler (StepOne+, Applied Biosystems, Foster City, CA,
USA), each 15 μL RT reaction followed 30 min at 16°C, 30 min at 42°C and 5 min at 85°C.
Then, 1.3 μL of miRNA-specific cDNA from the reaction were amplified using TaqMan1

Small RNA Assays (Applied Biosystems, Foster City, CA, USA) according to the manufactur-
er’s instructions. Amplification was performed at 95°C for 10 min, followed by 40 cycles of
95°C for 15 sec and 60°C for 1 min. All miRNA levels were normalized to the values of U6
snoRNA [30, 31] and the results expressed as fold changes of threshold cycle (Ct) values rela-
tive to the control using the 2-ΔΔCt method [32].

Statistical analysis
For sequencing data, a comprehensive description of miRNA expression patterns was first of
all made using a specific principal component analysis (PCA). Each goat is represented by a
point, each colour corresponds to a diet and goats which have received the same diet are con-
nected to their barycentre and an inertia ellipse.

Statistical analysis to determine differential expression was performed with R version 3.0.2
(R Development Core Team, 2013, http://www.R-project.org/) using the Bioconductor package
DESeq2 version 1.0.17 [33]. DESeq2 utilizes a negative binomial distribution to model read
counts per miRNA and then implements a method to normalise the counts. This normalisation
procedure uses the library median of the ratios between the read count and the geometric
mean of each miRNA as a scaling factor for each library. Fold changes were estimated using an
empirical Bayes shrinkage procedure.

This procedure helps to moderate the broad spread in fold changes for genes with low
counts, while it has negligible effect on genes with high counts. Since hypothesis tests are per-
formed for miRNA-by-miRNA differential analyses, the p-values obtained need to be adjusted
to correct for multiple testing. However, procedures to adjust p-values in order to control the
number of false positives found often lead to a loss of power to detect truly differentially
expressed miRNA because of the large number of hypothesis tests performed. To reduce the
impact of such procedures, the filtering method described by Rau et al. [34] was used to remove
genes that appeared to generate an uninformative signal. This method identifies a filtering
threshold that maximizes so-called filtering similarity among replicates. Tests for differential
expression were only applied to miRNA whose maximum count across all ten samples was
higher than its threshold. This method was implemented under the Bioconductor HTSFilter
package, version 1.0.0. The threshold value was found to be equal to 28. The p-values were
adjusted for multiple testing using the Benjamini and Hochberg method [35], and those with
an adjusted p-value<0.1 were considered to be significant.
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For RT-qPCR analyses, data are represented as log base 2 of the fold change between Con-
trol and FD goats. The data were analysed using the Mann-Whitney test performed using R
version 3.0.2 (R Development Core Team, 2013, http://www.R-project.org/).

Analysis of targeted pathways
Putative targets for differently expressed miRNA were predicted with a high degree of accuracy
based on DIANA-microT-CDS version 5.0 [36] (http://diana.imis.athena-innovation.gr/). Tar-
gets of predicted miRNA were searched using TargetScan Custom release version 5.2 [37]
(http://www.targetscan.org/). Putative targeted pathways were investigated through the use of
QIAGEN’s Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City, www.qiagen.com/
ingenuity).

Results and Discussion

Global description of mammary miRNomes in lactating goats
Ten libraries were constructed from the mammary gland of four Control and six FD goats
using the Illumina/Solexa technology. A mean of about 14.2 and 16.4 million reads were
obtained from the Control and FD libraries, respectively (Table 1). After removing sequencing
adapters and filtering reads by their size, 6.8 and 8.5 million reads of 17–28 nt were obtained
for the Control and FD libraries, respectively. The reads were mapped to the goat genome
(CHIR 1.0), and clustered in 67,971 and 75,474 unique sequences, on average, in the Control
and FD libraries, respectively. Using the goat precursors reported in miRBase version 21 (v21),
1,070 precursors were first of all predicted by miRDeep2 for Control and FD goats. Then, using
all matures from miRBase v21, it was possible to identify 1,804 miRNA. This step allowed the
detection of 539 known miRNA, corresponding to 422 miRNA known in goat and 117 miRNA
not yet described in the goat but known in other species. In addition, 1,265 predicted miRNA
were characterized, corresponding to miRNA never described in any species.

By performing expression pattern analysis using PCA, the ten libraries appeared to be
clearly discriminated according to the treatments applied to the goats (Fig 1).

