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MicroRNAs Synergistically Regulate Milk Fat Synthesis in Mammary Gland 
Epithelial Cells of Dairy Goats
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Shaanxi Key Laboratory of Molecular Biology for Agriculture, College of Animal Science and Technology,  
Northwest A&F University, Yangling, Shaanxi, China

Synergistic regulation among microRNAs (miRNAs) is important to understand the mechanisms underlying 
the complex molecular regulatory networks in goats. Goat milk fat synthesis is driven by a gene network that 
involves many biological processes in the mammary gland. These biological processes are affected by several 
miRNAs rather than a single miRNA. Therefore, identifying synergistic miRNAs is necessary to further under-
stand the functions of miRNAs and the metabolism of goat milk fat synthesis. Using qRT-PCR, we assessed the 
expression of 11 miRNAs that have the potential to regulate milk fat synthesis in the goat mammary gland. Six 
of these miRNAs exhibited expression during the lactation cycle. Additionally, we also found that prolactin, the 
key hormone that regulates lactation, promotes the expression of four miRNAs (miR-23a, miR-27b, miR-103, 
and miR-200a). Further functional analysis showed that overexpression of all four miRNAs by using recombi-
nant adenovirus in goat mammary gland epithelial cells can affect gene mRNA expression associated with milk 
fat synthesis. Specifically, elevated miR-200a expression suppressed the mRNA expression of genes involved 
in fat droplet formation. To analyze the synergistic regulation among these four miRNAs (miR-23a, miR-27b, 
miR-103, and miR-200a), we used the Pearson correlation coefficient to evaluate the correlation between their 
expression levels in 30 lactating goats. As a result, we found a strong correlation and mutual regulation between 
three miRNA pairs (miR-23a and miR-27b, miR-103 and miR-200a, miR-27b and miR-200a). This study pro-
vides the first experimental evidence that miRNA expression is synergistically regulated in the goat mammary 
gland and has identified the potential biological role of miRNAs in goat milk fat synthesis. The identification 
of synergistic miRNAs is a crucial step for further understanding the molecular network of milk fat synthesis 
at a system-wide level.
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miR-103 silencing in OB/OB mice showed reduced fat-
pad weights (14). Furthermore, 431 miRNAs were identi-
fied in the mammary gland during early lactation of the 
Chinese Laoshan dairy goat by high-throughput sequenc-
ing (15). Information from previous studies indicated that 
miRNAs are important for goat lactation. miRNAs are 
expressed spatially and temporally to precisely control 
the patterns of gene expression. A relatively small num-
ber of miRNA networks can effectively modulate mul-
tiple factors involved in biological metabolic processes 
(16). In addition, a single biological process can be 
affected by several miRNAs rather than a single miRNA 
(16). However, the molecular network (including miRNA 
network) for lactation in dairy goats has been barely 
characterized. Therefore, analysis of synergistic regula-
tions among multiple miRNAs in the mammary gland of 
goats is important to understand the function of miRNAs 

INTRODUCTION

Milk fat synthesis in the epithelial cells of the mam-
mary gland involves many processes including de novo 
synthesis of fatty acids, triglyceride synthesis, fat droplet 
formation, and fatty acid uptake and transport. Goat milk 
fat contains greater amounts of short-chain, medium-
chain, and unsaturated fatty acids than cow milk (1–3), 
indicating a unique network in goat milk fat synthesis.

MicroRNAs (miRNAs) are short endogenous RNAs 
known to posttranscriptionally repress gene expression in 
animals and plants (4–6). They are key regulators in many 
metabolic processes, including tissue development (7,8), 
cell differentiation (9,10), and lipid metabolism (11,12). 
Recent studies have indicated that miRNAs are involved 
in lactation of the mammary gland. MiR-27 decreased 
fat accumulation by targeting peroxisome proliferator-
activated receptor g (PPARg) in 3T3-L1 preadipocytes (13); 
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as well as the mechanisms underlying the molecular net-
work of lactation in dairy goats.

To identify synergistic miRNAs, we screened miRNAs 
that were differentially expressed during the lactation cycle 
and positively respond to prolactin concentration. We ana-
lyzed the correlation and interaction between the expres-
sion levels of four miRNAs and overexpressed them in 
goat mammary gland epithelial cells. This study has iden-
tified miRNAs that synergistically regulate milk fat syn-
thesis of dairy goats and has provided important clues that 
miRNAs form a regulatory network during lactation.

MATERIALS AND METHODS

Animals, Tissue Sampling, and RNA Extraction

Thirty healthy 3-year-old Xinong Saanen goats of sim-
ilar weight were selected from the Experimental Farm of 
Northwest A&F University for this study. The goats were 
in their second lactation. Mammary gland tissues were 
surgically collected from these 30 goats at midlactation 
(120 days after parturition) and immediately frozen in 
liquid nitrogen. In addition, 10 of the 30 goats were used 
for mammary gland tissue collection at early lactation (30 
days after parturition).

Total RNA was extracted from the mammary gland 
tissue and mammary gland epithelial cells using a mir-
Vana miRNA Isolation Kit (Ambion, USA) according to 
the manufacturer’s instructions. The quantity and quality 
of RNA was measured using a NanoDrop ND-1000 spec-
trophotometer (NanoDrop, USA). Total RNA was stored 
at -80°C for further use.

Primers, cDNA Synthesis, and qRT-PCR  
for miRNAs and mRNAs

For miRNA, first-strand cDNA was synthesized using 
100 ng of total RNA and a TaqMan® MicroRNA Reverse 
Transcription Kit (Ambion). The first-strand cDNA was 
diluted with DNase/RNase-free water. The PCR assay was 
carried out with a TaqMan MicroR-103 Assay (Ambion) 
on a Bio-Rad CFX96 real-time PCR detection system 
(Bio-Rad, USA). The primers for miRNA are listed in 
Table 1. The relative expression levels of the miRNAs 
were normalized with the U6 or U2 snRNA expression 
level, which was calculated using the 2-DDCT method.

For mRNA, 1 μg of total RNA was synthesized into 
cDNA using the PrimeScript® RT Reagent Kit (Perfect 
Real Time, Takara, Japan). The qPCR assay was per-
formed using SYBR® Premix Ex Taq™ II (Perfect Real 
Time, Takara) on a Bio-Rad CFX96. Glyceraldehyde-
3-phosphate-dehydrogenase (GAPDH) was used as an 
internal control. Data were analyzed using the relative 
quantification (DDCt) method. The mRNA primers are 
listed in Table 2. In addition to the primers from pub-
lished papers, other primers were designed using goat 
genes that were cloned in our laboratory.

