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MicroRNA-26a/b and their host genes synergistically regulate triacylglycerol synthesis
by targeting the INSIG1 gene
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ABSTRACT
The microRNA-26 (miR-26) family is known to control adipogenesis in non-ruminants. The genomic loci of
miR-26a and miR-26b have been localized in the introns of genes encoding for the proteins of the C-
terminal domain RNA polymerase II polypeptide A small phosphatase (CTDSP) family. Insulin-induced
gene 1 (INSIG1) encodes a protein with a key role in the regulation of lipogenesis in rodent liver. In the
present study, we investigated the synergistic function of the miR-26 family and their host genes in goat
mammary epithelial cells (GMEC). Downregulation of miR-26a/b and their host genes in GMEC decreased
the expression of genes relate to fatty acid synthesis (PPARG, LXRA, SREBF1, FASN, ACACA, GPAM, LPIN1,
DGAT1 and SCD1), triacylglycerol accumulation and unsaturated fatty acid synthesis. Luciferase reporter
assays confirmed INSIG1 as a direct target of miR-26a/b. Furthermore, inhibition of the CTDSP family also
downregulated the expression of INSIG1. Taken together, our findings highlight a functional association of
miR-26a/b, their host genes and INSIG1, and provide new insights into the regulatory network controlling
milk fat synthesis in GMEC. The data indicate that targeting this network via nutrition might be important
for regulating milk fat synthesis in ruminants.
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Introduction

The goat (capra hircus) is one of the most important live-
stock species and the oldest to be domesticated.35,43 Goats
have long been used for their milk, meat, hair and skin.11

Milk fat is one of the main components in goat dairy prod-
ucts, and provides an important source of nutrition for
humans.2 Ninety-eight percent of goat milk fat is composed
of triacylglycerol (TAG),25 which is mainly stored in cyto-
plasmic lipid droplets and secreted from mammary epithelial
cells (MEC).16 Milk fat quality and production have recently
become important concerns in the dairy industry. Therefore,
a better understanding of the regulation of lipid metabolism
in goat mammary epithelial cells (GMEC) will facilitate
development of strategies for optimizing goat milk fat quality
to help drive the profitability of the dairy industry.

Lipid metabolism in MEC involves various metabolic pro-
cesses including de novo fatty acid synthesis, fatty acid uptake,
and fat droplet formation and secretion. For instance, fatty
acids (FA) are synthesized de novo via fatty acid synthase
(FASN) and acetyl-CoA carboxylase a (ACACA);7 some of
these fatty acids are then unsaturated by stearoyl-CoA desatur-
ase 1 (SCD1) and processed into TAG by diacylglycerol acyl-
transferase1 (DGAT1) in the endoplasmic reticulum (ER).7

Glycerol-3-phosphate acyltransferase mitochondrial (GPAM),
1-acylglycerol-3-phosphate O-acyltransferase 6 (AGPAT6), and
lipin 1 (LPIN1) also are involved in TAG synthesis;32,42,7

Transport of FA from outside the cell occurs primarily via

thrombospondin receptor (CD36) and fatty acid-binding pro-
tein 4 (FABP4) transports the incoming FA for incorporation
into TAG.7 Perilipin 2 (PLIN2), perilipin 3 (PLIN3) and pata-
tin-like-phospholipase domain containing 2 (PNPLA2) are
involved in lipid droplet formation.34,28 In addition, peroxi-
some proliferator-activated receptor gamma (PPARG),47 sterol
regulatory element binding transcription factor 1 (SREBF1),18

and insulin-induced gene 1 (INSIG1)54 are key transcription
regulators controlling the expression of genes related to FA and
TAG synthesis.

