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Abstract: MicroRNA (miRNA)-130b, as a regulator of lipid metabolism in adipose and mammary
gland tissues, is actively involved in lipogenesis, but its endogenous role in fatty acid synthesis
remains unclear. Here, we aimed to explore the function and underlying mechanism of miR-130b in
fatty acid synthesis using the CRISPR/Cas9 system in primary goat mammary epithelial cells (GMEC).
A single clone with deletion of 43 nucleotides showed a significant decrease in miR-130b-5p and
miR-130b-3p abundances and an increase of target genes PGC1α and PPARG. In addition, knockout of
miR-130b promoted triacylglycerol (TAG) and cholesterol accumulation, and decreased the proportion
of monounsaturated fatty acids (MUFA) C16:1, C18:1 and polyunsaturated fatty acids (PUFA) C18:2,
C20:3, C20:4, C20:5, C22:6. Similarly, the abundance of fatty acid synthesis genes ACACA and FASN
and transcription regulators SREBP1c and SREBP2 was elevated. Subsequently, interference with
PPARG instead of PGC1α in knockout cells restored the effect of miR-130b knockout, suggesting that
PPARG is responsible for miR-130b regulating fatty acid synthesis. Moreover, disrupting PPARG
inhibits PGC1α transcription and translation. These results reveal that miR-130b directly targets the
PPARG–PGC1α axis, to inhibit fatty acid synthesis in GMEC. In conclusion, miR-130b could be a
potential molecular regulator for improving the beneficial fatty acids content in goat milk.

Keywords: CRISPR/Cas9-mediated knockout; miRNA-130b; fatty acid synthesis; PPARG-PGC1α axis

1. Introduction

Goat milk has a variety of fatty acids, especially short- and medium-chain fatty acids
and unsaturated fatty acids (UFA), which makes it appealing and contributes to its health
benefits [1,2]. The UFA is composed of MUFA and PUFA, which both have beneficial health
effects [3,4]. The majority of fatty acids are stored in the triacylglycerol, which is the main
source of energy, accounting for about ninety-eight percent of milk lipids [5]. Triacylglycerol,
together with cholesterol constitute lipid droplets that store energy and components for
membrane synthesis and act as hubs for metabolic processes [6]. Cholesterol is an important
molecule for proper cellular and systemic functions [7]. Cholesterol is responsible for
growth and development throughout life, and disturbed cholesterol balance underlies
various diseases, such as cardiovascular, neurodegenerative, and cancer [8]. The MUFA
have anti-inflammatory effects, and a high proportion of MUFA in the diet contributes to
the effect of preventing cardiovascular, atherosclerosis, and thrombosis diseases [9]. PUFA
is a kind of essential fatty acid for maintaining the health of humans and animals, and it is
responsible for effects in preventing inflammatory and cardiovascular diseases [10,11].

MicroRNA regulates milk lipid and fatty acids synthesis through targeting the fatty
acid metabolism-related genes and signaling pathways, such as the PPARγ and JAK-
STAT5 [12,13]. miR-421-5p regulated ovarian growth and development by targeting the
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MAPK signaling pathway in rats in a light pollution environment [14]. miR-24 repressed
HDL uptake and steroidogenesis by directly targeting SR-B1 in steroidogenic cells, and over-
expression of miR-24 increased gene expression related to cholesterol synthesis [15]. In rats,
lnc-HC promoted miR-130b-3p expression by regulating the promoter activity, thereby nega-
tively regulating PPARγ expression and suppressing lipid droplets and TAG formation [16].
A previous study showed that bta-miR-130a/b suppressed cellular TAG and lipid droplet
accumulation, by directly targeting PPARG and CYP2U1 in bovine preadipocytes [17].
miR-130b promoted hepatic VLDL assembly and secretion by increasing MTP expression
and TAG mobilization in immortalized human hepatocytes [18]. In GMEC, miR-130b
impaired adipogenesis and targeted both the coding sequence and 3′-untranslated regions
(UTR) of PGC1α [19]. In ruminants, miR-130b targeted PPARG, CYP2U1, and PGC1α, to
inhibit TAG and lipid droplet formation. In non-ruminants, miR-130b suppressed lipid
droplets and TAG formation, as well as promoting VLDL synthesis through increasing
TAG mobilization. Thus, these studies demonstrate the importance of miR-130b in the
regulation of lipogenesis.

Peroxisome proliferator-activated receptor-gamma coactivator 1α (PGC1α) could regu-
late long-chain fatty acid oxidation and lipid metabolism via controlling the gene expression
in the mitochondrial fatty acid oxidation and the tricarboxylic acid cycle pathways [20].
In human skeletal muscle cells, PGC1α could induce peroxisomal activity and mitochon-
drial fatty acids oxidation by a peroxisomal–mitochondrial functional cooperation [21].
PGC-1 gene Gly482Ser polymorphism affected low-density lipoprotein cholesterol and total
cholesterol concentration with exercise training in older people [22]. A novel sheep PGC1α
polymorphism with 17 bp insertion in the eleventh intron had an dramatic effect on sheep
growth traits [23]. The PGC1α gene (c.1892 + 19C > T) polymorphism revealed a significant
association with C14:0 and SFA of muscle fat in Fleckvieh bulls [24]. Together, these find-
ings demonstrate the crucial role of PGC1α in adipogenesis and fatty acid metabolism and
show preliminary applications of functional studies in sheep genetic breeding.

Peroxisome proliferator-activated receptor gamma (PPARγ) may begin the adipogenic
process and is important for maintaining the adipocyte phenotype with an activating ligand
in mammals [25]. Oxidized low-density lipoprotein promoted total and free cholesterol
accumulation via the lncRNA AC096664.3/PPAR-γ/ABCG1 signaling pathway in vascular
smooth muscle cells [26]. PPARγ activation stimulated its sumoylation and translocation to
the cytoplasm, to induce neutral lipid formation in mouse meibocytes [27]. EPA promoted
lipid droplet accumulation through activating PPARγ in the ER in human meibomian
gland epithelial cell (hMGEC) [28]. The Pro12Ala variant of the PPARG gene showed a
significant association with the plasma proportion of eicosapentaenoic acid on fasting
free fatty acid concentration in humans [29]. PPARγ activates PGC1α via binding to the
PPARγ-responsive element (PPRE) in PGC1α promoter in mouse brown adipocytes [30].

The miRNA function was mainly dissected through gain- and loss-of-function meth-
ods in the current study, and CRISPR/Cas9 technology has become a more desirable
methodology to analyze the effects of an miRNA, due to its high efficiency and specificity,
especially the stability of miRNA knockout and the effect of maintaining the subtle miRNA
equilibrium in cells [31,32]. Thus, knocking out miRNA using CRISPR/Cas9 can elucidate
the function of a given miRNA more accurately, and can effectively clarify the downstream
molecular mechanism of the miRNA.

In the present research, we hypothesized that miR-130b could regulate lipid and fatty
acid synthesis via targeting the PPARG-PGC1α axis in goat mammary cells. To address this
hypothesis, we deleted the coding sequence of miR-130b using the CRISPR/Cas9 system.
Through characterizing the phenotypic characteristics of the miR-130b knockout cells,
we aimed to elucidate the mechanisms whereby miR-130b regulates lipid and fatty acid
synthesis. Altogether, this study provides evidence that editing miR-130b is a promising
approach for improving fatty acid contents in goat milk.
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2. Results
2.1. Gene-Editing Single Clone Selection and Analysis

Through predicting the sgRNAs which targeted the genomic sequence of pre-miR-130b,
sgRNA1 and sgRNA2, targeting of the miR-130b-5p and miR-130b-3p coding sequence was
selected (Figure 1A). Then, through miR-130b knockout cell selection, a single clone with
43 nucleotides deleted between the double-strand break (DSB) sites induced by these two
sgRNAs was obtained (Figure 1C). Finally, we evaluated the editing efficiency of the DNA
in the single clone and found that the PCR product spanning gene-editing site had a 22.5%
T7EN1 cleavage efficiency (Figure 1B).
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Figure 1. sgRNA targets the pre-miR-130b coding sequence in goat, and gene-editing analysis of
single-cell clone. (A) Pre-miR-130b genomic sequence and its corresponding sgRNAs selection.
sgRNA1 and sgRNA2 are displayed as horizontal arrowheads (black), and PAM sequences are
underlined and in red. miR-130b-5p and miR-130b-3p genomic sequences are shown in green and
blue, respectively. (B) Cleavage efficiency of the PCR product spanning pre-miR-130b sequence was
detected via T7EN1 assay and the intensity of bands was calculated by ImageJ. (C) DNA sequencing
confirmed the indels sequence in miR-130b alleles in the single clone. Wild type (WT) and nucleotide
deletion (-) are displayed on the right and deleted nucleotides are indicated with a red dotted line.

2.2. Analysis of Off-Target Effect Induced by sgRNAs

To detect the OT effect induced by the sgRNAs in the single clone, we predicted the OT
sites, and six OT sites of sgRNA1 and five OT sites of sgRNA2 were selected (Supplementary
Figure S2A). Agarose gel electrophoresis analysis of PCR product spanning these OT sites
showed that these DNA bands were specific and sizes were the same in the miR-130b
knockout (KO) and control (WT) group (Supplementary Figure S2B). Then, the OT effect of
these sites was evaluated using a T7EN1-cleavage assay, and the result revealed that the
OT4 sites of sgRNA2 produced the cleavage bands in the control and miR-130b KO cells
(Supplementary Figure S2C). Sequencing the PCR product amplified from the OT4 site
revealed that there was a single nucleotide deletion downstream of the OT4 site in control
and miR-130b KO cells (Supplementary Figure S2D).