Cell Culture and Hormone Treatments

Mammary gland epithelial cells were cultured in 
DMEM/F12 medium (Invitrogen Corp., USA) contain-
ing insulin (5 μg/ml), hydrocortisone (0.25 μmol/L), 
penicillin (50 U/ml)/streptomycin (50 U/ml), epidermal 
growth factor 1 (EGF-1, Gibco; 10 ng/ml), and 10% FBS 
at 37°C in a humidified atmosphere with 5% CO

2
 (17). 

The medium was changed every day. At confluence, the 
mammary gland epithelial cells were dissociated using 
trypsin-EDTA solution (0.25% trypsin and 0.05% EDTA). 
Some of the passage 1 cells were seeded on DMEM/F12 
medium in culture plates (Nunc, Denmark) at a density 
of 5 × 104 cells/cm2, and then human prolactin (Sigma-
Aldrich, USA) was added to the medium to obtain a final 
concentration of 0, 2, 6, or 10 μg/ml. The cells were cul-
tured at 37°C in a humidified atmosphere with 5% CO

2
. 

After 48 h, the cells were collected, and the total RNA 
was extracted. The other passage 1 cells were seeded on 
DMEM/F12 medium to obtain passage 2 cells for adeno-
virus infection as described in the following.

Ad-miRNA Generation and Infection

The stem–loop of the miRNAs and about 250 nucle-
otides of the flanking sequences on the 5¢ and 3¢ ends of 
miRNAs were amplified from normal Xinong Saanen 
dairy goat genomic DNA. The primers for the miRNA 
were designed using the Oligo software (version 6.0). 
The primers for miR-23a, miR-27b, miR-103, and miR-
200a are listed in Table 3. The adenovirus vectors pAd 
and pAd-miRNAs were constructed using a commercial 
system (AdEasy, Stratagene). Mammary gland epithelial 
cells were infected with Ad-miRNAs or Ad (control). The 
infected cells were cultured at 37°C for 0, 24, 48, and 72 h 
and then used for total RNA extraction as described herein. 
Furthermore, we found that Ad-miR-23a, Ad-miR-27b, 
Ad-miR-103, and Ad-miR-200a all successfully mediated 
their respective miRNA overexpression throughout the 
observation period in epithelial cells.

Table 1.  miRNA Primers for qPCR Analysis

miRNA Primers (5¢–3¢)

miR-9 AGAAACCAATAGATCGACATACT
miR-23a CATCACATTGCCAGGGATTA
miR-27b TTCACAGTGGCTAAGTTCCG
miR-29c ATCGTGGTAAACTTTAGCCAAGG
miR-33a CACGTAACATCAACGTAACG
miR-103 AGCAGCATTGTACAGGGCTA
miR-130a GTCACGTTACAATTTTCCCTTG
miR-143 ACTCTACTTCGTGACATCGAGG
miR-200a TAACACTGTCTGGTAACGATGT
miR-223 ACAGTCAAACAGTTTATGGGGT
miR-335 TGTTCTCGTTATTGCTTTTACGCG
U6 CACTATTGCGGGTCTGC
U2 CGCTTCTTCGGCTTATTAG
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Table 2.  mRNA Primers for qPCR Analysis

Gene Accession No. Primers (5¢–3¢) Source

FASN DQ915966* Forward: GTCGTTGTCTACAGCACAGCCT This article
Reverse: ATGGCGAGGTTCCACTCAAAC

ACACA DQ370054.1* Forward: CATCTTGTCCGAAACGTCGAT (26)
Reverse: CCCTTCGAACATACACCTCCA

SCD GU947654* Forward: CCATCGCCTGTGGAGTCAC This article
Reverse: GTCGGATAAATCTAGCGTAGCA

GPAM AY515690† Forward: GCAGGTTTATCCA GTATGGCATT (26)
Reverse: GGACTGATATCTTCCTGATCATCTTG

AGPAT6 NM_00108366.1† Forward: AAGCAAGTTGCCCATCCTCA This article
Reverse: AAACTGTGGCTCCAATTTCGA

LPIN1 NM_00120615.1 Forward: TCCCTGCTCGGACGTAATTG This article
Reverse: TGGCCACCAGA ATAAAGCATG

DGAT1 HM566448* Forward: CCACTGGGACCTGAGGTGTC This article
Reverse: GCATCACCACACACCAATTCA

ADFP HQ846826* Forward: CCCCAGAAGCCGAGTTACTATGTT This article
Reverse: CACGCAGCCAGGACAGATAGAG

TIP47 HQ846826* Forward: GGTGGAGGGTCAGGAGAAA This article
Reverse: TCACGGAACATGGCGAGT

gBTN1A1 EF102891* Forward: TCACGAGGGAGAGGAGTTTC This article
Reverse: GGAAGAAGGATGCTGGTATG

CD36 JF69774.1* Forward: GTACAGATGCAGCCTCATTTCC (26)
Reverse: TGGACCTGCAAATATCAGAGGA

SLC27A6 NM_00110116.1† Forward: CCAAGACTCCCAGAAGGT This article
Reverse: GGCTGTTGTTCCAGAAGTAA

ABCA1 NM_00102469.1† Forward: CGGCGGCTTCTCTTGTATA GC (26)
Reverse: TTCAAGCGTGAGCTGAAACG

ABCG1 NM_001205528.1† Forward: CGTCCATAGGTTTCCACTGTGT (26)
Reverse: GCACAGCAGAAGAATCTCCATA

FABP3 AY466498* Forward: CCTTCAAATTGGGCCAGGA This article
Reverse: CAGCACCAGCTTATCATCCAC

GPR41 HM013824* Forward: CGCATTCTTCACCACCATCT This article
Reverse: GCAGGTCCCGTTGATACC

PPARγ HQ589347* Forward: TCCGTGATGGAAGACCACTC This article
Reverse: CCCTTGCATCCTTCACAAGC

SREBP-1c JN790254.1* Forward: CCAGCTGACAGCTCCATTGA This article
Reverse: TGCGCGCCACAAGGA

LXRα GU332719* Forward: CATCAACCCCATCTTCGAGTT This article
Reverse: CAGGGCCTCCACATATGTGT

GAPDH AJ431207.1* Forward: GCAAGTTCCACGGCACAG This article
Reverse: GGTTCACGCCCATCACAA

*Accession number of goat genes.
†Accession number of cow genes. Bold symbols mean that this gene was cloned in our laboratory from the goat.