INSIG1 is a membrane-spanning (polytopic) protein of the
ER that regulates lipid synthesis by retaining sterol regulatory
element binding transcription factors (SREBFs) in the ER and
preventing their proteolytic activation in the Golgi apparatus.54,15

When INSIG1 is expressed at a low level, SREBF cleavage-acti-
vating protein (SCAP) escort SREBF to the Golgi, where they
are processed and released into the cytosol on their way to the
nucleus to activate transcription of lipogenic genes.13,44

MicroRNA (miRNA) are small, non-coding RNA molecules
that regulate mRNA expression at the post-transcriptional level
by binding to the 3’- untranslated regions (3’-UTR) of target
mRNA to either direct mRNA translation or disrupt mRNA
degradation.3 Several miRNA have been reported to modify
cell lipid metabolism by regulating lipid-related gene expres-
sion. For instance, the miR-26 family is involved in adipocyte
development and the acquisition of brown adipocyte character-
istics in humans.22 The genomic loci of miR-26a and miR-26b
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are localized in the introns of genes encoding the protein family
C-terminal domain RNA polymerase Ⅱpolypeptide A small
phosphatase (CTDSP). Transcription of miR-26a and miR-26b
occurs via three genomic loci, miR-26a-1, miR-26a-2 and miR-
26b, which reside in the introns of genes coding for CTDSPL,
CTDSP2 and CTDSP1, respectively. Analysis of 175 human
miRNA across 24 different human tissues revealed that the
expression of intronic miRNA coincides with the transcription
of their host transcriptional units,5 indicating that the intronic
miRNA and its host gene may be co-regulated and generated
from a common precursor transcript.

The mechanistic implications of altering a transcription
factor or a miRNA need to be considered carefully as their
down-stream effects are multifold. Furthermore, their
mutual interaction might be essential for the equilibrium of
the cellular microenvironment. Previous studies in non-
ruminants revealed that activation of PPARG, LXRA and
SREBF altered miRNA expression profiles,9,10 hence, reveal-
ing a novel and physiologically-important network that
could control lipogenesis.

The specific objective of this study was to evaluate the func-
tion of miR-26a/b and their host genes on GMEC lipid metabo-
lism. To achieve this objective, we measured their expression
profile in goat mammary gland tissue, and utilized an overex-
pression and downregulation approach to uncover their role on
TAG accumulation in goat MEC (GMEC).

Results

miR-26a/b and their host ghenes are dynamically
expressed in goat mammary gland tissue

To explore the involvement of miRNA in milk fat synthesis in
goat mammary gland, RT-PCR analysis at various time points
during lactation cycle revealed several dynamically regulated
miRNA (unpublished observations), among which were miR-
26a and -26b. As depicted in Fig. 1A, a significant upregula-
tion of both miRNA was observed in early, peak and mid-lac-
tation relative to the dry period. MiR-26a and miR-26b are
transcribed from three genomic loci, miR-26a-1, miR-26a-2
and miR-26b that reside in the intros of genes encoding for
the CTDSPL, CTDSP2 and CTDSP1 proteins, respectively.
Based on these findings, the expression profile of CTDSP1/2/L
during the lactation cycle also was evaluated. We observed
that CTDSP1/2/L displayed a marked upregulation in early,
peak and mid-lactation relative to the dry period, and the
expression of CTDSPL was not altered between peak and mid-
lactation (Fig. 1B). Similarly, we observed that PPARG,
SREBF1 and LXRA, the well-known transcription factors
involved in lipid metabolism, exhibited a significant increase
during peak-lactation.7,47 Thus, it was hypothesized that
induction of miR-26a/b could be a critical event for milk fat
synthesis in goat mammary gland which may be regulated by
PPARG, SREBF1 and LXRA.

Figure 1. MiR-26a/b are expressed concomitantly with CTDSP1/2/L during lactation. (A) Analysis of miR-26a/b expression in dairy goat mammary gland tissue during dif-
ferent stages of lactation stages. (B) Analysis of CTDSP1/2/L expression in dairy goat mammary gland tissue during different stages of lactation stages. (A) and (B) were
performed in quintuplicate and repeated 3 times (n D 15). (C) The correlation between expression levels of miR-26a/b and their host genes in 24 mid-lactation mammary
gland of goats. Values are presented as means + standard error of the means, �, P < 0.05; ��, P < 0.01.
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miR-26a/b are expressed concomitantly with their host
genes in mid-lactation mammary gland tissue

To better evaluate the relationship between miR-26a/b and
CTDSP1/2/L, data on mRNA expression in mammary gland
tissue from goats at mid lactation (n D 24) was used for corre-
lation analysis. There was a strong correlation between miR-
26a and miR-26b expression (R D 0.876, P < 0.001, Fig. 1C),
and between miR-26a/b and their respective host genes
(Fig. 1C) in mid-lactation mammary gland. These results indi-
cated that miR-26a/b and their host genes may be co-regulated
in mid-lactation mammary gland.