Using HTSFilter [34], a statistical threshold was applied and reduced the 1,804 miRNA
detected to 470, 343 were known and 127 predicted (S1 Table). At this step, lists of miRNA
were conserved between the different nutritional conditions.

Table 1. Summary of sequencing data.

Controla FDb

Raw reads 14,214,146 16,415,279

Cleaned readsc 13,787,000 15,681,069

Sized readsd 6,838,797 8,464,633

Sized and unique sequences processed 215,663 204,005

Reads mappede 5,784,949 7,278,339

Unique sequences corresponding to mapped reads 67,971 75,474

ameans of data for the 4 Control goat libraries
bmeans of data for the 6 FD goat libraries
csequencing adapters removed
d17-28 nt size filter, used by the miRDeep2 software
ereads with at least one and at most five reported alignments, used by the miRDeep2 software.

doi:10.1371/journal.pone.0140111.t001
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Identification of miRNA differentially expressed in the mammary gland of
goats after food deprivation
To identify miRNA significantly affected by food deprivation, a differential analysis was per-
formed. Using the DESeq2 package, of the 470 miRNA remaining after the HTSFilter analysis,
30 miRNA were found to be differently expressed between Control and FD goats, of which 14
were up-regulated and 16 were down-regulated (Table 2). Among the potentially nutriregu-
lated miRNA, 19 were known miRNA and 11 were predicted (Table 2 and S2 Table; S2 Fig).
Among these 30 potentially nutriregulated miRNA pointed out by high-throughput sequenc-
ing, the expression of seven miRNA have been studied by RT-qPCR analysis on 12 goats (six
Control and six FD) (S3 Fig) with the aim to reinforce the sequencing data. Probably due to the
difference of sensibility and normalization, only the expression ofmiR-204-5p was found sig-
nificantly affected when analysed using RT-qPCR. Nevertheless, the orientation of regulation
of all miRNA tested was in accordance with data obtained by sequencing data. It should be
noted that nutritional intervention studies aim to measure low changes in gene expression. In
these conditions, it has been suggested that PCR should not be considered as validation tool
but as complementary technology [38]. The authors concluded that PCR approach allowed
picking up the expression of genes that were not measurable on high throughput technology
but also vice versa, and that both techniques have their own (dis)advantages and specificities.
For less pronounced changes, both technologies may be useful as complementation rather than
validation.

Fig 1. Principal component analyses of miRNA in Control and FD goats. L0X: represent 1 library, FD:
Food deprived. Analyses were performed on miRNA for libraries according to the diet received by the goats.
The two different diets are labelled within their 95% inertia ellipse (Red: Control; Green: FD).

doi:10.1371/journal.pone.0140111.g001
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Looking at the abundance of the 30 nutriregulated miRNA, two known miRNA (miR-126-
3p andmiR-6119-5p) were very highly expressed with normalized read counts greater than
10,000, while seven (let-7c-5p,miR-99a-5p,miR-125b-3p,miR-140-3p,miR-409-3p,miR-451-
5p andmiR-660-5p) were highly expressed and represented by normalized read counts of
between 1,000 and 10,000 (Table 2). In addition, seven known (miR-99a-3p,miR-188-5p,miR-
196a-5p,miR-204-5p,miR-222-3p,miR-223-3p andmiR-494-3p) and six predicted miRNA
(chr3_4386-3p, chr3_4386-5p, chr12_17655-3p, chr19_26739-5p, chr23_30758-5p and
chr27_34538-5p) were expressed at moderate levels with normalized read counts of between

Table 2. MiRNAwhose expression was affected by food deprivation in lactating goat mammary gland.

miRNA name Family Sequence Control* FD* Fold change (FD/control) P-value adjusted