Table 3.  miRNA Primers for pri-miRNAs

miRNA Primers (5¢–3¢) Pri-miRNA Length (bp)

miR-23a Forward: TTATGAAAGATTTGGTCTGCC 306
Reverse: ATAACGCTTTCAGTTGACCTT

miR-27b Forward: GGAAGAAGGATGCTGGTATG 312
Reverse: TCCACGAGGGAGAGGAGTTTC

miR-103 Forward: CGCTAGAAGCTTTTGGGTTAATACTCCATTGAG 328
Reverse: GCCCTAGACCATGGATTTGTCATTTTG TAAAACT

miR-200a Forward: GCCTAACACAAGTAATGTAAAA 281
Reverse: AACTGAAGAGACGGTCAATGA
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Statistical Analysis

All infection experiments were repeated six times. The 
qRT-PCR assays were performed in triplicate, and each 
experiment was repeated at least three times. The data are 
presented as the means ± SD of three or more independent 
experiments. Differences were considered statistically 
significant at p < 0.05 using Student’s t test.

RESULTS

Screening MiRNAs Whose Expression Correlates  
With Lactation and Prolactin Concentrations

A previous study has reported 300 miRNA profiles in 
goat mammary gland during early lactation (15). Among 
these 300 miRNAs, we found 11 miRNAs that have been 
reported to directly or indirectly regulate lipid synthesis 
in mammalian tissue or cells. The functions of the major-
ity of these miRNAs have been reported in adipose tissue, 
whereas others were validated in the liver, muscle, and pan-
creas (Table 4). There is no miRNA function reported in goat 
mammary gland. The mammary gland is a “lipid synthesis 
machine” during lactation (18). Therefore, we speculated 
that these 11 miRNAs might be crucial for goat lactation. 
In addition, we predicted the targets of the miRNAs using 
MicroCosm and PicTar. We found that some of the pre-
dicted targets were related to fat synthesis (Table 4).

To screen these miRNAs for their involvement in milk 
fat synthesis, we measured the changes in expression of 
these 11 miRNAs during the lactation stages. Based on 
overall milk production, the lactation cycle can be divided 
into three periods: early, mid-, and late lactation. Milk yield 
in midlactation is higher than during the other two periods. 
We chose 10 goats and sampled the mammary gland tis-
sues at midlactation (120 days after parturition) and early 
lactation (30 days after parturition). These tissues were then 
pooled in each sample data and subjected to RNA extrac-
tion. We compared miRNA expression in these two differ-
ent stages by quantitative real-time PCR. As a result, we 
found six differently expressed miRNAs. The expression 
levels of miR-23a (1.42-fold, p < 0.05), miR-27b (2.2-fold, 
p < 0.05), miR-103 (4.7-fold, p < 0.05), miR-200a (6.4-fold, 
p < 0.05), and miR-335 (1.4-fold, p < 0.05) were all higher 
during midlactation than during early lactation (Fig. 1A). 
In contrast, miR-130a (0.87-fold, p < 0.05) expression was 
lower during midlactation than during early lactation (Fig. 
1A). The correlation of the expression of these six miR-
NAs and the lactation stages demonstrates that these miR-
NAs may regulate milk fat synthesis in goats. The other 
five miRNAs (miR-9, miR-29c, miR-33a, miR-143, and 
miR-223) whose expression was nearly unchanged during 
the lactation cycle may be involved in basic metabolism in 
the mammary gland.

Table 4.  miRNAs Involved in Fat Synthesis

miRNA Tissue Function Known Targets Reference(s) Predicted Targets*

miR-9 Pancreas Insulin secretion SIRT1 (54) RXRa, INSIG1, ABCA1
miR-23 Adipose Enhancing  

glutamine metabolism
MuRF1, c-Myc (22) SLC4A5, ADRP, 

STAT5B
miR-27 Adipose Adipogenesis PPARγ, C/EBP (13,55) LPIN1, ABCA1, LPL 1
miR-29 Adipose Glucose transport INSIG1, CAV2, (56) LPL
miR-33 Liver Lipid homeostasis ABCA1, CPT1A (44,57) MAP3K3, IRS2, 

PPARGC1A
miR-103 Adipose Adipogenesis and  

insulin sensitivity
CDK5R1, CAV1 (14,23) ACSL1, GPR41, 

STAT5A, GLUD1
miR-130 Adipose Adipogenesis PPARγ (58) ACSL4, ACSL1, 

ABCA1
miR-143 Adipose Insulin resistance MAPK7 (59) MAP3K7, SLC16A2
miR-200 Adipose Regulating insulin 

pathway
ZEB1/2, BMI1 (24) MGF, BTN1A1, 

GPR43, LPL
miR-223 Muscle Glucose uptake GLUT4 (60) ACSL3, MAP3K2
miR-335 Adipose Fatty acid and  