PPARG, SREBF1 and LXRA modify miR-26 family and their
host genes expression profile in GMEC

Because PPARG,47 SREBF112 and LXRA51,1 appear to be
key regulators in ruminant mammary gland lipid synthesis,
the use of Ad-PPARG, Ad-SREBF1, and the LXRA agonist-
T0901317 (T09) to study the expression profile of the miR-
26 and their host genes would provide evidence of their
link with milk fat synthesis. Compared with the control, as
shown in Fig. 2, the expression of miR-26a was increased
by ~1.76 (P < 0.01), ~2.28 (P < 0.01) and ~4.99 fold (P <

0.01), respectively (Fig. 2A), in cultures with Ad-PPARG/
Ad-SREBF1 and the LXRA agonist-T09. Similar to miR-26a,
there was an upregulation compared with the controls of
miR-26b in cultures with all the Ad-PPARG/Ad-SREBF1
and T09 (Fig. 2A). The expression of miR-26a/b host genes
also was upregulated by all these treatments (Fig. 2B). These
results suggested that the miR-26 family and the expression
of their host genes are regulated at least in part by the tran-
scription factors PPARG, SREBF1 and LXRA and may be
involved in milk fat synthesis in goat mammary gland.

miR-26a/b and their host genes are functional on the key
genes related to lipid metabolism

To investigate the effect of the miR-26 family on the expres-
sion of key genes involved in fatty acid metabolism, we
transfected GMEC with a miR-26 family inhibitor or mimic.

For each inhibitor, RT-PCR detected a greater than 90%
decrease of corresponding miRNA levels (Fig. S1A), which
reflects a degradation or sequestration of miRNAs by the
inhibitor. As assayed by real-time PCR, miR-26 family
knockdown decreased the expression of PPARG, LXRA and
SREBF1, de novo FA synthesis genes (FASN and ACACA),
genes related to TAG synthesis including GPAM, LPIN1 and
DGAT1, and SCD1 (Table 1).

All the miR-26a and/or -26b mimic tested could effec-
tively upregulate the expression of the miR-26 family (Fig.
S1B). As a response to miR-26 downregulation, cells co-
transfected with miR-26a and miR-26b mimic displayed
marked up-regulation of genes responsible for de novo FA
synthesis (FASN and ACACA), TAG synthesis (GPAM and
DGAT1), FA desaturation (SCD1) and lipid droplet forma-
tion (PLIN2) (Fig. S2). A dramatic upregulation also was
observed for the expression of PPARG and SREBF1 (Fig. S2).
Furthermore, the effect of overexpression or knockdown of
both miRNA was more pronounced in the expression of
some lipid related genessuch as FASN, SREBF1 and LPIN1
(Table 1 and Fig. S2).

Although the miR-26 family and their host genes were co-
expressed in goat mammary gland, and miR-26 seem to elicit
a function effect on key genes related to lipid metabolism,
the effect of CTDSP family members on the expression of
genes related to lipid metabolism is still unknown. Therefore,
we examined whether all host genes of miR-26a/b play a reg-
ulatory role in lipid metabolism. Silencing either of CTDSP
family mRNA downregulated the expression of genes related
to lipid metabolism in GMEC (Table 1). We further deter-
mined whether a synergistic effect exists between miR-26a/b
and their host genes in terms of altering the expression of
genes related to lipid metabolism. A more pronounced
downregulation in the expression of FASN, CD36 and LPIN1
was observed when miR-26a and CTDSP2/L were co-sup-
pressed, and the downregulation of FASN, ACACA, DGAT1,
SREBF1 and CD36 was more evident when miR-26a/b and
CTDSP1/2/L were co-suppressed (Table 1). Collectively,
these data implicated that miR-26a/b may function synergis-
tically with their host genes to regulate lipid metabolism in
GMEC.