2.3. Deletion of miR-130b Sequence Inhibits miR-130b-5p and 3p Expression and Increases PGC1α
Abundance

To address the effect of the deletion of the 43 nucleotides on the miR-130b-3p and
5p abundances, we detected their expression and found that both were decreased signif-
icantly (p < 0.001, Figure 2A). Then, we evaluated the influence of the deletion of these
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nucleotides on miR-130b biosynthesis; the pri-miR-130b abundance increased, while pre-
miR-130b decreased (p < 0.001, Figure 2B). Subsequently, we assessed miRNAs expression
in the cluster and family with miR-130b. The results, shown in Figure 2C revealed that
these nucleotides’ deletion did not affect the expression of miR-130a-3p and miR-301b-3p.
(p > 0.05). Our results show that the deletion of the 43 nucleotides inducing miR-130b KO
inhibits miR-130b-3p and 5p expression through suppressing pre-miRNA processing.
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Figure 2. Knocking out miR-130b decreases miR-130b-3p and 5p abundance and promotes PGC1α

expression. (A) Detecting the abundance of miR-130b-3p and 5p by RT-qPCR in control and miR-130b
KO cells. (B) Abundance analysis of pri-miR-130b and pre-miR-130b in these two cells. (C) Expression
detection of miR-130a-3p and miR-301b-3p in KO cells. (D) mRNA expression analysis of PGC1α in
miR-130b KO and control cells. (E,F) Detection of PGC1α protein abundance in control and KO cells
by Western blot. Data are shown as mean ± SEM. p < 0.05 and p < 0.001 are indicated as * and ***.

Previous research has shown that miR-130b-3p targeted PGC1α in goat mammary
epithelial cells [19]. We verified this finding in miR-130b KO cells and found that the mRNA
abundance was increased (p < 0.001, Figure 2D). Consistently, the protein abundance of
PGC1α was also elevated upon knocking out miR-130b (p < 0.05, Figure 2E, F).

2.4. Knockout of miR-130b Promotes Lipid Droplets, TAG, and Cholesterol Synthesis, and Affects
Fatty Acid Composition

Lipid droplets, TAG, and cholesterol contents, and the composition of fatty acids were
estimated after deleting miR-130b. As a result, the lipid droplet content in the cytoplasm
was increased after miR-130b knockout (p < 0.01, Figure 3A,B). Likewise, the relative
contents of TAG and cholesterol were both increased (p < 0.05, Figure 3C,D). Among the
total fatty acids detected in GMEC, the percentage of C14:0, C15:0, and C17:0 increased,
and C16:0 and C18:0 decreased after miR-130b knockout (p < 0.05). Upon knocking out
miR-130b, the percentage of MUFA C16:1, C17:1, and C18:1 decreased (p < 0.05). Similarly,
the percentage of PUFA C18:2, C20:3, C20:4, C20:5, and C22:6 decreased (p < 0.05). Based
on the above fatty acid results, the percentage of SFA increased, while MUFA and PUFA
decreased, after miR-130b knockout (Table 1). These results demonstrate that miR-130b
knockout promotes lipid and SFA synthesis and decreases the MUFA and PUFA contents.
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Table 1. Effects of miR-130b Knockout on Fatty Acid Composition in GMEC 1.

Fatty Acid (%) Control miR-130b KO

C14:0 4.01 ± 0.00 B 6.36 ± 0.56 A

C15:0 0.67 ± 0.03 b 0.73 ± 0.00 a

C16:0 46.54 ± 0.23 a 46.03 ± 0.12 b

C16:1 1.69 ± 0.04 A 1.37 ± 0.00 B

C17:0 1.10 ± 0.05 B 1.15 ± 0.01 A

C17:1 0.44 ± 0.06 a 0.41 ± 0.02 b

C18:0 27.84 ± 0.10 a 27.14 ± 0.26 b

C18:1 12.93 ± 0.08 A 12.64 ± 0.05 B

C18:2 1.35 ± 0.00 A 1.18 ± 0.04 B

C20:0 0.32 ± 0.04 0.29 ± 0.01
C20:3 0.52 ± 0.01 b 0.49 ± 0.04 a

C20:4 1.60 ± 0.11 a 1.38 ± 0.08 b

C20:5 0.53 ± 0.05 B 0.45 ± 0.02 A

C22:6 0.46 ± 0.02 A 0.38 ± 0.01 B

SFA 80.48 81.70
MUFA 15.06 14.41
PUFA 4.46 3.89

1 Fatty acid data are expressed as the ratio of total fatty acids detected in cells. Statistical significance of the
difference between miR-130b knockout (KO) and corresponding control GMEC is as follows: p < 0.05 and p < 0.01
are shown as lower case letters and upper case letters, respectively. Data are shown as mean ± SEM.

2.5. Abundance of Fatty Acid Metabolism-Related Gene Is Changed by Knocking out miR-130b

Next, we detected the mRNA abundance of fatty acid metabolism-related genes,
thereby elucidating the roles that key enzymes play in the miR-130b knockout mediating
lipid and fatty acid synthesis. The abundance of TAG synthesis genes GPAM, AGPAT6,
and DGAT1, and lipid droplets formation gene ADFP and XDH was increased in miR-130b
KO cells (p < 0.05). Upon knocking out miR-130b, the mRNA abundance of fatty acid
desaturation gene FADS1 increased and SCD1 decreased, while the fatty acid elongation
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genes ELOVL5 and ELOVL6 both increased (p < 0.05). Similarly, the expression of fatty
acid activation gene ACSL1 increased, and fatty acid transport genes FABP3 and CD36 also
increased (p < 0.01). After miR-130b knockout, the expression of fatty acid synthesis genes
ACC and FASN increased (p < 0.001). The abundance of fatty acid oxidation genes HSL,
CPT1A, ACOX1, and PPARA increased and ATGL decreased (p < 0.05). Upon knocking out
miR-130b, the transcription level of SREBP1c, SREBP2, and LXRA elevated, and INSIG1
and INSIG2 reduced (p < 0.05, Figure 4).
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Figure 4. miR-130b knockout promotes the gene expression associated with fatty acid metabolism.
mRNA abundance detection of the gene of TAG synthesis (A), lipid droplet formation (B), fatty acid
desaturation and elongation (C), fatty acid activation and transport (D), fatty acid synthesis (E), fatty
acid oxidation (F), and transcription regulation (G) in miR-130b KO and control cells. Data are shown
as mean ± SEM. p < 0.05, p < 0.01, and p < 0.001 are indicated as *, ** and ***, respectively.

2.6. Inhibition of PGC1α Promotes Lipid Droplets, TAG, and Cholesterol Accumulation, and
Affects Fatty Acid Composition

It has been verified that PGC1α was targeted by miR-130b in GMEC [19]. To address
the function of PGC1α in miR-130b knockout-inducing lipid and fatty acid synthesis in
GMEC, we transfected siPGC1α in control and miR-130b knockout cells. Transfection of
siPGC1α decreased the mRNA and protein abundance of PGC1α in miR-130b KO cells
(p < 0.01, Supplementary Figure S3A–C). As a consequence of PGC1α silencing, the lipid
droplet content was increased (p < 0.01, Supplementary Figure S3D,E). Meanwhile, the
relative contents of TAG and cholesterol were both increased (p < 0.01, Supplementary
Figure S3F,G). Fatty acid profiling showed that the percentage of C14:0 and C22:6 decreased
and C17:0 and C20:5 increased after knocking down PGC1α expression in the control
GMEC (p < 0.05). Upon interfering with PGC1α expression in the miR-130b KO group,
the percentage of C16:1 recovered and the percentage of C17:0 further increased (p < 0.05).
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Moreover, the percentage of SFA decreased and PUFA increased, both in the control and
miR-130b KO cells, after reducing the expression of PGC1α (Supplementary Table S5).

2.7. PPARG Is a Direct Target of miR-130b in Goat Mammary Epithelial Cells

To identify putative miR-130b targets that could contribute to lipid and fatty acid syn-
thesis, miRNA target-prediction tools, including TargetScan 8.0 (https://www.targetscan.
org/vert_80/, data: 23 March 2021) and miRWalk 2.0 (http://mirwalk.umm.uni-heidelberg.
de/, data: 23 March 2021), were used. Owing to different scoring algorithms and the func-
tional analysis of putative targets, we selected PPARG as a candidate target of miR-130b. As
shown in Figure 5A,B, we analyzed the mRNA expression of PPARG and found the abun-
dance was decreased after overexpressing miR-130b in control cells and increased in the
knockout group. To investigate whether PPARG binds with miR-130b in the 3′UTR region,
the luciferase reporter vectors psiCheck2 with PPARG 3′UTR (WT) and the site-mutated
PPARG 3′UTR (MUT) were constructed (Figure 5C). Then, a dual-luciferase activity assay
demonstrated a significant repression of renilla luciferase activity in the presence of miR-
130b, while mutation of PPARG 3′UTR resulted in unaffected luciferase activity (Figure 5D).
Similarly, the protein abundance of PPARγ was more profoundly reduced after miR-130b
overexpression in control cells and elevated in miR-130b KO cells (Figure 5E–H).
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3′UTR. WT-PPARG represents the wild-type (WT) PPARG 3′UTR (42–48) sequence; MUT-PPARG
represents the mutational PPARG 3′UTR sequence. (D) Detection of the luciferase activity in GMEC
co-transfected with the miRNA (mimic-130b or mimic-NV) and dual-luciferase reporter plasmid (psi-
WT-PPARG or psi-MUT-PPARG). (E,F) Detection of PPARγ protein abundance by Western blot after
mimic-130b transfection in control cells. (G,H) Protein abundance detection of PPARγ in miR-130b
KO and control cells. Data are displayed as mean ± SEM. p < 0.05, p < 0.01 and p < 0.001 are indicated
as *, ** and ***, respectively.

