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miR-148a and miR-17–5p synergistically regulate milk TAG synthesis via PPARGC1A
and PPARA in goat mammary epithelial cells
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ABSTRACT
MicroRNA (miRNA) are a class of ‘18–25’ nt RNA molecules which regulate gene expression and play an
important role in several biologic processes including fatty acid metabolism. Here we used S-Poly (T) and
high-throughput sequencing to evaluate the expression of miRNA and mRNA during early-lactation and in
the non-lactating (“dry”) period in goat mammary gland tissue. Results indicated that miR-148a, miR-17–
5p, PPARGC1A and PPARA are highly expressed in the goat mammary gland in early-lactation and non-
lactating periods. Utilizing a Luciferase reporter assay and Western Blot, PPARA, an important regulator of
fatty acid oxidation, and PGC1a (PPARGC1A), a major regulator of fat metabolism, were demonstrated to
be targets of miR-148a and miR-17–5p in goat mammary epithelial cells (GMECs). It was also revealed that
miR-148a expression can regulate PPARA, and miR-17–5p represses PPARGC1A in GMECs. Furthermore, the
overexpression of miR-148a and miR-17–5p promoted triacylglycerol (TAG) synthesis while
the knockdown of miR-148a and miR-17–5p impaired TAG synthesis in GMEC. These findings underscore
the importance of miR-148a and miR-17–5p as key components in the regulation of TAG synthesis. In
addition, miR-148a cooperates with miR-17–5p to regulate fatty acid metabolism by repressing PPARGC1A
and PPARA in GMECs. Further studies on the functional role of miRNAs in lipid metabolism of ruminant
mammary cells seem warranted.
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Introduction

Compared with cow milk, goat milk (milk of Capra hircus)
contains a higher level of unsaturated fatty acids, along with
total fat, vitamin, calcium, carbohydrate, and protein con-
tent.2,46 The nutritional value of goat milk, especially fat com-
position and content(15,44, can be further enhanced through
dietary manipulation.25,27,43 As a result, there have been several
research studies on the molecular mechanisms regulating milk
fat synthesis; however, they have been primarily focused on
analyses of single gene function (20,54,61.

MiRNA are a series of single-stranded non-coding RNA
with 22 nucleotides in length. MiRNA regulate gene expression
at a post-transcriptional level. Generally, miRNA bind to the
30-UTR of target mRNA to downregulate transcription. Cur-
rently, hundreds of miRNA have been uncovered in humans,
and bioinformatics predictions indicate that they could regulate
the expression of approximately 30 percent of genes in the
genome. Despite the vast amount of work on miRNA in rumi-
nant species, there are few studies focused on the function and
mechanisms by which miRNA synergistically regulate the pro-
cess of milk fat synthesis in ruminants.

MiR-17–5p together with miR-20a, miR-20b,miR-93,
miR-106a and miR-106b is a member of the miR-17 family
which is derived from the miR-17–92 cluster.45 Although

previous studies have shown that miR-148a and miR-17–5p
also influence adipocyte differentiation37 and regeneration,
the function of miR-148a and miR-17–5p in the goat mam-
mary gland is unknown. Therefore, the main purpose of the
present work was to investigate the synergistic role that
miR-148a and miR-17–5p play in the control of mammary
cell lipid metabolism using primary goat mammary epithe-
lial cells (GMEC).

Results

microRNA/mRNA profiling and regulatory fat metabolism
network

Some research reports have revealed that miRNAs are involved
in the regulation of milk fat metabolism.38,39,40 To investigate
the about between the miRNA regulation and this physiologic
process, we profiled the miRNAs expression between early-lac-
tation and in the non-lactating (“dry”) period with S-Poly (T)
real method. The analyses included not only 436 goat miRNA
and 267 sheep miRNA retrieved from miRBase, but also 793
miRNA detected in lactating mammary tissue by second-
generation sequencing. In the screening, all the miRNA with
p-value < 0.05 and with a 4-fold change were chosen as candi-
date miRNA (Fig. 1A) (Table S1).
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For the mRNA sequencing, the Illumina sequencing
results showed a total of 51299 unigenes. These unigenes
were compared with the transcriptome database for annota-
tion, and a total of 12763 unigenes were annotated. There
were 12,239 and 12713 unigenes detected for the samples
from the early-lactation and non-lactating (“dry”) periods.
The sequencing information is presented in file S2, and the
length distribution of universal genes is shown in Fig. 1B
and Table. S2. All sequence reads were deposited at NCBI
(accession number SPR040710).

The KEGG and eukaryotic Ortholog Groups of Protein
(KOG) classification were performed using the Blast 2 GO
pipeline with the default parameters. The GO was used to clas-
sify the function among the universal genes. The results of the
early-lactation mammary tissue revealed 12 genes with the
highest expression level and closely associated with the lipid
transport and metabolism KOG category. The subsequent func-
tional analysis (Table 1, 2; Fig. 1C) provided confirmation that
PPARGC1A and PPARA work in cooperation. The analysis
also indicated that they are direct targets of miR-148a and

miR-17–5p, which were highly expressed in lactating mam-
mary tissue (Fig. 1C). Therefore, we focused on miR-148a and
miR-17–5p for more detailed studies. For instance, we mea-
sured miR-148a and miR-17–5p expression in different tissues
of dairy goats (Fig. 2A, 2C), and mammary gland tissue at dif-
ferent stages of lactation (Fig. 2B, 2D). Both miR-148a and
miR-17–5p were primarily expressed in mammary tissue, sup-
porting the idea that miR-148a and miR-17–5p played an
important role in mechanisms associated with lactation.