triglyceride synthesis
SIRT1, ACSL1 (61) MAP3K2, PANK2

ABCA1, ATP-binding cassette subfamily A member 1; GLUT, solute carrier; ACSL, acyl-CoA synthetase; CAV2, caveolin 2; CPT1A, carnitine palmi-
toyltransferase 1A; INSIG1, insulin-induced gene 1; IRS2, insulin receptor substrate 2; PPARγ, peroxisome proliferator-activated receptor g; SIRT, sirtuin; 
SLC, solute carrier; MuRF1, muscle ring finger 1; c-Myc, c-myc oncogene; C/EBP, CCAAT/enhancer-binding protein; RXRa, retinoid X receptor a; 
ADRP, adipose differentiation related protein; STAT5, signal transducer and activator of transcription subfamily 5; LPIN1, Lpin1; LPL, lipoprotein 
lipase; BTN1A1, butyrophilin, subfamily 1, member A1; MAP3K, mitogen-activated protein kinase kinase kinase 3; CDK5R1, cyclin-dependent kinase 
5 regulatory subunit 1; ZEB, zinc-finger E-box binding homeobox; BMI1, polycomb group gene; MAPK7, mitogen-activated protein kinase 7; GPR, 
orphan G protein-coupled receptor; PANK2, pantothenate kinase 2; SCD, stearoyl-CoA desaturase; MGF, mammary gland factor; PPARGC1A, peroxi-
some proliferator-activated receptor gamma coactivator 1 a.
* Genes are predicted by MicroCosm (Release 8.1, 2012) or PicTar (Release 3.26, 2007).
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To further understand these miRNAs, we investigated 
the interactions between the miRNAs and prolactin, a pri-
mary hormone that regulates lactation in mammals (19). 
The serum concentration of prolactin paralleled changes 
in milk yield throughout the lactation (20,21). Prolactin 
activates the STAT5/JAK2 signaling pathway to increase 
milk fat synthesis in mammary gland (19). As expected, 
we observed a dose-dependent effect of prolactin on the 
expression of four miRNAs (i.e., miR-23a, miR-27b, miR-
103, and miR-200a) in goat mammary gland epithelial cells 
(Fig. 1B). The expression levels of these four miRNAs 
were upregulated as the prolactin concentration increased 
from 0 to 10 μg/ml (Fig. 1B). This suggested that miR-23a, 
miR-27b, miR-103, and miR-200a may be downstream of 
prolactin and thereby related to milk fat synthesis. In addi-
tion, the other two miRNAs (miR-130a and miR-335) that 
are not sensitive to prolactin may not be correlated with the 
prolactin or the lactation. Therefore, we chose miR-23a, 
miR-27b, miR-103, and miR-200a for further study.

Elevated miRNA Expression Affects Gene mRNA 
Expression Associated With Milk Fat Synthesis  
in Goat Mammary Epithelial Cells

Previous studies have shown the following: miR-23 
enhanced glutamine metabolism in human heart tis-
sue (22); miR-27 decreased fat accumulation in 3T3-L1 
preadipocytes (13); overexpressing miR-103 in preadi-
pocyte 3T3-L1 cells increased triglyceride accumulation 
at an early stage of adipogenesis (23); and miR-200a 
promoted insulin signaling in human adipose cell (24). 

In this study, the expression patterns of miR-23a, miR-
27b, miR-103, and miR-200a were found to be similar in 
mammary gland, and these miRNAs were all regulated 
by prolactin. Furthermore, these miRNAs have a com-
mon function in the regulation of lipid metabolism in adi-
pose tissue (Table 4). To investigate the role of these four 
miRNAs in milk fat synthesis, we generated four recom-
binant adenoviruses expressing miR-23a, miR-27b, miR-
103, and miR-200a in goat mammary gland epithelial 
cells. We assessed the expression of key genes related to 
milk fat synthesis in epithelial cells infected with each 
Ad-miRNA (Fig. 2 and Table 5). Ad-infected cells were 
used as a control.

Milk fat synthesis in mammary gland epithelial cells 
is a complex biological process involving various enzy
matic reactions (25–27). Fatty acids are synthesized by 
fatty acid synthase (FASN) and acetyl-coenzyme A car-
boxylase a (ACACA), unsaturated by stearoyl-CoA 
desaturase (SCD), and then processed into triglyceride 
by diacylglycerol acyltransferase1 (DGAT1). Lipids out-
side of cells are hydrolyzed by lipoprotein lipase (LPL) 
and transported into cells by thrombospondin receptor 
(CD36) and solute carrier family 27 transporter sub
family A member 6 (SLC27A6). These fatty acids are also 
processed into triglyceride. All triglycerides coalesce to 
form fat droplets by adipose differentiation-related pro-
tein (ADRP) and PAT-related protein family member 
47 (TIP47), and then they are secreted by butyrophilin 
(BTN1A1). We assessed the expression of key genes related 
to these processes at 0, 24, 48, and 72 h after infecting 

Figure 1.  miRNA expression correlates with lactation stage and prolactin concentration. (A) MiR-23a, miR-27b, miR-103, and miR-
200a in goat mammary gland are differentially regulated during early (30 days after parturition) and midlactation (120 days after  
parturition). The relative expression levels of miR-23a, miR-27b, miR-103, and miR-200a were calculated by the 2-DDCT method,  
normalized with U6, and plotted relative to their respective expression in early lactation. Data are presented as the mean ± SD (n = 10). 
(B) MiR-23a, miR-27b, miR-103, and miR-200a positively respond to prolactin concentration in goat mammary gland epithelial cells. 
MiRNA expression was assessed by qRT-PCR, normalized to U6 internal control, and plotted relative to the expression at a concentra-
tion of 0 μg/ml. All data are presented as the mean ± SD (n = 9). *p < 0.05, **p < 0.01.
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mammary gland epithelial cells with Ad-miRNA or Ad 
(control). Our results showed that miR-23a, miR-27b,  
and miR-103 selectively regulated mRNA expression 
associated with milk fat synthesis. Overexpression of 
miR-23a (Fig. 2A) upregulated the mRNA expression 
levels of ADRP, FASN, CD36, and TIP47 throughout the 
observation period (Fig. 2B). CD36 expression gradually 
increased as miR-23a expression increased (Fig. 2B). At 
72 h postinfection, the changes in mRNA expression of 
CD36 was the greatest among the four genes (Fig. 2B). 
This suggests that miR-23a positively regulates CD36 
expression and thereby may accelerate fatty acid trans-
port in epithelial cells. Elevated miR-27b expression 
(Fig. 2A) upregulated the mRNA expression level of SCD 
but downregulated the mRNA expression levels of FASN, 
ADRP, and BTN1A1 (Fig. 2C). Specifically, the mRNA 
expression of ADRP in Ad-miR-27b-infected cells was 
reduced by 60% compared with Ad-infected cells at 
72 h postinfection (p < 0.05, Fig. 2C). This indicates a 
potential role of miR-27b in the negative regulation of 
fat droplet formation by suppressing ADRP expression in 

goat. The SCD expression in Ad-miR-27b-infected cells 
was higher than in Ad-infected cells, suggesting another 
potential role of miR-27b in regulation of unsaturated 
fatty acid composition. Furthermore, overexpression of 
miR-103 (Fig. 2A) gave an increase in the mRNA expres-
sion levels of FASN, ADRP, ACACA, and LPL (Fig. 2D). 
The mRNA expression level of LPL was nearly 10-fold 
higher in Ad-miR-103-infected cells than in Ad-infected 
cells at 72 h postinfection (Fig. 2D), indicating a potential 
role of miR-103 in the positive regulation of lipid hydro-
lysis, which supplies fatty acids for milk fat synthesis. 
These results indicate that these genes regulated (either 
directly or indirectedly) by miRNAs nearly cover the 
whole milk fat synthesis pathway, suggesting that miR-
23a, miR-27b, and miR-103 are crucial for lactation in 
goat. In addition, we found that miR-23a, miR-27b, and 
miR-103 all affected FASN expression. FASN is a crucial 
enzyme with a central role in short- and medium-chain 
fatty acid synthesis of milk fat (28,29). The change in the 
mRNA expression of FASN indicates that these miRNAs 
might regulate fatty acid composition.