2.8. Knockout of miR-130b Promotes Lipid Droplets, TAG, Cholesterol Synthesis and Affects Fatty
Acid Composition Mainly via Targeting PPARG

To ascertain whether miR-130b knockout mediated lipid and fatty acid synthesis
via targeting PPARG, miR-130b KO and control cells were transfected with siPPARG or
siNC. After interfering with PPARG expression in miR-130b KO cells, the mRNA and
protein abundances of PPARG were both decreased (p < 0.05, Figure 6A–C). The effect of
PPARG silencing rescued miR-130b knockout, inducing an increase of lipid droplet content
(p < 0.05, Figure 6D–E). In addition, the promotion of TAG and cholesterol synthesis
induced by miR-130b knockout could be partially reversed via reducing the expression of
PPARG (p < 0.05, Figure 6F,G).
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Figure 6. Knocking out miR-130b promotes lipid droplets, TAG, and cholesterol synthesis via tar-
geting PPARG. (A) Abundance analysis of PPARG mRNA after interfering with its expression in
miR-130b KO cells. (B,C) Detection of PPARγ protein abundance in miR-130b KO cells transfected
with siPPARG or siNC. (D–G) Detection of the contents of lipid droplets (D,E), TAG (F), and choles-
terol (G) in miR-130b KO and control cells transfected with PPARG siRNA or NC. Data are displayed
as mean ± SEM. p < 0.05 and p < 0.01 are indicated as * and **.

Corresponding to lipid droplet and TAG content, the fatty acid profile was analyzed
after knocking down PPARG expression in miR-130b KO cells. The decreased percentage
of C15:0 and C17:0 caused by miR-130b knockout was reversed by suppressing PPARG
expression (p < 0.05). Moreover, miR-130b knockout resulted in a percentage increase of
C18:1, and decrease of C18:2, which were both rescued through interfering with PPARG
expression (p < 0.05). Based on the fatty acid proportional change, the decreased percentages
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of SFA and PUFA and increase of MUFA were all partially alleviated after reducing PPARG
expression (Table 2). Taken together, these results suggest that downregulation of PPARG
expression can reverse the promotion effect of lipid and fatty acid synthesis induced by
miR-130b knockout in GMEC.

Table 2. Effects of PPARG Silencing on miR-130b Knockout Mediating Fatty Acid Composition
Change.

Fatty Acid (%) Control + siNC Control +
siPPARG

miR-130b KO +
siNC

miR-130b KO +
siPPARG

C14:0 3.58 ± 0.32 a 3.08 ± 0.09 b 3.76 ± 0.13 a 3.71 ± 0.18 a

C15:0 0.43 ± 0.01 a 0.45 ± 0.01 a 0.36 ± 0.01 c 0.39 ± 0.01 b

C16:0 51.29 ± 0.60 b 52.47 ± 0.14 a 50.48 ± 0.46 b 50.37 ± 0.55 b

C16:1 2.11 ± 0.07 a 2.05 ± 0.07 a 1.88 ± 0.03 b 1.86 ± 0.09 b

C17:0 0.72 ± 0.02 b 0.79 ± 0.01 a 0.61 ± 0.03 c 0.71 ± 0.02b b

C17:1 0.43 ± 0.01 ab 0.43 ± 0.02 a 0.37 ± 0.01 c 0.39 ± 0.03 bc

C18:0 21.95 ± 0.49 b 22.98 ± 0.27 a 22.19 ± 0.38 ab 22.98 ± 0.73 a

C18:1 15.38 ± 0.19 c 14.09 ± 0.27 d 16.71 ± 0.14 a 15.78 ± 0.13 b

C18:2 0.98 ± 0.03 a 0.91 ± 0.03 b 0.83 ± 0.01 c 0.88 ± 0.01 b

C20:0 0.31 ± 0.02 b 0.25 ± 0.02 c 0.37 ± 0.02 a 0.38 ± 0.03 a

C20:3 0.37 ± 0.03 ab 0.35 ± 0.01 b 0.39 ± 0.02 a 0.41 ± 0.02 a

C20:4 1.59 ± 0.08 a 1.42 ± 0.05 b 1.37 ± 0.03 b 1.43 ± 0.07 b

C20:5 0.54 ± 0.01 a 0.51 ± 0.02 a 0.34 ± 0.02 b 0.36 ± 0.01 b

C22:6 0.32 ± 0.00 a 0.22 ± 0.01 b 0.33 ± 0.02 a 0.34 ± 0.01 a

SFA 78.28 80.01 77.28 78.54
MUFA 17.91 16.58 18.97 18.03
PUFA 3.81 3.41 3.25 3.43

Statistical significance is as follows: p < 0.05 is shown as lower case letters. Data are expressed as mean ± SEM.

2.9. Loss of PPARG Decreases the Expression of PGC1α in miR-130b Knockout Cells

In mice, it has been shown that PPARγ bind to the PPRE element in PGC1α promoter,
thereby regulating the transcription of PGC1α [33]. To explore the regulatory role of PPARG
in knockout cells, we transfected siNC or siPPARG into miR-130b knockout cells to verify
this function. Transfection of siPPARG decreased the mRNA and protein abundance
of PPARG (p < 0.05, Figure 6A–C). As a consequence of PPARG expression knockdown,
the mRNA abundance of PGC1α was decreased (p < 0.05, Figure 7A). Correspondingly,
the protein abundance of PGC1α was also decreased (p < 0.05, Figure 7B,C). These data
demonstrate that PPARG could inhibit PGC1α expression, thereby indicating the importance
of the PPARG–PGC1α regulatory axis in miR-130b regulating lipid and fatty acid synthesis.
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Figure 7. Silencing the expression of PPARG inhibits the PGC1α expression in knockout cells.
(A) Abundance detection of PGC1α mRNA by RT-qPCR after reducing PPARG expression. (B,C) De-
tection of the protein abundance of PGC1α in GMEC transfected with PPARG siRNA or NC. Data are
displayed as mean ± SEM. p < 0.01 and p < 0.001 are indicated as ** and ***.
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3. Discussion

A deep understanding of miRNA will help to shed light on their regulatory mecha-
nisms in physiological processes, and provide a theoretical foundation for their application
in vivo. Dissecting the function of a given miRNA in animals can be achieved by the
transfection of miRNA inhibitors [34,35]. However, neither the miRNA inhibitor nor short
tandem target mimicry (STTM) approaches can guarantee strong silencing efficacies for all
miRNAs [36,37]. Thus, a CRISPR/Cas9 based gene-editing system with more profound and
consistent knockout efficiency has been utilized in miRNA studies. Previously, we showed
that a CRISPR/Cas9-induced single nucleotide deletion around the Drosha cleavage site
decreased mature miRNA abundance through suppressing pri-miRNA processing [38].
Hence, in the present study, we applied a duplex editing strategy to delete the coding
regions of pre-miR-130b using two sgRNAs that targeted miR-130b-5p and miR-130b-3p.
Due to cas9 protein inducing an off-target effect that limited its application [39], we de-
tected the effect in 11 predicted off-target sites induced by these two sgRNAs, and found
that all potential off-target sites were unaffected, which agrees with a previous finding in
porcine [40].

The miRNA biogenesis involves nuclear DROSHA processing and cytoplasmic pro-
cessing DICER [41], and besides the important contribution of DICER and essential effect
of DROSHA, the sequence and the stem-loop structure folded by the nascent transcript
that affect miRNA biogenesis have been characterized [42]. Our current study in knockout
cells showed the increase in pri-miR-130b abundance and pre-miR-130b decrease where
the sequence of pre-miR-130b was nearly deleted, which confirmed the importance of
the pre-miR-130b sequences. To our knowledge, the miRNA duplex strands were both
generated from the biogenesis process of primary miRNA [43]; therefore, we detected the
abundance of miR-130b-5p and found it was also downregulated. These results reveal that
the nucleotide deletion of partial miR-130b-5p, the entire loop, and nearly all miR-130b-3p
inhibits the nuclear processing of pri-miR-130b. Moreover, knockout of miR-130b did not
affect the expression of miR-301b-3p, indicating no interdependency exists in the miR-
130b~301b cluster, which is consistent with a previous study in miR-106~25 and miR-17~92
clusters [44].