miR-148a via PPARGC1A and miR-17–5p via PPARA
synergistically regulate TAG

MiR-148a and miR-17–5p synergistically regulate TAG
synthesis in GMEC
siRNA technology and TAG concentration were used to deter-
mine the potential functional relationship between miR-148a
and miR-17–5p. In Fig. 3A, compared with the negative control
the expression of miR-148a and miR-17–5p decreased (P <

0.05) when the inhibitors were transfected into GMEC. In

Figure 1. microRNA/mRNA profiling and regulatory fat metabolism network (A) Screening for miRNA associated with early-lactation and non-lactation stages. Mammary
tissue used was from 3 goats at each stage of lactation. The expression of 18s rRNA was used as a normalization control. (B) Illumina de novo RNA sequencing of mRNA
in the early-lactation and non-lactating samples All experiments were run in duplicate and repeated 3 times. Values are presented as means § standard errors, �, P <

0.05; ��, P < 0.01. (C) Target genes associated with the lipid transport and metabolism category of KOG in early lactation.

Table 1. Predicted miR-148a target genes are associated with fat metabolism.

DO term
Number of
target genes p-value

Lipid synthesis 6 1.8E-1
Regulation of lipid metabolic process 4 7.4E-1
Lipid modification 7 2.9E-2
Lipid oxidation 3 3.8E-1
Lipid transporter activity 4 3.6E-1
Lipid transport 5 7.3E-1
Lipid localization 5 7.8E-1
Fatty acid biosynthetic process 8 1.7E-2
Regulation of fatty acid oxidation 4 6.8E-2
Fatty acid biosynthesis 4 1.4E-1
Regulation of fatty acid metabolic process 4 2.3E-1

The p-value is calculated using Fisher’s exact test.

Table 2. Predicted miR-17a-5p target genes are associated with fat metabolism.

DO term Number of target genes p-value

Lipid metabolism 11 3.0E-1
Lipid transport 4 6.6E-1
Lipid localization 9 7.2E-1
Cholesterol metabolism 6 2.7E-2
Cholesterol homeostasis 3 6.7E-1
Cholesterol transport 4 3.8E-1
Lipid homeostasis 3 8.1E-1
Protein-lipid complex 3 5.4E-1
Lipid degradation 7 3.2E-1
Lipid catabolic process 10 7.0E-1
Fatty acid transport 3 5.0E-1

The p-value is calculated using Fisher’s exact test.
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contrast, the TAG level decreased significantly (P < 0.05) when
miR-148a (30 nM) as well as miR-17–5p (30 nM) were inhib-
ited (Fig. 3A).

Compared with the negative control (Fig. 3B), the TAG level
increased (P < 0.05) in GMEC cultured with siRNA-
PPARGC1A (60 nM) and siRNA-PPARA (60 nM). We also
examined the mRNA level PPARGC1A and PPARA in GMEC
while miR-148a and miR-17–5p were inhibited or activated.
Interestingly, compared with the negative control (Fig. 3C, 3D),
the expression of PPARGC1A decreased (P < 0.05) in GMEC
cultured with a miR-17–5p mimic. In contrast, the expression
of PPARA decreased significantly (P < 0.05) by overexpression
of miR-148a (Fig. 3E, 3F).

MiR-148a targets PPARGC1A, and miR-17–5p targets PPARA
in GMEC
Based on the 30-UTR complementary prediction with Target
Scan 6.2 and miRNA functional analysis by DAVID
(https://david.ncifcrf.gov/summary), it is evident that many
genes are potential targets of miR-148a (Fig. S1;Table. S1,S2).
We chose PPARGC1A for functional validation because it is
known to be an important regulator of multiple metabolic pro-
cesses. Furthermore, at least in non-ruminants, PPARGC1A is
an important PPARA co-activator in tissues that undergo
extensive oxidative metabolism. The results indicated that
PPARGC1A was downregulated (P < 0.05) by overexpression
of miR-148a, and upregulated (P < 0.05) by inhibition of

Figure 2. The expression level of miR-148a and miR-17–5p (A) miR-148a expression in various tissues of milk goats The miR-148a expression level is detected in heart,
liver, spleen, lung, kidney, muscle, mammary gland, stomach and sebum. The expression of 18s rRNA is used as a normalization control. (B) miR-148a expression in differ-
ent lactation period of mammary gland. The miR-148a expression level is detected in no-pregnancy, early-lactation (15 d after parturition) and peak-lactation (60 d after
parturition), late-lactation (150 d after parturition) and non- lactation. The expression of 18s r RNA is used as a normalization control. (C) miR-17–5p expression in various
tissues of milk goats The miR-17–5p expression level is detected in heart, liver, spleen, lung, kidney, muscle, mammary gland, stomach and sebum. The expression of 18s
rRNA is used as a normalization control. (D) miR-17–5p expression in different lactation period of mammary gland The miR-17–5p expression level is detected in no-
pregnancy, early-lactation (15 d after parturition) and peak-lactation (60 d after parturition), late-lactation (150 d after parturition) and non-lactation. The expression of
18s rRNA is used as a normalization control.
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miR-148a (Fig. 4A). Furthermore, as depicted in Fig. 4C,
PPARGC1A has a binding site for miR-148a in the 30-UTR.