Known miRNA

miR-6119-5p AGAGGTAAAAAATTGATTTGACT 19,082 14,396 0.77 0.07

miR-126-3p mir-126 TCGTACCGTGAGTAATAATGC 17,218 22,489 1.28 0.06

miR-660-5p mir-188 TACCCATTGCATATCGGAGCTGT 7,698 6,144 0.81 0.09

miR-99a-5p mir-10 AACCCGTAGATCCGATCTTGT 5,533 7,709 1.35 0.06

miR-451-5p mir-451 AAACCGTTACCATTACTGA 4,957 6,855 1.33 0.1

let-7c-5p let-7 TGAGGTAGTAGGTTGTATGGTT 4,934 6,427 1.28 0.06

miR-140-3p mir-140 ACCACAGGGTAGAACCACGGAC 3,798 4,888 1.27 0.09

miR-409-3p mir-154 GAATGTTGCTCGGTGAACCCC 1,954 1,159 0.66 0.06

miR-125b-3p mir-10 ACAAGTCAGGCTCTTGGGACC 1,918 2,496 1.27 0.06

miR-222-3p mir-221 AGCTACATCTGGCTACTGGGTCTC 812 1,408 1.47 0.09

miR-204-5p mir-204 TTCCCTTTGTCATCCTATGCCT 541 1,113 1.8 0.00

miR-99a-3p mir-10 CAAGCTCGCTTCTATGGGTCTGT 472 615 1.27 0.08

miR-196a-5p mir-196 TAGGTAGTTTCATGTTGTTGG 413 663 1.47 0.06

miR-494-3p mir-154 TGAAACATACACGGGAAACCTCT 311 197 0.67 0.05

miR-223-3p mir-223 TGTCAGTTTGTCAAATACCCCA 245 552 1.65 0.06

miR-188-5p mir-188 CATCCCTTGCATGGTGGAGGG 117 81 0.73 0.09

miR-671-5p mir-671 AGGAAGCCCTGGAGGGGCTGGAGG 73 50 0.73 0.09

miR-541-5p mir-541 AAAGGATTCTGCTGTCGGTCCCACT 29 15 0.64 0.08

miR-223-5p mir-223 TGTGTATTTGACAAGCTGAGTTG 17 34 1.6 0.06

Predicted miRNA

chr12_17655-3p CCCGGGTTTCGGCACCA 611 337 0.66 0.09

chr19_26739-5p GAGGGTTTGGGTTTGGTCGTGGGA 508 289 0.67 0.09

chr3_4386-5p ATAGTTCATTCAGGTTTTTCTG 420 227 0.66 0.09

chr27_34538-5p AAAGTTCATTCAGGTTTTTCTG 412 224 0.66 0.09

chr3_4386-3p GAAGAATCTGAATGAACATTT 253 152 0.66 0.05

chr23_30758-5p GGGGATGTAGCTCAGTGGTAGA 133 68 0.66 0.09

chr9_13534-5p GTACATGATGACAACTGGCTC 83 113 1.33 0.06

chr12_18027-5p GAAAGGTTCATTTGGGTTTTT 56 97 1.51 0.08

chr22_29775-3p ATCAGAGTCACGGCACCA 37 16 0.59 0.05

chr3_3319-5p GAAAGTTTGTTTGGGTTTTTC 39 13 0.63 0.08

chr4_6064-5p CCCGATCTTGTCTGATC 29 10 0.63 0.08

*Mean of normalized read counts.

The seed region of each miRNA is underlined. A positive log2 fold change means the corresponding miRNA is more highly expressed in FD goats than in

Controls and vice versa. P-values were adjusted using the Benjamini-Hochberg [35] correction at 10%.

doi:10.1371/journal.pone.0140111.t002
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100 and 1,000, and three known (miR-223-5p,miR-541-5p andmiR-671-5p) and five predicted
(chr3_3319-5p, chr4_6064-5p, chr9_13534-5p, chr12_18027-5p and chr23_30758-5p) were
weakly expressed with normalized read counts below 100. This last category may have a lesser
impact in cells because of their weak expression.

Interestingly, the expression of both matures of the same precursor (mir-99,mir-223 and
chr3_4384) were affected by nutrition. This case has only ever been reported once formiR-9/9�,
whose expression was dramatically decreased after maternal supplementation with retinoic
acid in the rat embryo spina bifida model [39]. The regulation may occur on the promoter of
miRNA gene leading to deregulate both -5p and -3p strands. In all other cases in the literature,
only one strand of the precursor has been found to be affected by nutrition. These observations
suggest that two different regulatory mechanisms may exist. In this case, the regulation may
happen on the stability of one or the other strand leading to the deregulation of only one strand
by nutrition which seems to be the main mechanism in our study. These two different mecha-
nisms of regulation require further investigations.