The concentration of intracellular TAG, which is made up of fatty acids and glycerol,
was increased after knocking out miR-130b in our research, which agrees with previous
studies in porcine and mice [45,46]. In agreement with the function of GPAM, AGPAT6,
and DGAT1 enzymes in TAG synthesis [47], the mRNA expression of these three genes
was upregulated in miR-130b knockout cells. Cholesterol is another main cellular lipid
species that is regarded as a necessary constituent of cell membranes and the regulation
of multiple cellular processes [7]. SREBP2 and SREBP1a were involved in cholesterol
synthesis by controlling key enzyme expression in this process [48]. Thus, the decrease of
mRNA abundance of these two transcription factors after knocking out miR-130b increases
cholesterol concentration. Based on the concentration alteration of TAG and cholesterol,
which involves neutral lipid formation [6], and the increase in mRNA abundance of ADFP
and XDH, contributing to lipid droplet formation and secretion [49], lipid droplet content
in the cytoplasm was elevated in this study.

It is well known that most short- and medium-chain fatty acids and palmitate acids
(C16:0) are produced via ACACA and FASN enzymes, inducing fatty acid de novo syn-
thesis [50]. The increased content of C14:0, C15:0, and C17:0 could be caused by ACACA
and FASN mRNA upregulation. The acetyl coenzyme A is the common primer in the
de novo synthesis for many kinds of fatty acids; thus, the proportional increase of C14:0,
C15:0, and C17:0 could result in the decrease of C16:0. As a consequence of the content
decrease of C16:0, the percentage of C18:0 elongated from C16:0 was decreased, although
the ELVOL6 enzyme expression level was upregulated. Monounsaturated fatty acids were
synthesized by SCD1 encoding desaturase, which introduces a double bond to C16:0, C17:0,
and C18:0 [51,52], the content decrease of these MUFA in knockout cells may result from
the decrease of SCD1 mRNA abundance. The PUFA are endogenously biosynthesized
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through the desaturation of the UFA and elongation process [53], the proportional decrease
of C18:2, C20:3, C20:4, C20:5, and C22:6 could be partly explained by the decrease in C16
and C18 content and the overall effects of the desaturation and elongation processes of
fatty acids.

PGC1α is targeted by miR-130b in GMEC, and PGC1α regulates lipid metabolism and
mitochondrial function in many vital organs [54,55]. With this observation, we detected the
effect of PGC1α in miR-130b regulating lipid and fatty acid synthesis. In agreement with
previous studies in primary human skeletal myocytes, GMEC and transgenic mice [56,57],
knocking down PGC1α expression in control and miR-130b knockout cells could promote
the accumulation of lipid droplet, TAG, and cholesterol. Through analyzing the fatty
acid composition in cellular triacylglycerol, we found that the proportion of C16:1, C17:0,
and C18:2 was increased after suppressing PGC1α expression; and combined with similar
results in mice [58], these findings show the importance of PGC1α in fatty acid and lipid
synthesis.

The PPARG plays an integrated role in regulating gene expression in the storage and
mobilization of fatty acid; thus, promoting fatty acid storage and lipogenesis in adipose
and mammary tissues [59,60]. Previous research showed miR-130b regulated adipose
tissue inflammation and insulin tolerance via targeting PPARG in mice [61]. In line with
this result, our observation revealed that miR-130b reduces the expression of PPARG by
binding to its 3′UTR region. Subsequently, we tried to study the role of PPARG in miR-130b
regulating lipid and fatty acids synthesis. Following studies in humans and mice [62,63],
we showed an opposite phenotype for knockout of miR-130b and silencing of PPARG in
GMEC. More importantly, the effects of miR-130b knockout on lipid droplet, TAG, and
cholesterol accumulation were rescued by silencing of PPARG. Moreover, the proportional
decrease of C15:0, C17:0, and C18:2, and C18:1 increase was partly reversed by interfering
with PPARG expression. As PPARG could promote PGC1α expression through binding to
its promoter region [30], we estimated the effect of PPARG silencing on the mRNA and
protein abundances of PGC1α, and detected a significant abundance decrease of PGC1α.
These results indicate that PPARγ plays a crucial role in the effects of miR-130b in GMEC,
and they revealed the existence of the PPARG–PGC1α axis in miR-130b regulating lipid
and fatty acid synthesis.

4. Materials and Methods
4.1. Ethics Statement

The experimental procedure for dairy goats was approved by the Institutional Animal
Care and Use Committee of the Northwest A&F University, Yangling, Shaanxi, China
(permit number: 15–516, date: 13 September 2015).

4.2. Mammary Collection and Cell

The mammary gland tissue was separated from mammary gland biopsies of 3 healthy
three-year-old Xinong Saanen dairy goats during peak lactation (120 days postpartum).
Mammary tissues (1–2 g) were washed with diethylpyrocarbonate (DEPC)-treated
phosphate-buffered saline (PBS) and trimmed of fat tissue. The goat mammary epithelial
cells were separated from the mammary alveoli and purified and cultured individually
for 5 passages, to obtain the pure epithelial cells for subsequent experiments. The detailed
procedures of isolation and purification of primary GMEC were published previously [64].
Cells from each goat were incubated in an environment of 5% CO2 at 37 ◦C with a basal
medium. The basal medium contained 90% DMEM/F12 (SH30023−01, Hyclone, Logan,
UT, USA), 5 µg/mL bovine insulin (16634, Sigma, St. Louis, MO, USA), 100 U/mL peni-
cillin/streptomycin, 10 ng/mL epidermal growth factor (PHG0311, Invitrogen, Waltham,
MA, USA), 5 µg/mL hydrocortisone (H0888, Sigma), and 10% fetal bovine serum (10099-
141, Invitrogen). To induce lactation, 2 µg/mL prolactin (L6520, Sigma, St. Louis, MO,
USA) was used for two days prior to subsequent experiments.
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4.3. Construction of Cas9-sgRNAs and PPARG 3′UTR Vectors

The sgRNAs targeting the pre-miRNA genomic sequence of miR-130b were predicted
with the Guide RNA design website (http://chopchop.cbu.uib.no/, data: 9 August 2020).
The Cas9-sgRNA1-sgRNA2 vector was constructed with two sgRNAs that targeted both
ends of the pre-miR-130b genomic sequence. sgRNA1 and sgRNA2 were synthesized and
annealed to construct double-strand oligonucleotides. Then, the double-strand sgRNA1
and sgRNA2 were inserted into the pSpCas9 (BB)-2A-Puro plasmid (62988, Addgene, Cam-
bridge, UK) at the BbsI site, to construct the PX459-sgRNA1 and PX459-sgRNA2 vectors, re-
spectively. Next, The U6-sgRNA2-tracRNA fragment in the PX459-sgRNA2 vector was am-
plified by PCR reaction using the primers: F: 5′-CACCTCTAGAGAGGGCCTATTTCCCATG
ATTCCTTCATAT-3′, R: 5′-CACCGGTACCAAAAAAGC-ACCGACTCGGTGCCACTTTTT
C-3′, and, subsequently, cloned in the PX459-sgRNA1 vector at XbaI-KpnI sites to construct
the Cas9-sgRNA1-sgRNA2 vector.

The 3′UTR region of peroxisome proliferator-activated receptor-gamma (PPARγ) cod-
ing sequence (PPARG) containing miR-130b binding sites was inserted into a psiCHECK2
vector to produce the psi-WT-PPARG vector using the primers F: 5′-CCGCTCGAGCAGAG
AAGTCCGAGCTCA-3′, R: 5′-AAGGAAAAAAGCGGCCGCCC-TCAAAATAATAGTGCA
AC-3′. The psi-MUT-PPARG plasmid containing site-directed mutagenesis of binding
sequences of miR-130b seed region in PPARG 3′UTR was constructed using the primers
F: 5′-CCGCTCGAGCAGAGAAGTCCGAGCTCA-3′, R: ATAAGAATGCGGCCGCCCT-
CAAAAT AATGTGTTGGCTGGAGAAGGAAGATGTC-GC-3′ through overlapping PCR.

4.4. Plasmid or RNA Transfection, Single Clone Selection, and T7EN1 Cleavage Assay

The GMEC was transfected with PX459 or Cas9-sgRNA1-sgRNA2 vector at the con-
fluence of 70 to 80% with Lipofectamine 2000 reagent (11668019, Invitrogen), following
the manufacturer’s recommendation. After transient transfecting for forty-eight hours,
these cells were subjected to puromycin (puro) (1.0 µg/mL) selection, following single-
cell clone selection. The DNA fragment spanning pre-miR-130b genomic sequence was
amplified by PCR reaction with the primers: F 5′-ACTTGTGCTTGCTTTCCG-3′, R 5′-
GAGCCCCTCGTCCTACCTG-3′. The fragment was subjected to T7EN1-cleavage assay
and sanger sequencing for gene editing detection. Detailed procedures of single-cell clone
selection and gene editing detection were mentioned in our previous publications [38,65].

The 3′UTR region of PPARG was predicted to bind with miR-130b from the TargetScan
database. To overexpress miR-130b, GMEC was transfected with miR-130b mimic (50
nM, RiboBio, Guangzhou, China) or its scramble (mimic-NC) or at 70–80% confluence
using LipofectamineTM RNAiMAX (13778150, Invitrogen), following the manufacturer’s
instructions.