To ascertain that miR-148a directly targets this site, we syn-
thesized a 30-UTR segment of PPARGC1A including the miR-
148a target site, and cloned it into the psi-CHECK2 vector to
construct a 30-UTR report plasmid. The luciferase assay indi-
cated that overexpression of miR-148a decreased (P < 0.05)
the relative luciferase activity of the reporter containing the
wild-type 30-UTR rather than the one with mutations in the
seed sequences (Figs. 4B and C). Furthermore, the protein
expression level of PPARGC1A after miR-148a mimic treat-
ment was consistent with the mRNA expression data (Fig. 4D).
These findings illustrated that miR-148a directly interacts with
the target site of the PPARGC1A mRNA, and negatively regu-
lated its expression, which partly explains the function of miR-
148a during lactation.

Our results also revealed that PPARA was downregulated
(P < 0.05) by overexpression of miR-17–5p (Fig. 4E). Further-
more, as illustrated in Fig. 3G, PPARA has a binding site for
miR-17–5p in the 30-UTR. To ascertain that miR-17–5p could
directly target this site, we synthesized a 30-UTR segment of
PPARA including the miR-17–5p target site, and cloned it into
the psi-CHECK2 vector to construct a 30-UTR reporter plas-
mid. Luciferase assay indicated that overexpression of miR-
17–5p decreased (P < 0.05) the relative luciferase activity of the
reporter with a wild-type 30-UTR rather than the one with

mutations in the seed sequences (Fig. 4F and Fig. 4G). Further-
more, the protein expression level of PPARA after miR-17–5p
mimic treatment was consistent with mRNA expression data
(Fig. 4H). These findings illustrate that miR-17–5p directly
interacts with the target site of the PPARA mRNA, and nega-
tively regulates its expression, which partly explains the func-
tion of miR-17–5p during lactation.

Functional evaluation of miR-148a, miR-17–5p,
PPARGC1A and PPARA in GMEC

Expression of miR-148a and miR-17–5p increased the level of
TAG and milk fat droplet accumulation in GMEC
The expression of miR-148a was 31 times higher (P< 0.05) in the
GMEC cultured with the miR-148a mimic than the negative con-
trol, but expression decreased (P < 0.05) more than 99% in the
miR-148a-inhibited group (Fig. S2). The miR-17–5p expression
was 85 times higher (P < 0.05) in the miR-17–5p mimic-trans-
fected GMEC than the negative control, but expression decreased
more than 99% in the miR-17–5p-inhibited group (Fig. S2).

Milk fat exists as lipid droplets composed almost exclusively
of TAG.18,13 Hence, we sought to detect the lipid droplet and
cellular TAG content in GMEC with overexpression or inhibi-
tion of miR-148a. Compared with the negative control, the
TAG content increased (P < 0.05) by 1.4-fold in miR-148a-
mimic transfected cells (Fig. 5A). In contrast, TAG content

Figure 3. Relationship between miR- 148a, miR-17–5p, PPARGC1A and PPARA (A) TAG concentrations in cells transfected with NC-Inhibitor (60 nM), miR-148a-Inhibitor
(60 nM), miR-17–5p-Inhibitor (60 nM), miR-148a-Inhibitor (30 nM) and miR-17–5p-Inhibitor (30 nM); TAG concentrations are compared with the control (n D 6). (B) TAG
concentrations in cells transfected with NC-Inhibitor (60 nM), SiRNA-PPARGC1A (60 nM), SiRNA-PPARA (60 nM), SiRNA-PPARGC1A (30 nM) and SiRNA-PPARA (30 nM); TAG
concentrations are compared with the control (n D 6). (C) PPARA expression quantified by RT-qPCR (n D 6) in GMECs transfected with miR-148a mimic or inhibitor for
48 h. White bars: negative control; black bars: miR-148a mimic or inhibitor. (D) Western blot analysis of PPARA expression in the miR-148a mimic and NC treatment experi-
ments. The effect of miR-148a mimics and Inhibitor on PPARA protein expression in GMECs was evaluated by Western blot analysis. Total protein were harvested after 48 h
post-transfection, respectively. (E) PPARGC1A expression quantified by RT-qPCR (n D 6) in GMECs transfected with miR-17–5p mimic or inhibitor for 48 h. White bars: neg-
ative control; black bars:miR-17–5p mimic or inhibitor. (F) Western blot analysis of PPARGC1A expression in the miR-17–5p mimic and NC treatment experiments. The
effect of miR-17–5p mimics and Inhibitor on PPARGC1A protein expression in GMECs was evaluated by Western blot analysis. Total protein were harvested after 48 h
post-transfection.
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decreased significantly (P < 0.05) when miR-148a was inhib-
ited (Fig. 5A). Compared with the negative control, the choles-
terol content increased (P < 0.05) by 1.8-fold in miR-148a-
mimic transfected cells (Fig. 5B). Furthermore, b-casein and
lipid droplet formation increased (P < 0.05) in the miR-148a
mimics (Figs. 5C-E). Our findings revealed that miR-148a plays
a crucial role in milk TAG synthesis, and could promotes milk
fat secretion in goat mammary cells.