Otherwise, two clusters, defined as miRNA genes with an inter-distance�10 kb [40], were
altered by food deprivation. Indeed,miR-494-3p,miR-409-3p andmiR-541-5p are members of
the greatest and conserved miRNA cluster located on goat chromosome 21. These three miRNA
were down-regulated by food deprivation and their expressions were well correlated with a high
mean Pearson correlation coefficient of 0.8. Similarly, let-7c-5p andmir-99, which clustered on
the goat’s X chromosome, were up-regulated in FD goats and displayed a strong mean Pearson
correlation coefficient of 0.8. These results are consistent with the previously reported co-regula-
tion of clustered miRNA, where they were transcribed as a long polycistron [41].

Among the nutriregulated miRNA, five (miR-126-3p,miR-140-3p,miR-223-3p,miR-409-3p,
miR-451-5p) have previously been described as being affected by caloric restriction in others
species and tissues. The expressions ofmiR-223-3p andmiR-409-3p were increased, whereas
that ofmiR-451-5p was decreased in skeletal muscle of monkeys receiving a restricted diet [26].
Conversely,miR-409-3p was down-regulated in the blood of mice receiving about 60% of their
normal diet, whereas the expression ofmiR-451-5p was increased [42]. Most notable was the
fact that the expressions ofmiR-409-3p (down-regulated in FD) andmiR-451-5p (up-regulated
in FD) appeared to be sensitive to caloric restriction. This apparent discrepancy between find-
ings may have been due to the type of restriction, and probably to the tissues and species stud-
ied. In addition, the expressions ofmiR-126-3p andmiR-140-3p, which were up-regulated in
our study, were down-regulated in the epiphyseal growth plate of Sprague-Dawley rats by 60%
food restriction for 10 days [24]. Although this nutritional model appears to be the closest to
ours, deprivation in our case was much more drastic because the animals received no nutrients
at all. Finally, among the predicted miRNA, the chr3_4386-5p and chr27_34538-5p sequences
were found to be almost similar except at position 2, suggesting that these miRNA may belong
to the same miRNA family. In addition some nutriregulated miRNA belonged to the same fam-
ily. Indeed,miR-409-3p andmiR-494-3p belonged to themir-154 family andmiR-188-5p and
miR-660-5p to themir-188 family (Table 2). Interestingly, it is known that members of a
miRNA family are designed to execute similar biological functions [43]. Therefore, nutriregu-
lated miRNA sharing the same family may have linked roles in the lactating mammary gland.

Putative functions of nutriregulated miRNA
Among the 30 miRNA that were regulated in our model, only a few have previously been
described in the mammary gland. In the mouse mammary gland,miR-126-3pmay inhibit cell
proliferation; it may also regulate the expression of CSN2 coding for β-casein, one of the major
milk proteins, and PGR (ProGesteron Receptor) protein [44]. In addition,miR-99a-5p has
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been described as a modulator of the TGF β pathway affecting epithelial-to-mesenchyme tran-
sition in normal mouse mammary gland [45]. Therefore, in order to investigate the functional
role of the 30 nutriregulated miRNA in the mammary gland, target gene predictions were per-
formed based on miRNA/mRNA interactions using Diana-microT v5.0 for known miRNA
and TargetScan Custom v5.2 for predicted miRNA. Because no predictive tools have so far
been designed for ruminants, conservation between goat miRNA and humans was checked,
particularly concerning the seed region that determines miRNA interactions with mRNA tar-
gets. Thus, 7,129 different putative targets for the 30 nutriregulated miRNA were identified.
Investigating the molecular and cellular functions of these targets using Ingenuity Pathway
Analysis revealed that “gene expression”, “cellular development” and “cellular growth and pro-
liferation” were the three pathways most significantly targeted (Fig 2). These findings suggest
that food deprivation might lead to a change in gene expression through the actions of miRNA
linked to cellular growth and proliferation, as well as the remodelling of mammary cells, as has
been observed in this organ in the event of nutrient restriction [46].

In addition, some putative targets of nutritregulated miRNA in this study were associated
with involution in the mammary gland; these included factors promoting involution such as
CASP3, IL6 and STAT3, or factors inhibiting involution such as BCL2 [47, 48] (S3 Table). Mark-
ers of autophagosome formation,MAP1LC3B2 and ATG7, were also found to be potentially tar-
geted bymiR-188-5p andmiR-223-3p, respectively. These observations were in line with the
drop in milk production and component synthesis previously observed in FD goats [2].