To reduce PPARG expression, small interfering RNA (siRNA, siPPARG) were synthe-
sized from the Gene Pharma corporation (Shanghai, China). The GMEC was transfected
with three siRNAs (siPPARG-195, siPPARG-980, and siPPARG-1164) to detect the knock-
down efficiency (Supplementary Figure S1). Cells were transfected with siPPARG, siPGC1α
or siNC (50 nM) using LipofectamineTM RNAiMAX. The sequence of siPGC1α has previ-
ously been reported [56], and the sequences of all siRNAs are displayed in Supplementary
Table S1.

4.5. Analysis of Off-Target (OT) Effect in Single Clone

The OT effect of Cas9 protein induced by sgRNAs was predicted with CRISPR RGEN
Tools (http://www.rgenome.net/cas-offinder/, data: 27 October 2020). Eleven OT sites
were selected and the DNA fragment spanning the OT site was amplified using the genome
extracted from the single clone. Then, the DNA fragment was used for OT effect analysis
by T7EN1 assay and the subsequent sequencing. The primer used for OT effect analysis is
displayed in Supplementary Table S2.

http://chopchop.cbu.uib.no/
http://www.rgenome.net/cas-offinder/
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4.6. Reverse Transcription Quantitative PCR (RT-qPCR)

The GMEC was seeded in the 12-well plates and transfected with reagent at 70–80%
confluence. After forty-eight-h transfection, cells were collected and total RNA was isolated
with TRIzol reagent. The quality of RNA was evaluated through detecting the concen-
tration, and the ratio of OD260/OD280 was 1.8–2.0 and OD260/OD230 was 2.0–2.2. The
RNA integrity was determined through analysis of 18S and 28S rRNA by agarose gel
electrophoresis, and the 18S/28S ratio was 1:2.

Relative miRNA expression was examined using the S-Poly(T) Plus method from
0.5 µg RNA, following the manufacturer’s protocol [66]. 18S rRNA was detected as
endogenous control, and the abundance of miRNA was determined using the 2−∆∆Ct

method. The primer sequence is displayed in Supplementary Table S3.
mRNA expression was evaluated with the PrimeScriptTM RT Kit, following TB

GreenTM Premix Ex TaqTM II (RR820A, Perfect Real Time, Takara Bio Inc, Otsu, Japan),
according to the manufacturer’s instructions. Genome in RNA was cleaned with the gDNA
eraser in the PrimeScriptTM RT reagent Kit. RNA was reverse transcripted and then tested
to detect the mRNA expression by qPCR. The mRNA abundance was detected via the
2−∆∆Ct method normalized to ubiquitously expressed transcript (UXT) and ribosomal
protein S9 (RPS9). All primers in the mRNA detection are listed in Supplementary Table S4.

4.7. Western Blot

The GMEC was plated and transfected for 48 h. Then, cells were lysed and total
proteins were collected using RIPA reagent (R0010, Solarbio, Beijing, China) containing
protease inhibitor cocktail. The concentration of proteins was examined with the BCA assay
reagent. Detailed Western blot procedures were mentioned previously [38]. The primary
antibodies included goat anti-PGC1α (ab106814, Abcam, Cambridge, UK; 1:500), rabbit anti-
PPARγ (16643-1-AP, Proteintech Group, Wuhan, China; 1:2000), and mouse anti-β-Actin
(CW0096, CW Biotech, Beijing, China; 1:2000). The secondary antibodies contained goat
anti-mouse and anti-rabbit IgG (CW0102, 0103, CW Biotech, Beijing, China; 1:4000) and
rabbit anti-goat-IgG (D110117, Sangon Biotech, Shanghai, China; 1:4000). After washing
three times with TBST, the signals of protein were examined with a chemiluminescent
(ECL) system. The content of protein was measured using Image J and normalized by
comparison to β-Actin.

4.8. BODIPY™ 493/503 and DAPI Staining

The GMEC was seeded in the 12-well plates. Then, cells were harvested for fixing by
4% paraformaldehyde at 4 ◦C for 30 min. Lipid droplets in the cytoplasm were examined
by 0.1% BODIPY 493/503 (Invitrogen) staining for 30 min. Nucleus was counterstained
with DAPI solution (C1006, Beyotime, Jiangsu, China) for 10 min. Each step of staining
was followed by washing three times with PBS. The image of lipid droplets and nucleus
was acquired by a Cell imaging detector (BioTek Instruments Inc, Winooski, VT, USA). The
relative value of BODIPY was quantified through normalizing to DAPI.

4.9. Total TAG and Cholesterol Assays

Cells were harvested for TAG and cholesterol content determination. The intracellular
TAG and cholesterol concentrations were quantified using a triacylglycerol and cholesterol
kit (E1013, E1015, Applypen Technologies Inc, Beijing, China), following the manufacturer’s
recommendations. Protein concentration was examined with a BCA assay kit. Relative
TAG and cholesterol concentration was determined by comparing them to the protein
concentration and expressed as µg/mg protein. Detailed procedures have previously been
reported [50].

4.10. Fatty Acid Composition Analysis

The GMEC was plated in a 60 mm dish, and cells were harvested for fatty acid
extraction, after incubating for forty-eight hours. Cellular fatty acid was extracted and



Int. J. Mol. Sci. 2022, 23, 3640 14 of 17

methyl esterified with sulfuric acid/methanol (2.5%). The procedures were conducted as
published previously [67]. Fatty acid extraction and analysis processes were performed
with three samples from three goats and repeated three times. The proportions of each
fatty acid were calculated as the ratio of total fatty acid. Prior to the fatty acid analysis, we
analyzed the Supelco 37 Component FAME Mix (CRM47885, Sigma) for peak analysis.

4.11. Luciferase Reporter Assay

For target gene identification, GMEC was seeded at the confluence of 70–80%. Then,
GMEC was transfected with a psi-WT-PPARG or psi-MUT-PPARG vector. Six hours after
transfection, miR-130b mimic or scramble was employed to transfect these cells for forty-
eight hours. After that, cells were lysed to determine the Renilla and firefly luciferase
activity with the application of a Luciferase assay kit. The renilla luciferase activity of
PPARG 3′UTR was determined by comparing with firefly luciferase activity.

4.12. Statistical Analysis

Data are expressed as mean ± SEM. The experiments are conducted in three biological
replicates from three goats and repeated three times. Statistical significance was calculated
by applying a two-tailed Student’s t-test or one-way ANOVA in multiple comparisons with
SPSS 19.0. Differences were declared statistical significance at p < 0.05.

5. Conclusions

In conclusion, miR-130b could inhibit lipid droplet, TAG, and cholesterol accumulation
and affected fatty acid composition, especially MUFA and PUFA proportion, in goat
mammary epithelial cells. Functional analyses indicated that the PPARG–PGC1α axis,
made up of two direct targets of miR-130b, might contribute to miR-130b-mediating lipid
and fatty acid synthesis. These findings suggest the important role of the miR-130b-PPARG–
PGC1α axis in those processes in GMEC. Further studies are necessary to elaborate the
molecular mechanism of PPARG and PGC1α, along with their downstream targets, to
provide a theoretical frame for improving the composition of beneficial fatty acids in
goat milk.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23073640/s1.

Author Contributions: Conceptualization: L.H. and J.L.; methodology: L.H.; software: N.S.; val-
idation: W.G.; formal analysis: L.Z.; investigation: W.Y.; resources: L.Z.; data curation: W.G.;
writing—original draft preparation: L.H.; writing—review and editing: L.H.; visualization, W.Y.;
supervision: N.S.; project administration: J.L.; funding acquisition: J.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant number
31772575.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee of the Northwest A&F University, Yangling, Shaanxi, China (permit
number: 15–516, date: 13 September 2015).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Clark, S.; Garcia, M.B.M. A 100-Year Review: Advances in goat milk research. J. Dairy Sci. 2017, 100, 10026–10044. [CrossRef]

[PubMed]
2. Luna, P.; Bach, A.; Juarez, M.; de la Fuente, M.A. Effect of a diet enriched in whole linseed and sunflower oil on goat milk fatty

acid composition and conjugated linoleic acid isomer profile. J. Dairy Sci. 2008, 91, 20–28. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms23073640/s1
https://www.mdpi.com/article/10.3390/ijms23073640/s1
http://doi.org/10.3168/jds.2017-13287
http://www.ncbi.nlm.nih.gov/pubmed/29153153
http://doi.org/10.3168/jds.2007-0447
http://www.ncbi.nlm.nih.gov/pubmed/18096921


Int. J. Mol. Sci. 2022, 23, 3640 15 of 17

3. Joris, P.J.; Mensink, R.P. Role of cis-Monounsaturated Fatty Acids in the Prevention of Coronary Heart Disease. Curr. Atheroscler.
Rep. 2016, 18, 38. [CrossRef] [PubMed]

4. Wiktorowska-Owczarek, A.; Berezinska, M.; Nowak, J.Z. PUFAs: Structures, Metabolism and Functions. Adv. Clin. Exp. Med.
2015, 24, 931–941. [CrossRef]

5. Pietrzak-Fiecko, R.; Kamelska-Sadowska, A.M. The Comparison of Nutritional Value of Human Milk with Other Mammals’ Milk.
Nutrients 2020, 12, 1404. [CrossRef] [PubMed]

6. Walther, T.C.; Chung, J.; Farese, R.V. Lipid Droplet Biogenesis. Annu. Rev. Cell Dev. Biol. 2017, 33, 491–510. [CrossRef] [PubMed]
7. Schade, D.S.; Shey, L.; Eaton, R.P. Cholesterol Review: A Metabolically Important Molecule. Endocr. Pract. 2020, 26, 1514–1523.