Figure 2.  Overexpression of miRNA regulates gene mRNA expression associated with milk fat synthesis in epithelial cells. (A) miRNAs 
are overexpressed by using their respective Ad-miRNA in mammary gland epithelial cells. miRNA expression was assessed at 0, 24, 48, 
and 72 h postinfection. The expression levels of miR-23a, miR-27b, miR-103, and miR-200a were measured by qRT-PCR, normalized 
with internal control U2, and plotted relative to level of Ad-infected cells (control). Data are expressed as the mean ± SD (n = 10). *p < 0.05. 
(B) Overexpression of miR-23a promotes mRNA expression of FASN, ADRP, CD36, and TIP47. (C) Overexpression of miR-27b increases 
mRNA levels of SCD, but decreases mRNA levels of FASN, ADRP, and BTN1A1. (D) Overexpression of miR-103 upregulates mRNA 
levels of ACACA, FASN, ADRP, and LPL. (E) Overexpression of miR-200a promotes mRNA expression of SLC27A6 and CD36 but sup-
presses mRNA expression of GPR41 and TIP47. mRNA expression (B–E) was assessed 0, 24, 48, and 72 h after goat mammary gland 
epithelial cells were infected with their respective Ad-miRNA. The mRNA levels were measured by qRT-PCR, normalized with GAPDH, 
and presented relative to the mRNA amounts of Ad-infected cells (control). All data are expressed as the mean ± SD (n = 18). *p < 0.05.
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miR-200a Has an Extensive Role in the Entire Process 
of Milk Fat Synthesis

Among miR-23a, miR-27b, miR-103, and miR-200a, 
the change in miR-200a expression was the greatest in 
both the mammary gland during different lactation stages 
and in epithelial cells after alterations in the prolactin 
concentration. Therefore, we chose miR-200a for further 
functional validation. We assessed the mRNA expression 
of key genes associated with the entire fat synthesis pro-
cess 72 h after infection with Ad-miR-200a or Ad (con-
trol) in goat mammary gland epithelial cells (Table  5). 
Overexpression of miR-200a suppressed the mRNA 
expression of ADRP and TIP47 associated with fat drop-
let formation, whereas it increased the mRNA expression 
of SLC27A6 and CD36 associated with fatty acid uptake, 
ACACA and FASN involved in fatty acid synthesis, and 
SCD and DGAT1 related to triglyceride synthesis (Table 5). 
The expression levels of fatty acid binding protein 3 
(FABP3), GPR41, and ABCA1 also changed (Table 5). 
The gene that exhibits the greatest changes was found to be 
TIP47. The mRNA expression level of TIP47 in Ad-miR-
200a-infected cells was reduced by 89% compared with 

that in Ad-infected cells (p < 0.05). In addition, the mRNA 
expression level of ADRP was also markedly decreased 
(0.49-fold, p < 0.05). ADRP and TIP47 are two cru-
cial proteins for milk fat droplet formation in mammary 
gland epithelial cells (30). miR-200a strongly suppressed 
these two gene expression, suggesting that miR-200a may 
negatively regulate milk fat droplet formation of lactating 
goats. Furthermore, we assessed the expression of four 
random genes (CD36, SLC27A6, FASN, and TIP47) at 0, 
24, 48, and 72 h postinfection. Elevated miR-200a expres-
sion (Fig. 2A) decreased the mRNA expression levels of 
TIP47, whereas it increased the mRNA expression levels 
of CD36, SLC27A6, and FASN throughout the observation 
period (Fig. 2E), which is similar to the results in Table 5. 
All the results indicated that miR-200a had an extensive 
role in milk fat synthesis (Table 5).

Sterol regulatory element-binding protein-1c 
(SREBP-1c), PPARg, and liver X receptor a (LXRa) 
are key transcriptional factors that control the biological 
processes of lactation, including fatty acid synthesis (i.e., 
SREBP-1c targeting FASN and ACACA) (31), triglycer-
ide synthesis [PPARg targeting DGAT1 and ATP-binding 

Table 5.  Relative mRNA Expression in miR-200a Overexpression Background

Gene Symbol Gene Description Ad-miR-200a to Ad

Do novo fatty acid synthesis
  FASN Fatty acid synthase 1.38*
  ACACA Acetyl-coenzyme A carboxylase a 1.47**
Triglyceride synthesis
  SCD Stearoyl-CoA desaturase (delta-9-desaturase) 1.04
  GPAM Glycerol-3-phosphate acyltransterase 1.11
  AGPAT6 1-Acylaglycerol-3-phosphate O-acyltransferase 6 0.92
  LPIN1 Lipin 1 0.15
  DGAT1 Diacylglycerol acyltransferase 1 1.52*
Lipid drop formation and secretion
  ADFP Adipose differentiation-related protein 0.49*
  TIP47 PAT-related proteins family, member 47 0.11*
  BTN1A1 Goat butyrophilin, subfamily 1, member A1 0.97
Fatty acid uptake
  CD36 CD 36 molecule (thrombospondin receptor) 1.08*
  SLC27A6 Solute carrier family 27 transporter, subfamily A, member 6 1.49*
FA transport
  ABCA1 ATP-binding cassette, subfamily A, member 1 0.85*
  ABCG1 ATP-binding cassette, subfamily G, member 1 0.41
FA intracellular transport
  FABP3 Fatty acid-binding protein 3 1.81*
Fatty acids receptor
  GPR41 Orphan G protein-coupled receptor family, member 41 0.59*
Transcription factor
  SREBP-1c Sterol regulatory element-binding protein, member 1c 1.15*
  PPARγ Peroxisome proliferator-activated receptor, member g 1.28*
  LXRα Nuclear oxysterol receptor, member a 0.81**