Figure 2. Induction of miR-26a/b and host genes expression by transcription factors. Cells were treated with Ad-PPARG/Ad-SREBF1 and T0901317 (T09), and then the
miR-26a/b and their host genes expression levels was quantified by quantitative real-time PCR. Each treatment was carried out in triplicate and repeated 3 times (n D 9).
Values are presented as mean § SEM; �P < 0.05, ��P < 0.01 vs Ad, #P < 0.05, ##P < 0.01 vs DMSO.
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mir-26a/b function synergistically with their host genes to
regulate FA synthesis

To evaluate the potential role of miR-26a/b and CTDSP
family in the regulation of FA synthesis and further deter-
mine the functional significance of their association, we
used 3 indices to analyze TAG accumulation: appearance of
fat droplets, TAG content and unsaturated fatty acid (UFA)
content. Inhibition of both miR-26a and miR-26b resulted
in a marked downregulation of lipid droplet formation
(Fig. 3A), TAG content (Fig. 3B) and UFA (Table 2), indi-
cating a significant role of miR-26a/b in milk fat synthesis.
To confirm the results from the loss-of-function study, a
gain-of-function assay was performed with miR-26a/b
mimic. Compared with the control, the miR-26a/b mimic
caused a significant increase of the 3 indices (Fig S3 and
Table S1). It is noteworthy that the 3 indices all were down-
regulated upon the knockdown of the CTDSP family (Fig. 3
and Table 2), and the downregulation effect of lipid droplet
formation was more evident when miR-26a/b and their host
gene family (CTDSP1/2/L) were co-suppressed (Fig. 3A).

INSIG1 is a direct miR-26a/b target

Next, we sought to identify possible mechanisms underlying the
upregulation of genes encoding the key proteins involved in lipid

metabolism in GMEC. Analysis of the 3’-UTR of INSIG1mRNA
revealed one conserved miR-26a/b site. Thus, we hypothesized
that miR-26a/b has a pro-adipogenic effect via blunting of the
expression of INSIG1. To address the functional relevance
between miR-26a/b and INSIG1, we analyzed the expression of
miR-26a/b and INSIG1 in 24 mid-lactation goat mammary
gland tissue samples. Comparison of INSIG1 level and mRNA
levels corresponding to miR-26a and miR-26b resulted in a neg-
ative correlation between INSIG1 and miR-26a (R D ¡0.642, P
D 0.001) and miR-26b (R D ¡0.560, P D 0.004) (Fig. 4A). Con-
sistent with INSIG1 being a miR-26a/b target, the qPCR con-
firmed the downregulation of INSIG1 mRNA caused by miR-
26a/b mimic, while miR-26a/b inhibitor caused a slight but sig-
nificant upregulation (Fig. 4B and Table 1). Similar results were
observed in the protein level of INSIG1 (Fig. 4C).

To determine whether INSIG1 is a direct target of miR-
26a/b, wildtype (INSIG1-WT-3’-UTR) and mutant 3’-UTRs
lacking miR-26a/b binding site (INSIG1-MU-3’-UTR) were
cloned into psi-CHECK2 luciferase reporter vector down-
stream of the Renilla luciferase coding region. The relative
luciferase activity of INSIG1-WT-3’-UTR in response to the
miR-26a/b mimic treatment alone or in combination was
reduced by ~50% (P D 0.01), ~31% (P D 0.05) and ~58%
(P D 0.01), respectively (Fig. 4E). Such effect did not occur
in the INSIG1-MU-3’-UTR or psi-CHECK2 vector alone
(Fig. 4E). These data suggested that miR-26a/b cognate site

Figure 3. Changes in lipid formation and TAG content in GMEC caused by miR-26a/b and CTDSP family inhibition. GMEC were co-transfected with 120 nM oligonucleoti-
des (60 nM each), and the lipid droplet and TAG level were measured at 48 h posttransfection. (A) Lipid droplet formation after oil red O treatment, scale bar: 200 mm.
(B) Cellular TAG content. All experiments were performed in triplicate and repeated 3 times (n D 9). Values are presented as means § SEM; a, b: significant difference
among treatments in anti-miRNAs group (P < 0.05).
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is essential for negative regulation of luciferase expression
driven by the INSIG1 3’UTR.