[CrossRef] [PubMed]
8. Luo, J.; Yang, H.; Song, B.L. Mechanisms and regulation of cholesterol homeostasis. Nat. Rev. Mol. Cell Biol. 2020, 21, 225–245.

[CrossRef] [PubMed]
9. Ravaut, G.; Legiot, A.; Bergeron, K.F.; Mounier, C. Monounsaturated Fatty Acids in Obesity-Related Inflammation. Int. J. Mol. Sci.

2021, 22, 330. [CrossRef] [PubMed]
10. Telle-Hansen, V.H.; Gaundal, L.; Myhrstad, M.C.W. Polyunsaturated Fatty Acids and Glycemic Control in Type 2 Diabetes.

Nutrients 2019, 11, 1067. [CrossRef]
11. Christie, W.W.; Harwood, J.L. Oxidation of polyunsaturated fatty acids to produce lipid mediators. Lipid Mediat. 2020, 64, 401–421.
12. Jin, X.L.; Yang, J.X.; Li, Z.; Liu, H.Y.; Liu, J.X. Progress on the miRNA related with mammary gland development and lactation. Yi

Chuan = Hered. 2013, 35, 695–702. [CrossRef]
13. Wang, H.; Luo, J.; Chen, Z.; Cao, W.T.; Xu, H.F.; Gou, D.M.; Zhu, J.J. MicroRNA-24 can control triacylglycerol synthesis in goat

mammary epithelial cells by targeting the fatty acid synthase gene. J. Dairy Sci. 2015, 98, 9001–9014. [CrossRef] [PubMed]
14. Ma, Q.; Tan, Y.; Chen, X.; Chen, S.; Sun, Y.; Zhou, B. Regulation of the MAPK signaling pathway by miR-421-5p in rats under light

pollution. Int. J. Mol. Med. 2018, 42, 3329–3343. [CrossRef] [PubMed]
15. Wang, M.; Li, L.; Liu, R.; Song, Y.; Zhang, X.; Niu, W.; Kumar, A.K.; Guo, Z.; Hu, Z. Obesity-induced overexpression of miRNA-24

regulates cholesterol uptake and lipid metabolism by targeting SR-B1. Gene 2018, 668, 196–203. [CrossRef]
16. Lan, X.; Wu, L.T.; Wu, N.; Chen, Q.; Li, Y.; Du, X.J.; Wei, C.X.; Feng, L.; Li, Y.Z.; Osoro, E.K.; et al. Long Noncoding RNA lnc-HC

Regulates PPAR gamma-Mediated Hepatic Lipid Metabolism through miR-130b-3p. Mol. Ther.-Nucl. Acids 2019, 18, 954–965.
[CrossRef] [PubMed]

17. Ma, X.Y.; Wei, D.W.; Cheng, G.; Lj, S.J.; Wang, L.; Wang, Y.N.; Wang, X.Y.; Zhang, S.; Wang, H.B.; Zan, L.S. Bta-miR-130a/b
regulates preadipocyte differentiation by targeting PPARG and CYP2U1 in beef cattle. Mol. Cell Probe 2018, 42, 10–17. [CrossRef]

18. Zhang, J.; Jazii, F.R.; Haghighi, M.M.; Alvares, D.; Liu, L.; Khosraviani, N.; Adeli, K. miR-130b is a potent stimulator of hepatic
very-low-density lipoprotein assembly and secretion via marked induction of microsomal triglyceride transfer protein. Am. J.
Physiol. Endocrinol. Metab. 2020, 318, E262–E275. [CrossRef] [PubMed]

19. Chen, Z.; Luo, J.; Ma, L.A.; Wang, H.; Cao, W.T.; Xu, H.F.; Zhu, J.J.; Sun, Y.T.; Li, J.; Yao, D.W.; et al. MiR130b-Regulation of PPAR
gamma Coactivator-1 alpha Suppresses Fat Metabolism in Goat Mammary Epithelial Cells. PLoS ONE 2015, 10, e0142809.

20. Cheng, C.F.; Ku, H.C.; Lin, H. PGC-1 as a Pivotal Factor in Lipid and Metabolic Regulation. Int. J. Mol. Sci. 2018, 19, 3447.
[CrossRef]

21. Huang, T.Y.; Zheng, D.H.; Houmard, J.A.; Brault, J.J.; Hickner, R.C.; Cortright, R.N. Overexpression of PGC-1 alpha increases
peroxisomal activity and mitochondrial fatty acid oxidation in human primary myotubes. Am. J. Physiol.-Endoc. 2017, 312,
E253–E263.

22. Tobina, T.; Mori, Y.; Doi, Y.; Nakayama, F.; Kiyonaga, A.; Tanaka, H. Peroxisome proliferator-activated receptor gamma co-
activator 1 gene Gly482Ser polymorphism is associated with the response of low-density lipoprotein cholesterol concentrations to
exercise training in elderly Japanese. J. Physiol. Sci. 2017, 67, 595–602. [CrossRef] [PubMed]

23. Chen, P.; Zhao, H.; Wu, M.; He, S.; Yuan, T.; Yi, X.; Liu, S.; Pan, Y.; Li, Q.; Wang, S.; et al. A novel 17 bp InDel polymorphism
within the PPARGC1A gene is significantly associated with growth traits in sheep. Anim. Biotechnol. 2020, 3, 1–9. [CrossRef]

24. Barton, L.; Bures, D.; Kott, T.; Rehak, D. Associations of polymorphisms in bovine DGAT1, FABP4, FASN, and PPARGC1A genes
with intramuscular fat content and the fatty acid composition of muscle and subcutaneous fat in Fleckvieh bulls. Meat Sci. 2016,
114, 18–23. [CrossRef] [PubMed]

25. Wafer, R.; Tandon, P.; Minchin, J.E.N. The Role of Peroxisome Proliferator-Activated Receptor Gamma (PPARG) in Adipogenesis:
Applying Knowledge from the Fish Aquaculture Industry to Biomedical Research. Front. Endocrinol. 2017, 8, 102. [CrossRef]

26. Xu, B.M.; Xiao, L.; Kang, C.M.; Ding, L.; Guo, F.X.; Li, P.; Lu, Z.F.; Wu, Q.; Xu, Y.J.; Bai, H.L.; et al. LncRNA AC096664.3/PPAR-
gamma/ABCG1-dependent signal transduction pathway contributes to the regulation of cholesterol homeostasis. J. Cell. Biochem.
2019, 120, 13775–13782. [CrossRef] [PubMed]

27. Jester, J.V.; Potma, E.; Brown, D.J. PPAR gamma Regulates Mouse Meibocyte Differentiation and Lipid Synthesis. Ocul. Surf. 2016,
14, 484–494. [CrossRef]

28. Kim, S.W.; Rho, C.R.; Kim, J.; Xie, Y.L.; Prince, R.C.; Mustafa, K.; Potma, E.O.; Brown, D.J.; Jester, J.V. Eicosapentaenoic acid
(EPA) activates PPAR gamma signaling leading to cell cycle exit, lipid accumulation, and autophagy in human meibomian gland
epithelial cells (hMGEC). Ocul. Surf. 2020, 18, 427–437. [CrossRef] [PubMed]

http://doi.org/10.1007/s11883-016-0597-y
http://www.ncbi.nlm.nih.gov/pubmed/27221500
http://doi.org/10.17219/acem/31243
http://doi.org/10.3390/nu12051404
http://www.ncbi.nlm.nih.gov/pubmed/32422857
http://doi.org/10.1146/annurev-cellbio-100616-060608
http://www.ncbi.nlm.nih.gov/pubmed/28793795
http://doi.org/10.4158/EP-2020-0347
http://www.ncbi.nlm.nih.gov/pubmed/33471744
http://doi.org/10.1038/s41580-019-0190-7
http://www.ncbi.nlm.nih.gov/pubmed/31848472
http://doi.org/10.3390/ijms22010330
http://www.ncbi.nlm.nih.gov/pubmed/33396940
http://doi.org/10.3390/nu11051067
http://doi.org/10.3724/SP.J.1005.2013.00695
http://doi.org/10.3168/jds.2015-9418
http://www.ncbi.nlm.nih.gov/pubmed/26476938
http://doi.org/10.3892/ijmm.2018.3874
http://www.ncbi.nlm.nih.gov/pubmed/30221682
http://doi.org/10.1016/j.gene.2018.05.072
http://doi.org/10.1016/j.omtn.2019.10.018
http://www.ncbi.nlm.nih.gov/pubmed/31770672
http://doi.org/10.1016/j.mcp.2018.10.002
http://doi.org/10.1152/ajpendo.00276.2019
http://www.ncbi.nlm.nih.gov/pubmed/31821038
http://doi.org/10.3390/ijms19113447
http://doi.org/10.1007/s12576-016-0491-y
http://www.ncbi.nlm.nih.gov/pubmed/27699582
http://doi.org/10.1080/10495398.2020.1796697
http://doi.org/10.1016/j.meatsci.2015.12.004
http://www.ncbi.nlm.nih.gov/pubmed/26720887
http://doi.org/10.3389/fendo.2017.00102
http://doi.org/10.1002/jcb.28650
http://www.ncbi.nlm.nih.gov/pubmed/30938872
http://doi.org/10.1016/j.jtos.2016.08.001
http://doi.org/10.1016/j.jtos.2020.04.012
http://www.ncbi.nlm.nih.gov/pubmed/32360782


Int. J. Mol. Sci. 2022, 23, 3640 16 of 17

29. Ylonen, S.K.; Salminen, I.; Lyssenko, V.; Virtanen, S.M.; Groop, L.; Aro, A.; Saloranta, C.; Botnia Research, G. The Pro12Ala
polymorphism of the PPAR-gamma2 gene affects associations of fish intake and marine n-3 fatty acids with glucose metabolism.
Eur. J. Clin. Nutr. 2008, 62, 1432–1439. [CrossRef] [PubMed]

30. Hondares, E.; Mora, O.; Yubero, P.; Rodriguez de la Concepcion, M.; Iglesias, R.; Giralt, M.; Villarroya, F. Thiazolidinediones and
rexinoids induce peroxisome proliferator-activated receptor-coactivator (PGC)-1alpha gene transcription: An autoregulatory loop
controls PGC-1alpha expression in adipocytes via peroxisome proliferator-activated receptor-gamma coactivation. Endocrinology
2006, 147, 2829–2838.