Potential involvement of nutriregulated miRNA in the mammary
biosynthesis and secretion of milk components

Potential involvement in mammary lipid metabolism. Of all the 7,129 putative targets of
nutriregulated miRNA, particular efforts were made to identify those involved in lipid metabo-
lism. Very interestingly, nutriregulated miRNA may act in fatty acid availability (VLDLR), syn-
thesis (ACACA), transport (FABP), activation (ACS) and desaturation (SCD), triglyceride
synthesis (AGPAT) and in genes coding for proteins associated with the milk fat globule mem-
brane (BTN, XDH) (Fig 3) [49]. Several nutriregulated miRNA also target transcription factors

Fig 2. Molecular and cellular functions of potentially targeted genes by the 30 nutriregulated miRNA. Data were analysed through the use of
QIAGEN’s Ingenuity Pathway Analysis (IPA1, QIAGEN Redwood City, www.qiagen.com/ingenuity).

doi:10.1371/journal.pone.0140111.g002
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such as the SREBF1 and PPARγ cofactors, PPARGC1A and PPARGC1B that govern the expres-
sion of essential lipogenic enzymes in the mammary gland (Fig 3). Moreover, other genes
related to milk lipid metabolism, such as INSIG2 (INSulin_Induced Genes 2) which codes for
an endoplasmic reticulum protein that blocks the processing of SREBP, is predicted to be tar-
geted by chr12_18027-5p [50]. Elsewhere,miR-204-5pmay also target LPIN2 (LiPIN 2),
recently characterized in the bovine mammary gland [49] and involved in triacylglycerol accu-
mulation [51]. The gene coding for FADS1 (Fatty Acid DeSaturase 1), which plays a role in
triacylglycerol synthesis [52], is potentially targeted bymiR-671-5p. Furthermore,miR-125b-
3p,miR-494-3p and chr3_3319-5pmay conjointly target ABCA1 (ATP-Binding Cassette sub-
family A member 1) which has been hypothesized to play a role in the transfer, storage and
removal of cholesterol in the mammary gland [53]. Finally, five nutriregulated miRNA:miR-
222-3p,miR-188-5p,miR-541-5p,miR-494-3p and chr3_3319-5p, may target PTEN (Phospha-
tase and TENsin homologue) (Fig 4). In particular,miR-494-3p binding has been confirmed
experimentally in bronchial epithelial cells [54]. The role of PTEN has been characterized in
dairy cow mammary epithelial cells (DCMECs), revealing that it plays a crucial role in the via-
bility and proliferation capacity of cells, as well as in the secretion of β casein, triglycerides and
lactose. In particular, PTENmay regulate the expression of key lactation-related pathways such
as PPARγ, SREBF1,mTOR, PRLR and GLUT1, suggesting a pleiotropic role for PTEN in the
lactation process [55].

Among the predicted miRNA, chr3_3319-5p appeared to be of great interest. Indeed,
chr3_3319-5p potentially targets numerous genes involved in mammary metabolism. Its seed
region is similar to that of hsa-miR-561-3p. This miRNA has not yet been reported in either the
goat or cattle, but its identical seed region with hsa-miR-561 suggests that this miRNA is part
of themir-561 family, even though the function of this family is not yet known in the mam-
mary gland (Fig 4, S4 and S5 Tables).

Taken together, these observations highlight a potentially synergistic action of miRNA in
regulating mammary metabolic pathways, and offer perspectives for the study of new types of
regulation in the lactating mammary gland in response to dietary treatments. Those miRNA
which expression was affected by nutrition may modulate that of the genes responsible for
fatty acid metabolism, lipid droplet formation and/or milk fat globule secretion at the same
time, and thus consequently have a crucial role to play in the synthesis and secretion of milk
components. In particular,miR-409-3p andmiR-494-3pmay target numerous genes involved
in lipid metabolism and its regulation. It was notable that they belong to the same cluster and
the same family,mir-154, which could be of considerable interest in future studies.