Discussion

Several candidate miRNA have a dynamic expression across
different stages of lactation in the mammary gland. For exam-
ple, miR-135a expression level is associated with lactating
stages and directly targets the prolactin receptor to function as
a regulator in the goat mammary gland.19 The expression level

of miR-27a also was related to lactating stages and seems to
play an important role in the regulation of TAG synthesis in
GMEC.31 There is evidence that miR-486 plays a key role in
bovine mammary gland epithelial cells and promotes milk
secretion.27 Several miRNA increased in expression in bovine
mammary gland between the dry period and early lactation.50

Although only ~37% of mammalian miRNA are located in
the introns of corresponding genes,24 co-regulation of intra-
genic miRNA and its host genes appears as a common biologi-
cal phenomenon. Furthermore, evidence from non-ruminant

Figure 4. MiR-26 family targets INSIG1. (A) The correlation between expression level of miR-26a/b and INSIG1 in 24 mid-lactation mammary gland tissue samples. (B) Reg-
ulation of INSIG1 mRNA level by miR-26a/b mimic. (C) Regulation of INSIG1 protein level by miR-26a/b mimic and inhibitor. (D) MiR-26 family site in INSIG1 3’UTR and the
construction of the luciferase (Luc) expression vector fused to the INSIG1 3’UTR. Bta: Bovine; WT, Luc reporter vector with the WT INSIG1 3’UTR (2224 bp to 2612 bp); MU,
Luc reporter vector with the mutation at miR-26 family site in INSIG1 3’UTR. (E) Induction or suppression of Luc activity with the WT or MU of the INSIG13’UTR by miR-26
family mimic or inhibitor. GMEC were co-transfected with 120 nM oligonucleotides (60 nM each), WT and MU. The Luc activity was measured at 48 h posttransfection. All
experiments were performed in triplicate and repeated 3 times (n D 9). Values are presented as mean + SEM, �, P < 0.05; ��, P < 0.01.
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models revealed that intronic miRNA and their host genes
always tend to work in parallel, forming regulatory relation-
ships among host genes and intronic miRNA. For example,
miR-153 and its host gene islet antigen -2b have opposite func-
tional effects on the insulin and dopamine secretion pathway in
mice.53 MiR-33a/b act in concert with SREBF2 to control cho-
lesterol homeostasis.14,17

Unlike other cells or tissues, there is limited information on
the relationship between the miR-26 family and their host
genes in lactating ruminant mammary gland. The current study
revealed a strong positive relationship between the miR-26a/b
and their host genes in goat mammary gland tissue, which is
consistent with a previous study reporting that the miR-26a/b
are expressed concomitantly with their host genes.57 Therefore,
the fact that there is a high expression of the miR-26 family
and their host genes in goat mammary gland is indicative that
these miRNA and their host genes could play a crucial role in
the regulation of milk fat synthesis.

The basic arrangement of miR-26a-1, miR-26a-2 and miR-
26b in the introns of genes encoding the CTDSP protein family
remained constant throughout the vertebrate evolution.57 It has
been reported that the miR-26 family are involved in human
adipogenesis.49,22 More importantly, the miR-26a/b are
expressed concomitantly with their host genes in GMEC. Our
data revealed a functional significance between miR-26a/b and
the CTDSP family in the regulation of lipid metabolism in
GMEC, which is consistent with the effect on human adipogen-
esis22,48 and in cell cycle control.5

The expression of PPARG is essential for fat cell differenti-
ation and normal lipid metabolism in adipose tissue.40 Various
long-chain fatty acids20 and chemical compounds23 can bind
to and activate PPARG, leading to changes in mRNA expres-
sion of target genes.26 Besides PPARG, LXRA and SREBF1 are
2 key transcription factors also involved in lipid metabolism.1

Therefore, the data demonstrating that miR-26a/b overexpres-
sion altered PPARG, SREBF1 and LXRA expression profiles
and the data showing that cells treated with Ad-PPARG/Ad-
SREBF1 and T09 (the agonist of LXRA) up-regulated expres-
sion of miR-26 and CTDSP family expression seem to confirm
a functional role among the transcription regulators and miR-
26a/b. These linkages likely have functional relevance because
both the miRNA and transcription factors can influence doz-
ens of target genes. Furthermore, these data reinforce the view
that the molecular network of milk fat synthesis is composed
of several regulatory interactions. The detailed mechanisms

for how transcription factors promote miRNA expression in
ruminant mammary cells are worthy of future research efforts.