31. Jacquet, K.; Vidal-Cruchez, O.; Rezzonico, R.; Nicolini, V.J.; Mograbi, B.; Hofman, P.; Vassaux, G.; Mari, B.; Brest, P. New
technologies for improved relevance in miRNA research. Trends Genet. 2021, 37, 1060–1063. [CrossRef] [PubMed]

32. Lin, Y.; Zhu, Y.; Cui, Y.; Chen, R.; Chen, Z.; Li, G.; Fan, M.; Chen, J.; Li, Y.; Guo, X.; et al. Derepression of specific miRNA-target
genes in rice using CRISPR/Cas9. J. Exp. Bot. 2021, 72, 7067–7077. [CrossRef] [PubMed]

33. Yeligar, S.M.; Kang, B.Y.; Bijli, K.M.; Kleinhenz, J.M.; Murphy, T.C.; Torres, G.; San Martin, A.; Sutliff, R.L.; Hart, C.M. PPARgamma
Regulates Mitochondrial Structure and Function and Human Pulmonary Artery Smooth Muscle Cell Proliferation. Am. J. Respir.
Cell Mol. Biol. 2018, 58, 648–657. [CrossRef]

34. Evangelista, A.F.; Oliveira, R.J.; Silva, V.A.O.; Vieira, R.A.D.C.; Reis, R.M.; Marques, M.M.C. Integrated analysis of mRNA and
miRNA profiles revealed the role of miR-193 and miR-210 as potential regulatory biomarkers in different molecular subtypes of
breast cancer. BMC Cancer 2021, 21, 76. [CrossRef] [PubMed]

35. Nakagawa, A.; Nakajima, T.; Azuma, M. Tear miRNA expression analysis reveals miR-203 as a potential regulator of corneal
epithelial cells. BMC Ophthalmol. 2021, 21, 377. [CrossRef] [PubMed]

36. Chang, H.; Yi, B.; Ma, R.X.; Zhang, X.G.; Zhao, H.Y.; Xi, Y.G. CRISPR/cas9, a novel genomic tool to knock down microRNA
in vitro and in vivo. Sci. Rep. 2016, 6, 22312. [CrossRef] [PubMed]

37. Reichel, M.; Li, Y.J.; Li, J.Y.; Millar, A.A. Inhibiting plant microRNA activity: Molecular SPONGEs, target MIMICs and STTMs all
display variable efficacies against target microRNAs. Plant Biotechnol. J. 2015, 13, 915–926. [CrossRef]

38. Huang, L.; Tian, H.B.; Luo, J.; Song, N.; Wu, J. CRISPR/Cas9 Based Knockout of miR-145 Affects Intracellular Fatty Acid
Metabolism by Targeting INSIG1 in Goat Mammary Epithelial Cells. J. Agric. Food Chem. 2020, 68, 5138–5146. [CrossRef]

39. Casini, A.; Olivieri, M.; Petris, G.; Montagna, C.; Reginato, G.; Maule, G.; Lorenzin, F.; Prandi, D.; Romanel, A.; Demichelis, F.;
et al. A highly specific SpCas9 variant is identified by in vivo screening in yeast. Nat. Biotechnol. 2018, 36, 265–271. [CrossRef]
[PubMed]

40. Lu, C.; Pang, D.X.; Li, M.J.; Yuan, H.M.; Yu, T.T.; Huang, P.X.; Li, J.N.; Chen, X.; Jiao, H.P.; Xie, Z.C.; et al. CRISPR/Cas9-Mediated
Hitchhike Expression of Functional shRNAs at the Porcine miR-17-92 Cluster. Cells 2019, 8, 113. [CrossRef]

41. Kim, Y.K.; Kim, B.; Kim, V.N. Re-evaluation of the roles of DROSHA, Export in 5, and DICER in microRNA biogenesis. Proc. Natl.
Acad. Sci. USA 2016, 113, E1881–E1889. [CrossRef] [PubMed]

42. Treiber, T.; Treiber, N.; Meister, G. Regulation of microRNA biogenesis and its crosstalk with other cellular pathways. Nat. Rev.
Mol. Cell Biol. 2019, 20, 5–20. [CrossRef] [PubMed]

43. Bartel, D.P. Metazoan MicroRNAs. Cell 2018, 173, 20–51. [CrossRef] [PubMed]
44. Lataniotis, L.; Albrecht, A.; Kok, F.O.; Monfries, C.A.L.; Benedetti, L.; Lawson, N.D.; Hughes, S.M.; Steinhofel, K.; Mayr, M.;

Zampetaki, A. CRISPR/Cas9 editing reveals novel mechanisms of clustered microRNA regulation and function. Sci. Rep. 2017, 7,
8585. [CrossRef]

45. Pan, S.F.; Cui, Y.X.; Dong, X.; Zhang, T.J.; Xing, H. MicroRNA-130b attenuates dexamethasone-induced increase of lipid
accumulation in porcine preadipocytes by suppressing PPAR-gamma expression. Oncotarget 2017, 8, 87928–87943. [CrossRef]

46. Pan, S.F.; Yang, X.J.; Jia, Y.M.; Li, Y.; Chen, R.R.; Wang, M.; Cai, D.M.; Zhao, R.Q. Intravenous injection of microvesicle-delivery
miR-130b alleviates high-fat diet-induced obesity in C57BL/6 mice through translational repression of PPAR-gamma. J. Biomed.
Sci. 2015, 22, 86. [CrossRef]

47. Alves-Bezerra, M.; Cohen, D.E. Triglyceride Metabolism in the Liver. Compr. Physiol. 2018, 8, 1–22.
48. Bionaz, M.; Loor, J.J. Gene networks driving bovine milk fat synthesis during the lactation cycle. BMC Genom. 2008, 9, 366.

[CrossRef]
49. Chong, B.M.; Reigan, P.; Mayle-Combs, K.D.; Orlicky, D.J.; McManaman, J.L. Determinants of adipophilin function in milk lipid

formation and secretion. Trends Endocrinol. Metab. 2011, 22, 211–217. [CrossRef]
50. Luo, J.; Zhu, J.J.; Sun, Y.T.; Shi, H.B.; Li, J. Inhibitions of FASN suppress triglyceride synthesis via the control of malonyl-CoA in

goat mammary epithelial cells. Anim. Prod. Sci. 2017, 57, 1624–1630. [CrossRef]
51. Fievez, V.; Vlaeminck, B.; Dhanoa, M.S.; Dewhurst, R.J. Use of principal component analysis to investigate the origin of

heptadecenoic and conjugated linoleic acids in milk. J. Dairy Sci. 2003, 86, 4047–4053. [CrossRef]
52. Green, C.D.; Ozguden-Akkoc, C.G.; Wang, Y.; Jump, D.B.; Olson, L.K. Role of fatty acid elongases in determination of de novo

synthesized monounsaturated fatty acid species. J. Lipid Res. 2010, 51, 1871–1877. [CrossRef] [PubMed]
53. Zhang, J.Y.; Kothapalli, K.S.D.; Brenna, J.T. Desaturase and elongase-limiting endogenous long-chain polyunsaturated fatty acid

biosynthesis. Curr. Opin. Clin. Nutr. 2016, 19, 103–110. [CrossRef] [PubMed]
54. Lukaszuk, B.; Kurek, K.; Miklosz, A.; Zendzian-Piotrowska, M.; Chabowski, A. The Role of PGC-1alpha in the Development of