Potential involvement in the metabolism of mammary protein and lactose. Proteins are
also a principal constituent of milk and are synthesized by mammary epithelial cells during lac-
tation. Amino acids are supplied to the mammary epithelial cells by a system of amino acid
membrane transporters [56]. Among the genes putatively targeted by nutriregulated miRNA,
several amino acid transporters were identified (Table 3). The availability of amino acids in the
mammary gland is important for the regulation of translation, and also appears to be one of
the major limitations affecting milk protein synthesis [57], and nutriregulated miRNA may
regulate this availability. Caseins (αs1, αs2, β andκ), the major milk proteins, are phosphory-
lated in mammary epithelial cells. This phosphorylation is involved in aggregation of the four
caseins in micelles before their secretion into milk. Despite this key role, the phosphorylation
step in mammary epithelial cells is still poorly documented. Interestingly,miR-222-3p,miR-
409-3p,miR-541-5p,miR-6119-5p,miR-660-5p, chr23_30758-5p and chr3_4386-5p potentially
target several genes coding for casein kinases 1 and 2 alpha and gamma (S4 Table). In addition,
miR-204-5p potentially targets ELF5 (E74-like factor 5) which belongs to the JAK-STAT signal-
ling pathway and is essential for the expression of milk-related genes, particularly those coding
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Fig 3. Potential involvement of nutriregulated miRNA in milk fat synthesis. In red, miRNA which expression was up-regulated in FD goat mammary
glands compared with Controls, while those whose expression was down-regulated are in blue.

doi:10.1371/journal.pone.0140111.g003
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Fig 4. Potential contribution of nutriregulated miRNA to regulating PTEN and associated networks.GLUT1: GLUcose Transporter 1, mTOR:
mechanistic Target Of Rapamycin, PTEN: Phosphatase and TENsin homolog, SREBF1: Sterol REsponsive Binding Factor 1.

doi:10.1371/journal.pone.0140111.g004

Table 3. Amino acid transporters potentially targeted by nutriregulated miRNA.

miRNA Gene Protein Associated
transport system

Description References

miR-223-5p, miR-541-5p,
miR-671-5p

SLC1A1 GLT-1;EAAT1 X-
AG Na+-dependent system for anionic amino acids [61, 62]

miR-223-5p SLC1A3 GLAST;
EAAT1

X-
AG Na+-dependent system for anionic amino acids [61]

miR-6119-5p SLC1A4 ASCT1-SATT ASC Na+-dependent transporter, particularly linear dipolar
amino acids (L-alanine, L-serine, L-cysteine)

[56]

miR-409-3p, miR-541-5p,
chr3_3319-5p

SLC6A6 Taut System Gly Na+-Cl--dependent system specific to β-amino acids [61]

miR-671-5p SLC7A1 CAT-1 y+ Na+-independent system specific to cationic amino
acids

[63]

miR-126-3p SLC7A5 LAT1 L Na+-dependent electroneutral transport mechanism for
neutral amino acids

[59]

miR-196a-5p, miR-223-
3p

SLC7A8 LAT2 L Na+-dependent electroneutral transport mechanism for
neutral amino acids

[62]

miR-409-3p, miR-494-3p SLC15A2 PEPT2 H+-peptide
cotransporter 2

Proton-peptide electrogenic transporter [64]

miR-671-5p SLC36A1 PAT1 Proton/amino acid symporter [59]

let-7c-5p, miR-409-3p,
miR-494-3p

SLC38A2 SNAT2 System A Na+-dependent system for amino neutral acids [62]

Putative targets were predicted from DIANA microT v5.0 [36] for known miRNA and Custom Target Scan v5.2 [37] for predicted miRNA.

doi:10.1371/journal.pone.0140111.t003
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for major milk proteins [58, 59]. Above all,miR-99a-5p was found to potentially targetmTOR
(mechanistic Target Of Rapamycin) and its binding site has been confirmed experimentally
using the Luciferase Reporter Assay in breast cancer cell lines [60]. The regulation of protein
synthesis in all mammalian tissues is under the control ofmTOR, and especially the translation
step. In addition,mTORmay also have a function in milk protein synthesis [59] (S4 Table),
suggesting a potential role ofmiR-99a-5p in controlling this process.

Regarding differentially expressed miRNA targeting the SLC (Solute Carrier) family (S4 Table),
miR-223-5p was found to target SLC2A1 (GLUT1). Glucose is the primary precursor for lactose
synthesis, the main milk carbohydrate. In the mammary gland of lactating cows, GLUT1mRNA
and protein were shown to be strongly expressed whereas they were barely detectable in dry cows
[65]. In addition, GLUT1 protein represents about half of glucose transporters in the Golgi mem-
branes of lactating rat epithelial cells [66]. Consequently,miR-223-5pmay have a role in regulating
glucose uptake and lactose synthesis, a hypothesis which requires further investigation.