The increase of UFA concentration by miR-26a/b and their
host genes is consistent with the function of SCD1 protein,
which is to catalyze the conversion of C16:0 and C18:0 to C16:1
and C18:1.36 Besides the control of UFA synthesis by SCD1,
other factors [such as AGPAT6 or DGAT mRNA and protein
expression] in coordination with the desaturation process affect
the synthesis of TAG. Both DGAT1 and AGPAT6 are key com-
ponents of the overall pathway leading to synthesis of milk lipid
droplets and affect milk fat yield and composition.42,41,33

Although the expression of AGPAT6 did not change, the fact
that overexpression of miR-26a/b and their host genes had a
significant effect on DGAT1 mRNA expression provides evi-
dence of a mechanistic link between the miRNA and the pro-
cess of desaturation and esterification

The observation that mimicking or antagonizing miR-26a/b
expression in GMEC modified fat droplet, TAG and UFA con-
tent is further support of a functional role of miR-26a/b on
milk fat synthesis. Among the potential new targets that seems
to control goat milk fat synthesis is INSIG1, the present data
indicate this is a bona fide target of miR-26a/b. Although the
role of INSIG1 in lipid synthesis in non-ruminants has been
studied extensively, few studies have addressed the role of the
crosstalk among miR-26 family, miR-26 family host genes
(CTDSP1/2/L) and miR-26 family target genes (e/g. INSIG1) in
the coordination of lipid synthesis in mammary gland.

It is well-established that SCD1, GPAM, FASN and PPARG
are mediators of ruminant mammary gland lipid accumula-
tion.7,45,29 Therefore, the data demonstrating upregulation of
INSIG1 and downregulation of SREBF1, SCD1, FASN, GPAM
and PPARG expression when miR-26a/b and their host genes
were knocked down are consistent with a functional relation-
ship. This idea is further supported by earlier reports in mice
that overexpression of INSIG1 represses SREBF processing, and
in turn, increases the expression of lipogenic genes (Engelking
et al., 2004).

Nutrition affects milk composition (influencing its nutri-
tional properties) and modifies the expression of mammary
genes, including miRNA expression profiles. For example,
out of 30 known or predicted miRNA in the goat mammary
gland whose expression seems to be nutritionally regulated,37

22 were differentially expressed in bovine mammary gland
in response to a diet containing 5% linseed oil and 5% saf-
flower oil.30 Our data uncovered a functional association of

Table 2. miR-26a/b function synergistically with their host genes to regulate FA composition in GMEC.

Fatty acid anti-miR-C/anti-miR-C anti-miR-C/anti-miR-26a anti-miR-C/anti-miR-26b anti-miR -26a /-26b NC siCTDSP1 siCTDSP2 siCTDSPL

C16:0 (%) 27.85 + 0.53c 32.51 + 0.28ab 31.6 + 0.30b 34.24 + 0.43a 28.12 + 0.23B 32.99 + 0.20A 31.99 + 0.18A 29.16 + 0.12AB

C16:1 (%) 4.43 + 0.21a 3.13 + 0.17b 2.23 + 0.09c 1.8 + 0.08d 4.03 + 0.21A 2.99 + 0.24B 3.13 + 0.04B 3.94 + 0.14A

C18:0 (%) 12.86 + 0.31b 16.25 + 0.21a 16.22 + 0.23a 16.08 + 0.28a 13.26 + 0.23B 12.94 + 0.28B 14.06 + 0.21A 14.57 + 0.15A

C18:1 (%) 53.01+ 0.56a 46.43 + 0.39b 48.66 + 0.63ab 46.22 + 0.67b 52.74 + 0.26A 49.02 + 0.13B 49.23 + 0.16B 50.24 + 0.17AB

C18:2 (%) 1.85 + 0.11a 1.68 + 0.12a 1.28 + 0.15b 1.66 + 0.13a 1.85 + 0.11A 2.06 + 0.09A 1.59 + 0.06B 2.09 + 0.07A

SFA� (%) 40.71 48.76 47.83 50.32 41.38 45.93 46.05 43.73
UFA�� (%) 59.29 51.24 52.17 49.68 58.62 54.07 53.95 56.27
UFA/SFA 1.46 1.05 1.09 0.99 1.42 1.18 1.17 1.29