Insulin Resistance in Skeletal Muscle—Revisited. Cell. Physiol. Biochem. 2015, 37, 2288–2296. [CrossRef] [PubMed]

http://doi.org/10.1038/sj.ejcn.1602882
http://www.ncbi.nlm.nih.gov/pubmed/17700648
http://doi.org/10.1016/j.tig.2021.08.006
http://www.ncbi.nlm.nih.gov/pubmed/34474931
http://doi.org/10.1093/jxb/erab336
http://www.ncbi.nlm.nih.gov/pubmed/34283216
http://doi.org/10.1165/rcmb.2016-0293OC
http://doi.org/10.1186/s12885-020-07731-2
http://www.ncbi.nlm.nih.gov/pubmed/33461524
http://doi.org/10.1186/s12886-021-02141-9
http://www.ncbi.nlm.nih.gov/pubmed/34696757
http://doi.org/10.1038/srep22312
http://www.ncbi.nlm.nih.gov/pubmed/26924382
http://doi.org/10.1111/pbi.12327
http://doi.org/10.1021/acs.jafc.0c00845
http://doi.org/10.1038/nbt.4066
http://www.ncbi.nlm.nih.gov/pubmed/29431739
http://doi.org/10.3390/cells8020113
http://doi.org/10.1073/pnas.1602532113
http://www.ncbi.nlm.nih.gov/pubmed/26976605
http://doi.org/10.1038/s41580-018-0059-1
http://www.ncbi.nlm.nih.gov/pubmed/30228348
http://doi.org/10.1016/j.cell.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29570994
http://doi.org/10.1038/s41598-017-09268-0
http://doi.org/10.18632/oncotarget.21318
http://doi.org/10.1186/s12929-015-0193-4
http://doi.org/10.1186/1471-2164-9-366
http://doi.org/10.1016/j.tem.2011.04.003
http://doi.org/10.1071/AN15708
http://doi.org/10.3168/jds.S0022-0302(03)74016-8
http://doi.org/10.1194/jlr.M004747
http://www.ncbi.nlm.nih.gov/pubmed/20228221
http://doi.org/10.1097/MCO.0000000000000254
http://www.ncbi.nlm.nih.gov/pubmed/26828581
http://doi.org/10.1159/000438584
http://www.ncbi.nlm.nih.gov/pubmed/26625097


Int. J. Mol. Sci. 2022, 23, 3640 17 of 17

55. Rius-Perez, S.; Torres-Cuevas, I.; Millan, I.; Ortega, A.L.; Perez, S. PGC-1 alpha, Inflammation, and Oxidative Stress: An Integrative
View in Metabolism. Oxid. Med. Cell Longev. 2020, 2020, 1452696. [CrossRef] [PubMed]

56. Chen, Z.; Luo, J.; Sun, S.; Cao, D.Y.; Shi, H.P.; Loor, J.J. miR-148a and miR-17-5p synergistically regulate milk TAG synthesis via
PPARGC1A and PPARA in goat mammary epithelial cells. RNA Biol. 2017, 14, 326–338. [CrossRef] [PubMed]

57. Koves, T.R.; Sparks, L.M.; Kovalik, J.P.; Mosedale, M.; Arumugam, R.; DeBalsi, K.L.; Everingham, K.; Thorne, L.; Phielix, E.;
Meex, R.C.; et al. PPARgamma coactivator-1alpha contributes to exercise-induced regulation of intramuscular lipid droplet
programming in mice and humans. J. Lipid Res. 2013, 54, 522–534. [CrossRef]

58. Espinoza, D.O.; Boros, L.G.; Crunkhorn, S.; Gami, H.; Patti, M.E. Dual modulation of both lipid oxidation and synthesis by
peroxisome proliferator-activated receptor-gamma coactivator-1alpha and -1beta in cultured myotubes. FASEB J. 2010, 24,
1003–1014. [CrossRef]

59. Janani, C.; Ranjitha Kumari, B.D. PPAR gamma gene—A review. Diabetes Metab. Syndr. 2015, 9, 46–50. [CrossRef] [PubMed]
60. Yu, K.; Shi, H.B.; Luo, J.; Li, J.; Zhao, W.S.; Tian, H.B.; Shi, H.P. PPARG Modulated Lipid Accumulation in Dairy GMEC via

Regulation of ADRP Gene. J. Cell. Biochem. 2015, 116, 192–201.
61. Zhang, M.; Zhou, Z.Q.; Wang, J.G.; Li, S.F. MiR-130b promotes obesity associated adipose tissue inflammation and insulin

resistance in diabetes mice through alleviating M2 macrophage polarization via repression of PPAR-gamma. Immunol. Lett. 2016,
180, 1–8. [CrossRef] [PubMed]

62. Yan, Y.; Qin, D.; Hu, B.; Zhang, C.J.; Liu, S.H.; Wu, D.D.; Huang, W.D.; Huang, X.X.; Wang, L.Q.; Chen, X.M.; et al. Deletion of
miR-126a Promotes Hepatic Aging and Inflammation in a Mouse Model of Cholestasis. Mol. Ther.-Nucl. Acids 2019, 16, 494–504.
[CrossRef]

63. Wang, Y.; Li, X.; Liu, W.; Li, B.; Chen, D.; Hu, F.; Wang, L.; Liu, X.M.; Cui, R.; Liu, R. MicroRNA-1205, encoded on chromosome
8q24, targets EGLN3 to induce cell growth and contributes to risk of castration-resistant prostate cancer. Oncogene 2019, 38,
4820–4834. [CrossRef] [PubMed]

64. Song, N.; Chen, Y.; Luo, J.; Huang, L.; Tian, H.; Li, C.; Loor, J.J. Negative regulation of alphaS1-casein (CSN1S1) improves
beta-casein content and reduces allergy potential in goat milk. J. Dairy Sci. 2020, 103, 9561–9572. [CrossRef]

65. Tian, H.B.; Luo, J.; Zhang, Z.F.; Wu, J.; Zhang, T.Y.; Busato, S.; Huang, L.; Song, N.; Bionaz, M. CRISPR/Cas9-mediated Stearoyl-
CoA Desaturase 1 (SCD1) Deficiency Affects Fatty Acid Metabolism in Goat Mammary Epithelial Cells. J. Agr. Food Chem. 2018,
66, 10041–10052. [CrossRef]

66. Niu, Y.Q.; Zhang, L.M.; Qiu, H.L.; Wu, Y.K.; Wang, Z.W.; Zai, Y.J.; Liu, L.; Qu, J.L.; Kang, K.; Gou, D.M. An improved method for
detecting circulating microRNAs with S-Poly(T) Plus real-time PCR. Sci. Rep. 2015, 5, 15100. [CrossRef] [PubMed]

67. Zhu, J.J.; Luo, J.; Wang, W.; Yu, K.; Wang, H.B.; Shi, H.B.; Sun, Y.T.; Lin, X.Z.; Li, J. Inhibition of FASN reduces the synthesis of
medium-chain fatty acids in goat mammary gland. Animal 2014, 8, 1469–1478. [CrossRef] [PubMed]

http://doi.org/10.1155/2020/1452696
http://www.ncbi.nlm.nih.gov/pubmed/32215168
http://doi.org/10.1080/15476286.2016.1276149
http://www.ncbi.nlm.nih.gov/pubmed/28095188
http://doi.org/10.1194/jlr.P028910
http://doi.org/10.1096/fj.09-133728
http://doi.org/10.1016/j.dsx.2014.09.015
http://www.ncbi.nlm.nih.gov/pubmed/25450819
http://doi.org/10.1016/j.imlet.2016.10.004
http://www.ncbi.nlm.nih.gov/pubmed/27746169
http://doi.org/10.1016/j.omtn.2019.04.002
http://doi.org/10.1038/s41388-019-0760-3
http://www.ncbi.nlm.nih.gov/pubmed/30808975
http://doi.org/10.3168/jds.2020-18595
http://doi.org/10.1021/acs.jafc.8b03545
http://doi.org/10.1038/srep15100
http://www.ncbi.nlm.nih.gov/pubmed/26459910
http://doi.org/10.1017/S1751731114001323
http://www.ncbi.nlm.nih.gov/pubmed/24909980

	Introduction 
	Results 
	Gene-Editing Single Clone Selection and Analysis 
	Analysis of Off-Target Effect Induced by sgRNAs 
	Deletion of miR-130b Sequence Inhibits miR-130b-5p and 3p Expression and Increases PGC1 Abundance 
	Knockout of miR-130b Promotes Lipid Droplets, TAG, and Cholesterol Synthesis, and Affects Fatty Acid Composition 
	Abundance of Fatty Acid Metabolism-Related Gene Is Changed by Knocking out miR-130b 
	Inhibition of PGC1 Promotes Lipid Droplets, TAG, and Cholesterol Accumulation, and Affects Fatty Acid Composition 
	PPARG Is a Direct Target of miR-130b in Goat Mammary Epithelial Cells 
	Knockout of miR-130b Promotes Lipid Droplets, TAG, Cholesterol Synthesis and Affects Fatty Acid Composition Mainly via Targeting PPARG 
	Loss of PPARG Decreases the Expression of PGC1 in miR-130b Knockout Cells 

	Discussion 
	Materials and Methods 
	Ethics Statement 
	Mammary Collection and Cell 
	Construction of Cas9-sgRNAs and PPARG 3'UTR Vectors 
	Plasmid or RNA Transfection, Single Clone Selection, and T7EN1 Cleavage Assay 
	Analysis of Off-Target (OT) Effect in Single Clone 
	Reverse Transcription Quantitative PCR (RT-qPCR) 
	Western Blot 
	BODIPY™ 493/503 and DAPI Staining 
	Total TAG and Cholesterol Assays 
	Fatty Acid Composition Analysis 
	Luciferase Reporter Assay 
	Statistical Analysis 

	Conclusions 
	References