Putative targets differently expressed in FD goats
Of all the putative targets predicted for nutriregulated miRNA, 47 were among the genes previ-
ously identified as being significantly affected (named DEG) by food deprivation using a
microarray technique [2] (S5 Table). One to six miRNA were predicted to targets these 47
DEG. In addition, when the way of variations in DEG and nutriregulated miRNA was taken
account, 19 DEG were found to be potentially targeted by nutriregulated miRNA, including 18
down-regulated DEG which might be targeted by one to three up-regulated miRNA (Table 4)
one up-regulated DEG (CD24) might be targeted by chr3_3319-5p which was down-regulated
in FD goats. By investigating the cellular and molecular functions of these 19 DEG, “cellular
death and survival”, “cellular morphology” and “cell-to-cell interaction” were found to be
among the five most targeted functions (data not shown). This suggests that the deregulation
of miRNA may explain the phenotype of mammary tissue remodelling previously hypothe-
sized in FD goats [2]. Among the DEG that may be targeted by three nutriregulated miRNA,
ESR1 is a transcription factor that regulates genetic programming of cell cycle progression and
growth in the mammary gland. The knockout of ESR1 in mice suggests its crucial role in alveo-
logenesis during lactation [67]. Interestingly, ESR1 was down-regulated by food deprivation
and potentially targeted bymiR-125b-3p,miR-222-3p, and chr19_26739-5p, and up-regulated
in the mammary gland of FD goats. In additionmiR-222-3p has been confirmed as directly tar-
geting ESR1 in breast cancer cell lines [68]. Its binding site (Fig 5) is conserved among different
species, including cattle and goats. These observations suggest that the up-regulation ofmiR-
222-3p by food deprivation may be responsible for the down-regulation of ESR1.

Furthermore, 11 nutriregulated miRNA (Table 4) were found to potentially target DEG in
which three predicted miRNA chr3_3319-5p, chr9_13534-5p and chr12_18027-5p. Of the 11
nutriregulated miRNA that could target DEG, let-7c-5p,miR-223-3p andmiR-204-5pmay target
seven, five and four DEG, respectively (Table 4). Notably,miR-204-5p andmiR-223-3p are
nutriregulated miRNA with the highest fold change in high throughput sequencing. In addition,
miR-223-3pmay target five DEG, three of which (ANKFY1, PLAGL2 and ZCCHC14) encode for
zinc finger proteins that bind DNA, suggesting that this miRNAmay indirectly regulate gene
transcription. Consequently, the deregulation ofmiR-204-5p andmiR-223-3p by food depriva-
tion may have a significant impact in the mammary gland through the regulation of DEG.

Co-localization of nutriregulated miRNA with QTL associated with traits
Quantitative Trait Loci (QTL) have been associated with economically important traits such as
health through the detection of clinical mastitis (somatic cell score) as well as milk production
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and composition (lactose, protein and fat) in livestock, particularly cattle [69]. However no
QTL are yet available in the goat. Using conservation between species, cow miRNA expressed
during lactation and conserved in the goat have been located in cattle QTL associated with
milk production and composition (personal communication). Among the 30 miRNA nutrire-
gulated in the present study,mir-671 was located in QTL linked to somatic cells on bovine
chromosome 4 (Table 5). It is also located in a QTL region associated with both milk protein
yield and milk fat percentage and content. In addition,mir-140 is located in QTL associated
with the somatic cell score and milk yield on bovine chromosome 18. Furthermore,mir-409,
mir-494 andmir-541 belonging to a large and conserved cluster in mammals have also been
located in QTL associated with milk yield and milk fat percentage and content on bovine chro-
mosome 21. As well as having many putative targets involved in lipid metabolism (Fig 3, S4
Table),miR-494-3p andmiR-409-3p are also positioned in QTL regions associated with milk
fatty acids, thus rendering these two miRNA good candidates to study their involvement in the
regulation of milk lipid synthesis. The co-localization of nutriregulated miRNA with QTL asso-
ciated with milk composition may provide clues to their role in the regulation of milk traits.