We also evaluated the function of miR-17–5p using a series
of methods mentioned in the preceding sections. Compared
with the negative control, the TAG content increased (P <

0.05) by 1.2-fold in miR-17–5p-mimic transfected cells
(Fig. 6A). In contrast, TAG content decreased significantly (P
< 0.05) when miR-17–5p was inhibited (Fig. 6A). Compared
with the negative control, the cholesterol content increased (P
< 0.05) by 1.3-fold in miR-17–5p-mimic transfected cells, but
decreased significantly (P < 0.05) when miR-17–5p was inhib-
ited (Fig. 6B). The expression of milk fat metabolic marker
genes (b-casein) increased significantly when miR-17–5p was
overexpressed (Figs. 6C, D). Additionally, we used oil red O

staining to determine that the overexpression of miR-17–5p
promoted fat droplet formation (Fig. 6E). Our findings revealed
that miR-17–5p plays a crucial role in milk TAG synthesis, and
could promote milk fat secretion in goat mammary gland.

Several genes work in a coordinated fashion to control
mammary lipid and protein metabolism in ruminants.6,7 To
study the role of miR-148a and miR-17–5p in the regula-
tion of lipid metabolism gene expression, we detected the
mRNA level of various genes. Fatty acids outside the cell
could be hydrolyzed by LPL (Lipoprotein lipase) and then
transported into cells by CD36 (CD 36 molcule (thrombo-
spondin receptor).65 SCD (Stearoyl-CoA desaturase (delta-9-
desaturase)) is relate to triglyceride synthesis.41 The results
showed that overexpression of miR-148a upregulated (P <

0.05) the mRNA expression of SCD and CD36 (Fig. 5F,
Table S3). The results showed that overexpression of miR-
148a upregulated (P < 0.05) the mRNA expression of SCD
and CD36 (Fig. 5F, Table S3). In contrast, miR-148a inhibi-
tor elicited a marked downregulation (P < 0.05) of a series
of genes related to fat metabolism including ACSL1, CPT1

Figure 4. MiR-148a targets PPARGC1A, and miR-17–5p targets PPARA (A) PPARGC1A expression level is quantified by RT-qPCR (n D 6) GMECs are transfected with miR-
148a mimic or inhibitor for 48h, and. White bars: negative control; black bars: miR-148a mimic or inhibitor. (B and C) Target site of miR-148a in the PPARGC1A 30-UTR and
the construction of the luciferase (Luc) expression vector fused with the PPARGC1A 30-UTR. WT: Luc reporter vector with the WT PPARGC1A 30-UTR (1085 to 1106); MU:
Luc reporter vector with the mutation at the miR-148a site in PPARGC1A 30-UTR. (D) Western blot analysis of PPARGC1A expression in the miR-148a mimic and NC treat-
ment experiments. The effect of miR-148a mimics and Inhibitor on PPARGC1A protein expression in GMECs was evaluated by western blot analysis. Total protein was har-
vested after 48 h post-transfection, respectively. (E) PPARA expression quantified by RT-qPCR (n D 6) in GMECs transfected with miR-17–5p mimic or inhibitor for 48 h.
White bars: negative control; black bars: miR-17–5p mimic or inhibitor. (F and G) Target site of miR-17–5p in PPARA30-UTR and the construction of the luciferase (Luc)
expression vector fused with the PPARA30-UTR. WT: Luc reporter vector with the WT PPARA 30-UTR (419 to 425); MU: Luc reporter vector with the mutation at miR-17–5p
site in PPARA 30-UTR. (H) Western blot analysis of PPARA expression in the miR-17–5p mimic and NC treatment experiments. The effect of miR-17–5p mimics and Inhibitor
on PPARA protein expression in GMECs was evaluated by Western blot analysis. Total protein was harvested after 48 h post-transfection. All experiments were duplicated
and repeated 3 times. Values are presented as means § standard errors, �, P < 0.05; ��, P < 0.01.
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and HSL (Fig. 5F, Table S3), indicating that miR-148a plays
an important role in their regulation.

The results also indicated that ectopic overexpression of
miR-17–5p strongly upregulated (P < 0.05) the mRNA expres-
sion of LPL and DGAT1 (Fig. 6F, Table S3). In contrast, cells
transfected with the miR-17–5p inhibitor displayed marked
downregulation (P < 0.05) of several fat metabolism-related
genes including ACOX1, CPT1 and ATGL (Fig. 6F, Table S3),
indicating that miR-17–5p plays an important role in regula-
tion of these genes.

Expression of PPARGC1A and PPARA increases TAG levels
and milk fat droplet accumulation in GMEC
Both PPARGC1A siRNA and PPARA siRNA were used to
explore their function in GMEC obtained from individual lac-
tating goats. Compared with the negative control, the level of
PPARGC1A decreased (P < 0.05) by 75% in GMEC transfected
with the PPARGC1A siRNA (Fig. S2). Similarly, compared with
the negative control, the PPARA level decreased (P < 0.05) by
72% in the GMEC transfected with PPARA siRNA (Fig. S2). As
depicted in Fig. 7A, compared with the negative control, the
TAG content increased (P< 0.05) by 1.38-fold in GMEC trans-
fected with PPARGC1A siRNA. Compared with the negative
control, the cholesterol content increased (P < 0.05) by 1.2-
fold in GMEC transfected with PPARGC1A siRNA (Fig. 7B). In
addition, we uncovered that PPARGC1A promoted the expres-
sion of milk fat metabolic marker genes including miRNA and

protein (Fig. 7C,D). Our data indicated that PPARGC1A influ-
ences milk TAG synthesis and could promote aspects of lipid
metabolism in GMEC.