Genes were clustered based on main functions relative to milk fat synthesis. Ad-infected cells were used as control for Ad-miR-200a-infected cells. 
MRNA expression levels were determined at 72 h postinfection in goat mammary gland epithelial cells. mRNA levels were measured by qRT-PCR, 
normalized to GAPDH and plotted relative to controls. Data are presented as mean ± SD (n = 18).
*p < 0.05, **p < 0.01.
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cassette subfamily A member 1 (ABCA1)] (32), fat droplet 
formation (PPARg targeting ADRP) (33), and cholesterol 
transport [LXRa targeting ATP-binding cassette subfamily 
G member 1 (ABCG1)] (34). When miR-200a was over-
expressed, we found that the expression of PPARg (1.28-
fold, p < 0.05) and its targets (i.e., DGAT1 and ABCA1) 
was upregulated, and the expression of SREBP-1c (1.15-
fold, p < 0.05) and its targets (i.e., FASN and ACACA) was 
downregulated. Furthermore, expression of both LXRa 
(0.81-fold, p < 0.01) and its target ABCG1 was decreased. 
The parallel expression between transcription factors and 
their targets indicates that by regulating the mRNA expres-
sion of SREBP-1c, PPARg, and LXRa, elevated miR-200a 
expression can regulate the expression of genes associated 
with milk fat synthesis that are downstream of transcrip-
tion factors during lactation.

Identification of Synergistic miRNAs

Under most conditions, miRNAs synergistically regu-
late complex biological processes and genes with the same 
or similar functions. For example, cardiac arrhythmogen-
esis is  linked to miR-1 and miR-133, both of which act 
through the regulation of essential ion channel protein 
family (35). A limited number of miRNAs are thought to 
be able to control larger sets of genes through synergism. 
For example, Lin-4 and let-7 were the earliest miRNA 
pair to be experimentally verified and display cooperative 
regulation in Drosophila (36). During lactation of dairy 
goats, we wanted to determine whether miR-23a, miR-
27b, miR-103, and miR-200a work simultaneously and 
synergistically to regulate milk fat synthesis. We selected 
30 goats, sampled the mammary gland tissues at midlac-
tation (120 days after parturition), and assessed miRNA 
expression in each goat by qRT-PCR. The Pearson cor-
relation coefficient was used to determine any signifi-
cant correlations in expression between the miRNAs. 
As a result, we found a strong correlation between 
miR-103 and miR-200a expression (Fig. 3A, R = 0.716, 
p < 0.0001), miR-27b and miR-200a expression (Fig. 3B, 
R = 0.57, p < 0.0001), and miR-23a and miR-27b expres-
sion (Fig. 3C, R = 0.79, p < 0.001). However, the expres-
sion of miR-23a did not correlate with either miR-200a  
or miR-103 expression (data not shown). In addition, 
miR-27b expression did not correlate with miR-103 
expression (Fig. 3D, R = 0.279, p = 0.136). These corre-
lations indicated that three miRNA pairs (i.e., miR-23a/
miR-27b, miR-27b/miR-200a, and miR-200a/miR-103) 
are co-regulated during midlactation, suggesting that 
these miRNAs work in pairs to simultaneously regulate 
targets and induce the coexpression of their targets in  
the mammary gland of lactating goats.

miRNAs can regulate miRNA expression (37,38). It is 
expected to determine whether mutual regulation exists 
between these miRNAs. We overexpressed miR-23a, 

miR-27b, miR-103, and miR-200a in mammary gland 
epithelial cells and assessed the expression of miRNAs 
in four Ad-miRNA-infected cells (Table 6). Ad-infected 
cells were used as a control, and we found that miRNAs 
mutually regulate expression in goat. Overexpression of 
miR-103 (2.93-fold, p < 0.05) downregulated miR-200a 
expression (0.88-fold, p < 0.05), and elevated miR-200a 
expression (2.44-fold, p < 0.01) decreased miR-103 expres
sion (0.72-fold, p < 0.05). miR-200a overexpression 
(2.44-fold, p < 0.01) led to the upregulation of miR-27b 
expression (1.10-fold, p < 0.05), and miR-27b over
expression (1.93-fold, p < 0.05) resulted in an increased 
miR-200a expression (1.29-fold, p < 0.05). Additionally, 
mutual regulation was also observed between miR-27b 
and miR-23a, as the upregulation of one increased the 
expression of the other. However, no significant interac-
tion was found between miR-23a and miR-103 or miR-103 
and miR-27b. These results support our hypothesis that 
miRNAs with co-regulated expression can also mutually 
regulate expression in the mammary gland. Furthermore, 
the “co-regulation” and “mutual regulation” indicated the 
complexity of synergism of miRNA regulation.

DISCUSSION
miRNA Screening

Studies have shown that milk fat synthesis involves the 
synergistic regulation of genes during lactation (26,27). 
miRNAs are predicted to target one third of human genes 
(39). We speculated that miRNAs synergistically regulate 
milk fat synthesis in goats. Thus far, no miRNA function 
has been validated in goat mammary gland. We specu-
lated that miRNAs that are reported to regulate fat syn-
thesis in other tissues or cell lines may play similar roles 
in the goat mammary gland. To address our hypothesis, 
we performed four experiments: screening for differen-
tially expressed miRNAs during the lactation cycle (Fig. 
1A), analysis of miRNA sensitivity to prolactin (Fig. 1B), 
investigation of the role of miRNAs in milk fat synthe-
sis (Fig. 2 and Table 5), and analysis of the relationship 
between miRNAs (Fig. 3). As expected, we obtained 
three pairs of miRNAs (miR-23a and miR-27b, miR-103 
and miR-200a, miR-27b and miR-200a) that are synergis-
tically expressed during lactation. In addition, elevated 
levels of miR-23a, miR-27b, miR-103, or miR-200a 
expression can affect gene mRNA expression associated 
with milk fat synthesis in goat mammary gland epithelial 
cells. Our results suggest that miR-23a, miR-27b, miR-
103, and miR-200a participate in the regulation of lacta-
tion in goats, which supports our hypothesis.