Conclusion
The findings reported here highlight for the first time using high throughput miRNA sequenc-
ing, 30 known or predicted miRNA in the ruminant mammary gland which expression seems
to be nutriregulated. Among these 30 potentially interesting miRNA, members of clusters and
similar families were found. Five of them have already been reported as being affected by

Table 4. Differently expressed genes potentially targeted by nutriregulated miRNA.

miRNA Differently Expressed Genes

let-7c-5p ABCC5, ANKFY1, DCBLD1, DCUN1D3, DPAGT1, LEPREL2, PLAGL2

miR-99a-3p ZCCHC14

miR-125b-3p ESR1

miR-140-3p PLAGL2

miR-204-5p IRF2BP2, KCNH8, PHLDB1, TSPAN31

miR-222-3p ESR1, INSIG1

miR-223-3p ANKFY1, ARFIP1, MYO1B, PLAGL2, ZCCHC14

miR-223-5p EFHC1

chr3_3319-5p CD24

chr9_13534-5p ESR1, ZCCHC14

chr12_18027-5p RAD9A, TMEM2

In bold, miRNA or DEG whose expression are upregulated by the food deprivation. ABCC5: ATP-binding

cassette, sub-family C (CFTR/MRP), member 5, ANKFY1: Ankyrin repeat and FYVE domain-containing

protein 1, ARFIP1: Arfaptin-1, CD24: Signal transducer CD24 precursor, DCBLD1: Discoidin, CUB and

LCCL domain-containing protein 1 precursor, DCUN1D3: DCN1, defective in cullin neddylation 1, domain

containing 3, DPAGT1: UDP-N-acetylglucosamine-dolichyl-phosphate N-

acetylglucosaminephosphotransferase, EFHC1: EF-hand domain-containing protein 1, ESR1: Oestrogen

receptor alpha, INSIG1: Insulin-induced gene 1 protein, IRF2BP2: Interferon regulatory factor 2 binding

protein 2, KCNH8: Potassium voltage-gated channel subfamily H member 8, LEPREL2: Prolyl

3-hydroxylase 3 precursor, MYO1B: Myosin Ib, PHLDB1: Pleckstrin homology-like domain family B

member 1, PLAGL2: Zinc finger protein PLAGL2, RAD9A: Cell cycle checkpoint control protein Rad9A,

TMEM2: Transmembrane protein 2, TSPAN31: Tetraspanin-31, ZCCHC14: Zinc finger CCHC domain-

containing protein 14.

doi:10.1371/journal.pone.0140111.t004
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nutrition in other species and tissues. By investigating the genes they might target, some nutrir-
egulated miRNA appear to be good candidates for further studies in mammary gland biology.
For example,miR-494-3p, located in QTL associated with milk fat in cows, may be preponder-
ant for milk lipid synthesis, notably through the regulation of PTEN, and in targetingmTOR,
miR-99a-5pmay regulate milk protein synthesis. The links between miRNA and DEG previ-
ously identified by transcriptomic assays show that 19 DEG may be targeted by nutriregulated
miRNA. These observations highlighted two miRNA,miR-204-5p andmiR-223-3p, whose
expression was the most markedly affected by food deprivation and which may target several
DEG, suggesting important roles for both miRNA in the nutritional regulation of gene expres-
sion in the mammary gland. Nevertheless, further studies are necessary to support our results
and to decipher the function of these miRNA in mammary epithelial cells.

Table 5. Nutriregulated miRNAwhich bovine equivalent is located in QTL associated with milk production and composition.

QTL Associated with milk components Associated with mammary tissue health

Bovine chromosome Fat percentage and content Protein yield Somatic cell score

BTA 4 mir-671 mir-671 mir-671

BTA 18 mir-140

BTA 21 mir-494, mir-541, mir-409a

Conservation between nutriregulated and bovine miRNA was checked and their localization in QTL (CattleQTLdb, http://www.animalgenome.org/cgi-bin/

QTLdb/BT/) associated with milk was investigated.

doi:10.1371/journal.pone.0140111.t005

Fig 5. NutriregulatedmiRNA binding sites on ESR1mRNA. Analyses were performed using DIANAmicroT v5.0 [36] for miR-125b-3p and miR-222-3p
and Custom Target Scan v5.2 [37] for chr19_26739-5p. The interaction between 3’UTR of ESR1 and the seed region of miR-222-3p of one binding site is
described in the box.

doi:10.1371/journal.pone.0140111.g005
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MiRNA offer new insights to understand the impact of nutrition on the mammary gland
and may help to clarify mammary gene regulation in order to modulate milk quality via nutri-
tion. The nutrition model of food deprivation used in this study was a large challenge, so fur-
ther studies should be performed with a diet that could be applied by livestock farmers in order
to identify the nutriregulation of miRNA under breeding conditions.
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