The TAG content increased (P < 0.05) by 1.35-fold in
GMEC transfected with PPARA siRNA (Fig. 8A). Compared
with the negative control, the cholesterol content increased (P
< 0.05) by 1.6-fold in GMEC transfected with PPARA siRNA
(Fig. 8B). We also observed that PPARA promoted the expres-
sion of milk fat metabolic marker genes including miRNA and
protein (Fig. 8C,D). Our data indicated that PPARA influences
milk fat synthesis by increasing TAG synthesis, and regulating
the expression of lipid metabolism-related genes in GMEC.

siRNA-PPARGC1A and siRNA-PPARA rescue partly abolishes
the decrease in TAG level induced by inhibition of miR-148a
and miR-17–5p
We used a “rescue” experiment to demonstrate that miR-148a
and miR-17–5p exert their function via PPARGC1A and
PPARA. The siRNA-PPARGC1A rescue increased (P < 0.05)
TAG in GMEC (Fig. 7E) in response to ectopic expression of
the inhibitor-miR-148a. The decrease in TAG was partly allevi-
ated by the siRNA-PPARGC1A rescue (TAG assay, P < 0.05,
Fig. 7E). Interestingly, the increase in TAG was partly alleviated
by siRNA-PPARA rescue (TAG assay, P < 0.05, Fig. 8E). The
effects of inhibitor-miR-17–5p were also partly diminished by
siRNA-PPARA rescue.

Figure 5. Functional evaluation of miR-148a (A) TAG concentrations in cells transfect with miR-148a mimic (60 nM) or inhibitor (60 nM); TAG concentrations were com-
pared with that of control (n D 6). White bars: negative control; black bars:miR-148a mimic or inhibitor. (B) Cholesterol concentrations in cells transfected with miR-148a
mimic (60 nM) or inhibitor (60 nM); cholesterol concentrations were compared with that of control (n D 6). White bars: negative control; black bars: miR-148a mimic or
inhibitor. (C) mRNA expression of b-Casein quantified by RT-qPCR (n D 6) in GMECs transfected with miR-148a mimic or inhibitor for 48 h. White bars: negative control;
black bars: miR-148a mimic or inhibitor. (D) Western blot analysis of b-Casein expression in the miR-148a mimic or inhibitor treatment experiments. The effect of miR-
148a mimic or inhibitor for 48 h on b-Casein protein expression in GMECs was evaluated by Western blot analysis. Total protein was harvested for 48 after post-treatment.
(E) Changes in the lipid content of GMECs transfected with miR-148a mimic or inhibitor for 48 h. Cells were stained with oil red O. After examination microscopically, the
oil red was extracted with 400 ml of isopropanol and its absorbance determined at 510 nm. The relative fat droplet content was normalized to control transfected cells. a:
NC mimic treatment, b: miR-148a mimic treatment, c: NC inhibitor treatment, d: miR-148a inhibitor treatment (F) Expression of fat metabolism related genes GMECs are
transfected with miR-148a mimic or inhibitor for 48h, and the mRNA expression of ACSL1, CPT1, HSL, SCD and CD36 are quantified by RT-qPCR (n D 6). White bars: miR-
148a mimic; black bars: miR-148a inhibitor. All experiments were duplicated and repeated 3 times. Values are presented as means § standard errors, �, P < 0.05; ��, P <
0.01.
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Figure 6. Functional evaluation of miR-17–5p (A) TAG levels in cells transfect with miR-17–5p mimic (60nM) or inhibitor (60nM); TAG levels are compared with that of
control (n D 6). White bars: negative control; black bars:miR-17–5p mimic or inhibitor. (B) Cholesterol levels in cells transfect with miR-17–5p mimic (60nM) or inhibitor
(60nM); cholesterol levels are compared with that of control (n D 6). White bars: negative control; black bars:miR-17–5p mimic or inhibitor. (C) GMECs are transfected
with miR-17–5p mimic or inhibitor for 48h, and the mRNA expression of b-Caseinis quantified by RT-qPCR (n D 6). White bars: negative control; black bars: miR-17–5p
mimic or inhibitor. (D) Western blot analysis of b-Casein expression in the miR-17–5p mimic or inhibitor treatment experiments The effect of miR-17–5p mimic or inhibitor
for 48h on b-Casein protein expression is evaluated by western blot analysis in GMECs. Total proteins are harvested for 48h post-treatment, respectively. (E) Changes in
the lipid contents of GMECs transfect with miR-17–5p mimic or inhibitor for 48h. Cells were stained by oil red. After examined microscopically, the oil red o is extracted
with 400 ml of isopropanol and its absorbance is determined at 510 nm. The relative fat droplet contents are normalized to control transfected cells. a: NC mimic treat-
ment, b: miR-17–5p mimic treatment, c: NC inhibitor treatment, d: miR-17–5p inhibitor treatment (F) Expression of fat metabolism related genes GMECs are transfected
with miR-17–5p mimic or inhibitor for 48h, and the mRNA expression of ACOX1, CPT1, ATGL, DGAT1 and LPL are quantified by RT-qPCR (n D 6). White bars:miR-17–5p
mimic; black bars:miR-17–5p inhibitor. All experiments are duplicated and repeated for 3 times. Values are presented as means § standard errors, �, P < 0.05; ��, P <

0.01.