Molecular Network of Milk Fat Synthesis

Hormone–miRNA Regulation. miRNA expression 
has been shown to be regulated by hormones (40,41). In 
this study, the expression levels of miR-23a, miR-27b, 
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miR-103, and miR-200a were upregulated as the prolac-
tin concentration increased. Prolactin acts through the 
STAT5/JAK2 pathway to increase gene mRNA expres-
sion associated with milk fat synthesis in mammary gland 
(42,43). When we used MicroCosm and PicTar to predict 
the targets of these four miRNAs (Table 4), we found that 
some targets are downstream of prolactin, such as STATB 
(miR-23) and STAT5A (miR-103), and some targets are 
downstream of STAT5/JAK2, including MGF (miR-200) 
and BTN1A1 (miR-27). When the prolactin concentration 
increased, the expression of these target mRNAs may 
be upregulated. However, epithelial cells generate much 
more these endogenous miRNAs (Fig. 1B). Therefore, 
the relationship between prolactin and miRNAs is 

Figure 3.  Correlation between miRNA expression in mammary gland of lactating goats. The expression levels of miR-23a, miR-27b, 
miR-103, and miR-200a were measured in each of the 30 goats (midlactation). Pearson analysis using the SPSS software was 
performed to identify the correlation coefficient. Intensity scatter plot shows comparison of two miRNA profiles in mammary gland. 
The expression of miRNAs was normalized to U6 (n = 30).

Table 6.  miRNAs Mutually Regulate Expression in Goat 
Mammary Gland Epithelial Cells

Cells Infected by 
Different Ad-miRNAs

miRNA Expression

miR-23a miR-27b miR-103 miR-200a

Ad-miR-23a 3.52* 1.17* 0.89 1.08
Ad-miR-27b 2.92* 1.93* 1.04 1.29*
Ad-miR-103 0.87 1.77 2.93* 0.88*
Ad-miR-200a 0.91 1.10* 0.72* 2.44**

miRNA expression was determined in epithelial cells at 72 h postin-
fection. Expression levels of miR-23a, miR-27b, miR-103, and miR-
200a in four groups of Ad-miRNA-infected cells were measured by 
qRT-PCR, normalized to U2, and presented relative to Ad-infected cells 
(control) (n = 18). Bold numbers indicate the overexpressed miRNA that 
was mediated by its Ad-miRNA.
*p < 0.05, **p < 0.01.
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complicated and needs further validation. From this point, 
milk fat synthesis may be involved in a hormone–miRNA 
regulatory network in mammary gland.

miRNA–miRNA Regulation. Some co-regulated  
miRNAs are cotranscribed (44). We speculated that the co-
regulated miRNAs (i.e., miR-200a and miR-103, miR-23a 
and miR-27b, miR-103 and miR-27b) identified in this 
study have a common mechanism of miRNA transcription 
initiation. The transcription of miRNAs is controlled by 
RNA polymerase II (Pol II) or III (Pol III) (45,46). It has 
been shown that the miR-23a–miR-27b–miR-24-2 cluster is 
transcribed by Pol II in humans (47). This information sup-
ported our result that the expression levels of miR-23a and 
miR-27b are co-regulated (Fig. 3C). MiR-200a expression 
correlates with miR-27b expression (Fig. 3B), suggesting 
that miR-200a may also be transcribed by Pol II. Moreover, 
miR-103 is co-regulated with its host gene PANK, indicat-
ing they may be transcribed from the same mRNA, which 
is activated by Pol II (23). On the basis of this information, 
miR-23a, miR-27b, miR-103, and miR-200a may be all 
transcribed by Pol II. However, miR-27b expression does 
not correlate with miR-103 expression, and we have not 
found a reasonable explanation for this lack of correla-
tion. Additionally, during pAd-miRNA construction, we 
cloned goat pri-miR-23a, pri-miR-27b, pri-miR-103, and 
pri-miR-200a according to the cow pri-miRNA sequences. 
When we analyzed these four pri-miRNA sequences in the 
mammal genome (human, cow, sheep, and goat), we found 
that the locations of these pri-miRNAs are conserved in 
the mammalian genome (Fig. 4). pri-miR-23a, pri-miR-
27b, and pri-miR-200a are located in the intergenic region; 
miR-103-1 is located in intron 5 of pantothenate kinase 3 
(PANK3). Although miR-23a and miR-27b are reported to 
be located in one cluster, the locations of pri-miR-23a and 
pri-miR-27b are distant (Fig. 4). We speculated that these 
two pri-miRNAs cloned in this study were located in the 

other region of the goat genome and not the miR-23a–miR-
27b–miR-24-2 cluster. Moreover, transcription initiation is 
mediated mainly through transcription factor interactions 
and can be affected by different Pol enzymes (6,45). A dif-
ference in the activity of one factor can result in differ-
ent miRNA transcription efficiency (47). Therefore, this 
complicated regulation of miRNA indicates that miRNAs 
control a complicated gene expression regulatory network 
during lactation.

Interactions were found between three co-regulated 
miRNA pairs. Our data showed a mutual promotion of 
expression between miR-27b and miR-200a as well as 
miR-23a and miR-27b (Table 6). The interaction between 
miR-200a and miR-103 showed a mutual reduction in 
expression (Table 6). Through genome sequence analysis, 
miR-103-1 was found to be located in intron 5 of PANK3. 
We hypothesize that miR-103 and PANK3 are cotrans-
cribed (23). Moreover, PANK3 is the predicted target of 
miR-200a (TargetScan, Release 6.2, 2012; Human). We 
speculate that elevated miR-200a expression decreased 
PANK3 expression, which can downregulate endogenous 
miR-103-1 expression. Combining our results (Fig. 3 and 
Table 6), we speculated that there is a universal miRNA–
miRNA regulatory network in the mammary gland. For 
the other two miRNA pairs, we think that they mutually 
regulate expression in an indirect manner.

miRNA–mRNA Regulation. In this study, we demon-
strated the role of miR-23a, miR-27b, miR-103, and miR-
200a in the goat for the first time. Based on the significant 
effects of these four miRNAs on gene expression (i.e., miR-
23a/CD36, miR-27b/ADRP, miR-103/LPL, miR-200a/
ADRP and TIP47) (Fig. 2 and Table 5), we predicated that 
miR-23a and miR-103 may regulate raw material content 
for milk fat synthesis, and miR-27b and miR-200a may 
control milk fat droplet accumulation in epithelial cells. To 
further explore the function of miRNAs, we designed to 

Figure 4.  The location of pre-miRNAs in genome.