Figure 7. Functional evaluation of PPARGC1A (A) TAG levels in cells transfect with Si-NC (60nM) or SiRNA-PPARGC1A (60nM); TAG levels are compared with that of control
(nD 6). White bars: negative control; black bars: SiRNA-PPARGC1A. (B) Cholesterol levels in cells transfect with Si-NC (60nM) or SiRNA-PPARGC1A (60nM); cholesterol levels
are compared with that of control (n D 6). White bars: negative control; black bars: SiRNA-PPARGC1A. (C) GMECs are transfected with Si-NC (60nM) or SiRNA-PPARGC1A
(60nM) for 48h, and the mRNA expression of b-Casein is quantified by RT-qPCR (nD 6). White bars: negative control; black bars: SiRNA-PPARGC1A. (D) Western blot analy-
sis of b-Casein expression in the Si-NC (60nM) or SiRNA-PPARGC1A (60nM) treatment experiments The effect of Si-NC (60nM) or SiRNA-PPARGC1A(60nM) for 48h on
b-Casein protein expression is evaluated by Western blot analysis in GMECs. Total proteins are harvested for 48h post-treatment, respectively. (E) TAG levels in cells trans-
fect with Control inhibitor (50nM) C Control siRNA (50nM), Inhibitor-miR-148a (50nM) C Control siRNA (50nM) and Inhibitor-miR-148a (50nM) C siRNA-PPARGC1A
(50nM); TAG levels are compared with that of control (n D 6).
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Discussion

Some research has illustrated that miRNA play an important
role in mammary development and lactation.10,47,66 With
increaesd miRNA research, researchers are trying to combine
the data from different approaches (genomics, proteomics, and
miRNA genomics) to obtain more effective data for practical
application.57,60 Although there are many methods used to ana-
lyze mRNA and miRNA for lipid metabolism55, there has been
no miRNA-mRNA regulation analysis performed in milk goats.
The main purpose of this article is to examine the role of
mRNA and miRNA in the regulation of milk fat. Through the
comparison of miRNA-mRNA between groups, this study pro-
vides insight into the regulation mechanism of lipid metabo-
lism. In this study, we selected 3 goats for each period, early-
lactation and non-lactation (“dry”). This is a small sample
number was small. However, the primary objective of this study
was to identify miRNA-mRNAs differential expression to see if
there is a regulatory relationship with milk fat metabolism.
After selecting our potential pathways of target miRNA-
mRNA, we will need a series of experiments to validate this
miRNA-mRNA, including assessing function and regulatory
relationships. Therefore, the number of selected goats is quite
small in this study, but the extensive sequencing data provides
reliability.

To understand the exact molecular mechanism and function
of miR-148a and miR-17–5p, we performed some functional
experiments, including the detection of lipid contents and fat
droplet formation, under conditions of miR-148a and miR-17–
5p overexpression and inhibition. Interestingly, the triglyceride

content and lipid accumulation were increased by miR-148a
and miR-17–5p, suggesting that the functions of miR-148a and
miR-17–5p are related to milk fat secretion and metabolism. In
support of this finding, fat metabolism related gene expression
when miR-148a and miR-17–5p were overexpressed or inhib-
ited indicated that miR-148a and miR-17–5p may be involved
in lipid metabolism signaling pathways. Many genes have been
reported that are involved in lipid metabolism signaling path-
ways. For example, ACSL (acyl-CoA synthetase), CPT (carni-
tine palmitoyltransferase), ACOX1 (acyl-CoA oxidase 1) were
reported to play crucial roles in b-oxidation53, and HSL (hor-
mone-sensitive lipase) and ATGL (Adipose triglyceride lipase)
are very important in lipolysis.67 Fatty acids outside the cell
could be hydrolyzed by LPL (Lipoprotein lipase) and then
transported into cells by CD36 (CD 36 molcule (thrombospon-
din receptor).65 SCD (Stearoyl-CoA desaturase (delta-9-desa-
turase)) and DGAT1 (Diacylglycerol acyltransferase 1) are
related to triglyceride synthesis.41 The experimental results sup-
ported our hypothesis that miR-148a and miR-17–5p regulate
fat metabolism in GMECs. On the other hand, the b-casein
gene serves as a kind of marker gene for breast fat metabolism.
In this study, we effectively monitored breast fat metabolism
and indirectly explained triglyceride synthesis based on the
expression level of b-casein. For this reason, we examined the
protein and mRNA levels of b-casein in different experimental
treatments.

Although the specific biologic functions of some miRNA
have been reported, information concerning the function of
miRNA in GMEC is limited. MiR-148a was highly-expressed
in hMSCs-Ad during adipogenesis.42 Thus, the role of

Figure 8. Functional evaluation of PPARA (A) TAG levels in cells transfect with Si-NC (60nM) or SiRNA-PPARA (60nM); TAG levels are compared with that of control (nD 6).
White bars: negative control; black bars: SiRNA-PPARA. (B) Cholesterol levels in cells transfect with Si-NC (60nM) or SiRNA-PPARA (60nM); cholesterol levels are compared
with that of control (n D 6). White bars: negative control; black bars: SiRNA-PPARA. (C) GMECs are transfected with Si-NC (60nM) or SiRNA-PPARA (60nM) for 48h, and the
mRNA expression of b-Casein is quantified by RT-qPCR (n D 6). White bars: negative control; black bars: SiRNA-PPARA. (D) Western blot analysis of b-Casein expression in
the Si-NC (60nM) or SiRNA-PPARA (60nM) treatment experiments The effect of Si-NC (60nM) or SiRNA-PPARA (60nM) for 48h on b-Casein protein expression is evaluated
by Western blot analysis in GMECs. Total proteins are harvested for 48h post-treatment, respectively. (E) TAG levels in cells transfect with Control inhibitor(50nM) C Con-
trol siRNA (50nM), Inhibitor-miR-17–5p (50nM) C Control siRNA (50nM) and Inhibitor-miR-17–5p (50nM)C SiRNA-PPARA (50nM); TAG levels are compared with that of
control (n D 6).
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miR-148a in TAG synthesis in GMEC was further clarified in
the present study. Because miR-148a has different functions in
different tissues, we speculate that miR-148a can regulate TAG
metabolism in ruminant mammary cells. When mimic and
inhibitor of miR-148a were simultaneously transfected in
GMEC, we detected a much stronger response than individu-
ally. Our data also indicated that miR-17–5p could regulate
TAG synthesis. Interestingly, miR-148a could regulate PPARA,
which is a target gene of miR-17–5p; and miR-17–5p could reg-
ulate PPARGC1A, which is target gene of miR-148a. PPARA is
a member of the family of nuclear hormone receptors that
functions as a ligand-activated transcription factor with a sig-
nature type II zinc finger DNA binding. It controls the expres-
sion of specific genes involved in fatty acid utilization.1,8

CPT1A expression is controlled by a complex of transcription
factors including PPARGC1A and PPARA.8

In conclusion, our findings indicated that miR-148a could tar-
get and repress PPARGC1A, which in turn could regulate
PPARA (i.e. miR-17–5p targets PPARA) to regulate milk TAG
synthesis. (Fig. 9). The results have uncovered an important role
miR-148a and miR-17–5p in TAG synthesis in GMEC. The
miR-148a and miR-17–5p seem to synergistically regulate lipid
catabolism via the control of PPARGC1A and PPARA in GMEC.
In the long-term, these findings might be helpful in developing
practical means to improve the quality of ruminant milk.

Material and methods

Ethical statement

All experimental materials and protocols were approved by the
Animal Care and Use Committee of Northwest A&F Univer-
sity. The methods were performed in accordance with the
approved guidelines.

Animals and samples of RNA extraction
The elite herd of Xinong Saanen dairy goats used in this
research were from the experimental farm at Northwest

Agricultural and Forestry University of China. Three 3-year-
old goats of similar weight at each of the following stages of lac-
tation were used: non-pregnant, early-lactation (15 d after par-
turition), peak-lactation (60 d after parturition), late-lactation
(150 d after parturition), and non-lactation (“dry” period).
Spleen, stomach, heart, liver, sebum, mammary gland tissue,
muscle, lung and kidney were collected after slaughter. Three
biologic samples per tissue were snap-frozen in liquid nitrogen
as soon as possible. Using Trizol reagent (Invitrogen, USA),
total RNA was extracted in accordance with instructions. The
quality and quantity of RNA were detected by a ND-1000 spec-
trophotometer (NanoDrop, USA), and the RNA was stored in
¡80�C before experiment.

Annotation, classification and abundance analysis of gene
expression
Annotation and classification: The sequencing data provided
unique sequences and the corresponding copy number of each
unique sequence. The resulting sequences were compared with
the mRNA database. The process allows only a single base mis-
match, and the gene expression is the sum of the sequencing
frequencies. The selection of different genes was performed
using values of P < 0.05 and FDR < 0.05. Clustering, enrich-
ment of GO, and analysis of KEGG enrichment were also
performed.

Gene expression abundance analysis: Based on the data
obtained from the sequencing, the dairy goat mammary tran-
scriptome data obtained by 52 were used as reference sequences.
Using the software bowtie 0.12.8, gene expression was mea-
sured based on the RPKM (Reads Per Kilobase of exon model
per Million mapped reads) value (S2).

Cell culture and transfection
The GMEC were cultured in DMEM/F12 medium (Invitrogen
Corp., USA) containing 10% FBS, 10 ng/ml EGF-1 (epidermal
growth factor 1, Gibco), 5 mg/ml insulin and 0.25 mmol/L
hydrocortisone in 37�C in a humidified atmosphere with 5%
CO2. The GMEC were cultured and fractionated in accordance

Figure 9. Diagram summarizing our findings: miR-148a and miR-17–5p synergistically regulating fat oxidation via PPARGC1A and PPARA in goat
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with previous research.51 To induce lactogenesis, GMEC were
cultured in a lactogenic medium for 48 h before initial experi-
ments.(31,48 Cells were transfected with either the miR-148a,
miR-17–5p-mimic (60 nM) or inhibitor (60 nM) (Invitrogen,
USA) using LipofectamineTM RNAMAX (Invitrogen, USA)
according to manufacturer’s instructions. Cells were harvested
after 48 h of transfection. The sequences of mimic, inhibitor
and siRNA were listed in S1 and S3.