NEW ROLE OF SYNERGISTIC miRNAs IN GOAT	 11

investigate the mechanism of miRNA regulation in these 
genes. However, no miRNA binding sites are found in the 
3¢, 5¢ or the coding region of these genes, indicating that 
the regulation of these miRNAs in mRNAs are indirect. 
A possible explanation is that miR-23a, miR-27b, miR-
103, and miR-200a may target other genes that can affect 
the transcriptional activity of these genes. For example, 
overexpression of miR-27b decreased the mRNA level 
of ADRP (Fig. 2C). Previous studies have shown that 
PPARg, participating in the transcriptional activation of 
lipogenic genes (i.e., ADRP), is a target of miR-27b in 
adipose tissue (13). We measured the mRNA levels of 
PPARg in Ad-miR-27b-infected cells at 0, 24, 48, and 72 
h postinfection. We found that overexpression of miR-27b 
suppressed PPARg expression throughout the observa-
tion period (Fig. 5A). Moreover, the expression pattern of 
PPARg mRNA was consistent with the mRNA expression 
pattern of ADRP downstream of PPARg. These findings 
can partially explain the decrease in ADRP expression as 
miR-27b overexpressed (Fig. 2C). However, we have not 
found underlying causes for the effects of miR-23a, miR-
103, and miR-200a on gene expression (miR-23a/CD36, 
miR-103/LPL, miR-200a/ADRP and TIP47).

The transcription of miRNAs and their targets are usu-
ally negatively co-regulated. Upregulation of miRNA 
expression generally inhibits their targets’ mRNA expres-
sion. However, in some cases, the transcription of the miR-
NAs and their targets are positively co-regulated (i.e., in 
rat postnatal oligodendrocyte lineage cells) (38,48), and 
upregulation of expression of some miRNAs increases 
the mRNA levels of their targets. For instance, elevated 
miR-17-5p expression in human cancer cells by c-Myc 
transcriptionally upregulates E2F1, a target gene of miR-
17-5p (48). Similarly, in the present study, overexpression 
of miR-23a upregulated the mRNA expression of ADRP, 

a predicted target of miR-23a (Fig. 2B). The repressive 
effect of miRNAs on target expression is often limited 
to the level of translation (4,50). Therefore, we wanted 
to ask if miR-23a acts in concert with other regulatory 
processes related to ADRP expression. We assessed the 
mRNA level of PPARg, a crucial transcription factor of 
ADRP (30), and we found that overexpression of miR-23a  
significantly upregulated PPARg expression (Fig. 5B). 
Furthermore, the expression patterns of PPARg and miR-
23a were similar, which can partially explain the increased 
mRNA expression of ADRP.

The miR-200 family regulates the epithelial-to-
mesenchymal transition by targeting ZEB1 (50). We per-
formed an MTT test to investigate the effect of elevated 
miR-200a expression in epithelial cells. However, we have 
not observed a difference in the total numbers of Ad-miR-
200a-infected cells and control cells. We speculate that 
the dominant function of miR-200a in normal cells may 
be different from that in cancer cells. Alternatively, the 
targets of miR-200a may vary in goats and other mam-
mals. Therefore, the validation of miR-200a targets is 
important to us. Although overexpression of miR-200a 
had little effect on the mRNA expression of its predicted 
targets (i.e., BTN1A1) (Tables 4 and 5), we do not exclude 
the possibility that these predicted targets are true targets 
of miR-200a because the repressive effect of miRNAs on 
target expression is often limited to the level of protein 
(4,50). For example, overexpression of the miR-200 fam-
ily in ovarian cancer cells suppressed the protein expres-
sion of its target E-cadherin repressors (ZEB1/2) but had 
no effect on the target’s mRNA expression (50). Thus far, 
we have used the MFOLD software to analyze the DG 
of the 80-bp flanking sequence of the miR-200a binding 
site on these predicted targets (51) and have constructed 
five miRNA sensors using the pGL3-control luciferase 

Figure 5.  miR-27b and miR-23a regulate the mRNA level of PPARg in goat mammary gland epithelial cells. (A) Overexpression of 
miR-27b decreases the mRNA level of PPARg. (B) Overexpression of miR-23a increases the mRNA level of PPARg. mRNA levels 
of PPARg (A, B) were determined in epithelial cells 0, 24, 48, and 72 h after infecting with Ad-miRNAs or Ad (control). The mRNA  
levels were measured by qRT-PCR, normalized with GAPDH, and expressed relative to the mRNA amounts of Ad-infected cells (control). 
All data are presented as the mean ± SD (n = 18). *p < 0.05.
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reporter vector inserted into the XbaI locus with 100–200 
bp miRNA binding site of potential targets, including 
MGF, BTN1A1, GPR43, LPL, and SCD. However, we 
have not obtained any direct proof that one of these genes 
is the target of miR-200a. Target validation experiments 
for miR-23a, miR-27b, and miR-103 are also ongoing.

Our previous studies on the Saanen dairy goats showed 
that changes in milk fat fatty acid composition paralleled 
changes in different stages of lactation (52); addition-
ally, some genes (i.e., FABP4 and ABCG2) also changed 
mRNA expression levels during the lactation cycle (53). 
MiR-23a, miR-27b, and miR-103 exhibit expression 
during the lactation cycle (Fig. 1A), and all these four 
miRNAs can regulate FASN expression (Fig. 2), a key 
regulator for milk fatty acid composition. We speculate 
that the changes in fatty acid composition of goat milk may 
be related to the co-regulation of miRNA and mRNA in 
mammary gland. Combined with our results (co-regulated 
and mutually regulated miRNAs) (Fig. 3 and Table 5), all 
the information suggests that the molecular network of 
milk fat synthesis is composed of many regulatory inter-
actions, including miRNA to miRNA, miRNA to gene, 
gene to miRNA, and gene to gene. This complicated net-
work can extend to all biological processes during the 
entire lactation process in the mammary gland, indicating 
the importance of molecular synergistic work.

Collectively, this study provides the first experimental 
evidence for the correlation of miRNAs in the regulation 
of lactation in goat mammary gland. For the first time,  
we have identified the role of miR-23a, miR-27b, miR-103,  
and  miR-200a in the expression of mRNAs associated 
with milk fat synthesis. This work indicates that there must 
be a complicated molecular network of miRNA–miRNA 
and miRNA–mRNA regulatory interactions required for 
milk fat synthesis to occur in the mammary gland of 
lactating goats.
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