Staining of oil red O
Oil red O staining was used as mentioned in the previous
research with modifications.66 In brief, GMEC were transfected
with miR-148a, miR-17–5p mimic or inhibitor, were cleaned
several times in PBS (phosphate buffer solution), and were
fixed in 10% paraformaldehyde for 30 minutes. Afterwards,
cells were stained using 10% oil red O in isopropanol for
10 minutes, were cleaned by PBS, and were detected
microscopically.

Assay of cellular TAG content
The GMEC were transfected with either miR-148a, miR-17–5p
mimic or inhibitor. Cells were obtained with lysis buffer (1%
Triton X-100, pH 7.4, 150 mmol/NaCl, 50mmol/l Tris-HCL)
after 48 h of incubation. TAG was measured using a commer-
cial kit following the manufacturer’s instructions (Loogen,
China) on an XD 811G Biochemistry Analyzer (Odin Science
&Technology Company, Shanghai China). The values acquired
were normalized to the content of total protein with the BCA
protein assay kit (Thermo crop, Prod#23227).

Assay of cellular cholesterol content
The GMEC were transfected with either miR-148a, miR-17–5p
mimic or inhibitor and siRNA (20ng). Cells were obtained with
lysis buffer (1% Triton X-100, pH 7.4, 150 mmol/NaCl,
50 mmol/l Tris-HCL) after 48 h of incubation. Cholesterol was
measured using a serum cholesterol kit on the basis of the
instructions (Loogen, China) on an XD 811G Biochemistry
Analyzer (Odin Science &Technology Company, Shanghai
China). The values obtained were normalized to the content of
total protein.

RT-qPCR and Western blot
RT-qPCR for miRNA, the mature miRNA expression level was
determined using the S-Poly(T) assay.32 The S1 primer was
used as specific reverse primer, respectively. Briefly, reverse
transcription was performed as follows: a 10 ml reaction includ-
ing 0.2 mg total RNA, 2.5 ml of 4£ reaction buffer, 1 ml of
polyA/RT enzyme mix, 1ml of 0.5 mM RT primer. The reaction
was performed at 37�C for 30 minutes, followed by 42�C for
30 minutes, then 75�C for 5 minute. The RT products were
amplified and detected using a universal TaqMan� probe, a
20 ml PCR reaction containing 0.3 ml of RT products, 4 ml of
5£qPCR probe Mix, 0.5 unit of Go TaqMan� Hot Start Poly-
merase (Promega, USA), 0.2 mM universal TaqMan� probe,
and 0.5mM forward primer and universal reverse primer,
respectively. The PCR reaction was performed at 95�C for
3min, followed by 40 cycles of 95�C for 10s and 60�C for 30s.
The 18S rRNA was used as internal control.

RT-qPCR for mRNA, 0.5 mg of total RNA was synthesized
into cDNA using the Prime Script� RT Reagent Kit (Perfect
Real time, Takara, Japan). The RT-qPCR assays were per-
formed according to instructions (SYBR Premix TaqMan�,
Perfect Real Time, Takara, Japan) with the specific primers
reported previously.9,31 The expression was normalized to
UXT. The sequence of primers was listed in S3. All real-time
reactions, including controls with no templates, were per-
formed on a Bio-Rad CFX96 real-time PCR detection system
(Bio-Rad, USA) in triplicate. Relative expression was calculated
using 2¡44Ct.38–40,51

As to western blot analysis, cells were obtained and lysed
in RIPA buffer (Solarbio, China). Proteins extracted from
cells were separated by SDS-PAGE, transferred to nitrocel-
lulose membrane (Millipore, USA) and probed with the pri-
mary monoclonal rabbit anti- PGC-1a (Cell Signaling
Technology Kit #2178), Polyclonal anti-rabbit
PPARA15540–1-AP, China), rabbit anti-b-Casein (Protein-
tech Group, 51067–2-AP, China) and monoclonal mouse
anti-b-action (Proteintech Group, 66009–1-IG, China),
respectively. Polyclonal goat anti-rabbit HRP-conjugated
IgG (Tiangen, China) was used as secondary antibody. All
antibodies were used on the basis of the instructions. Sig-
nals were detected by the chemiluminescent ECL Western
blot system (Pierce, USA).

Luciferase reporter assay

To generate a reporter construct luciferase assays, a segment
containing a miRNA target site in the 30-UTR of
PPARGC1A and PPARA was inserted into the psiCHECK-2
vector (Promega, USA) between the NotⅠand Xho sites
immediately downstream of the Renilla luciferase gene. The
wild-type segment and mutant-type sequence were estab-
lished by PCR overlap technology. The sequence of primers
is listed in S5. All constructs were verified by sequencing.
The GMEC were seeded in 384-well plates at a density of
50,000 cells per well one day before transfection. A total of
0.33 g of each reporter construct was transiently transfected
using the X-treme GENE HP DNA Transfection Reagent
(Roche, Switzerland) on the basis of the protocol. Cells
were then transfected with either miR-148a, miR-17–5p
mimic or inhibitor using LipofectamineTM RNAMAX after
a 6 h recovery period in medium. At 48 h post-transfection,
firefly and Renilla luciferase activities were measured with
the Dual-Glo luciferase assay system following manufac-
turer’s instructions (Promega, USA).

Statistical analysis

Statistical analysis was performed using the software package
SPSS (SPSS 19.0). Research data are presented as mean § SE
(standard error) of 3 independent experiments. Differences
between the groups were detected at �p < 0.05, ��p < 0.01.
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