�SFA: saturated fatty acids,��UFA: unsaturated fatty acids.
GMEC were co-transfected with 120 nM anti-miRNA oligonucleotides (60 nM each) or transfected with 60 nM siRNA. Relative fatty acid composition is calculated as per
centages relative to the total of these fatty acids identified. All experiments were performed in triplicate and repeated 3 times (n D 9). Values are presented as means §
SEM; a, b: significant difference among treatments in anti-miRNA group (P < 0.05).A, B: significant difference among treatments in siRNA group (P < 0.05).
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miR-26a/b, their host genes and INSIG1, and provide new
insights into the regulatory network controlling milk fat syn-
thesis in GMEC. Further studies are required to address the
potential for nutrition to regulate this network.

Overall, the present study revealed the existence of a regula-
tory loop among miR-26a/b and key lipogenic transcription
factors (PPARG, SREBF1 and LXRA) whereby their activation
could induce an increase in miRNA expression. Therefore, our
data highlight the role of miR-26a/b and their host genes in reg-
ulating the synthesis of UFA and TAG in goat mammary cells.
Targeting this regulatory network might be crucial for regulat-
ing the composition of UFA in goat milk by nutritional means.

Material and methods

Animals and cells

Second-lactation (3-years-old) Xinong Saanen goats of simi-
lar weight from the Northwest A&F University herd were
used in this study. The Animal Care and Use Committee of
the Northwest A&F University (Yangling, Shaanxi, China)
approved all the surgical procedures. Twenty-four mid-lac-
tation (120 d after parturition) goats, and five goats each at
early-lactation (15 d after parturition), peak-lactation (60 d
after parturition) and the dry period (60 d before parturi-
tion) were sacrificed for mammary gland tissue sample col-
lection. Total RNA was extracted from the mammary gland
tissue using the Trizol reagent (Invitrogen, USA) according
the manufacturer’s protocol.

The GMEC were isolated from peak lactation Xinong
Saanen goats as described previously.52,46 Briefly, cells were
maintained in a basal DMEM/F12 medium (Invitrogen, USA)
with 10% of fetal bovine serum (FBS), penicillin/ streptomycin
(100 U/mL, Harbin Pharmaceutical Group, China), insulin
(5 mg/mL，Sigma, USA), hydrocortisone (1mg/mL, Sigma-
Aldrich, USA), epidermal growth factor1 (10 ng/mL,
Invitrogen, USA). To induce lactogenesis, GMEC were cul-
tured in a lactogenic medium for 48 h, prior to initial experi-
ments as reported previously.39,20 The lactogenic medium was
prepared as the basal medium supplemented with prolactin (2
mg/ mL, Sigma-Aldrich, USA). The details of the GMEC cul-
ture were according to our recent publication.28

Cell treatments

The GMEC were seeded into 12-well or 6-well plates and trans-
fection was performed at approximately 80% confluence. Oli-
gonucleotides were obtained from Invitrogen and the details
are listed in supplementary Table 2. The final oligonucleotide
concentrations were 60 nM for each miR-26a/b mimic (mimic-
miRNA), miR-26a/b inhibitor (anti-miRNA) and siRNA. The
miRNA mimic is a small chemically-modified double- or sin-
gle-stranded RNA molecule designed to mimic mature endoge-
nous miRNA after transfected into cells, whereas a miRNA
inhibitor is a single-stranded RNA molecule designed to specif-
ically bind to and inhibit endogenous miRNA. We designed a
double-stranded RNA as a miR-26 family mimic and single-
stranded RNA molecule as miR-26 family inhibitor. The nega-
tive control (NC) for the mimic and siRNA treatments was

double-stranded and for the inhibitor (anti-miR-C) was single-
stranded. The sequences of oligonucleotides are listed in sup-
plementary Table 2. The GMEC were transfected with 60 nM
of each oligonucleotide using LipofectamineTM RNAiMAX
(Invitrogen, USA) following manufacturer’s instruction. The
adenovirus containing green fluorescent protein (Ad-GFP),
adenovirus containing peroxisome proliferator-activated recep-
tor-gamma (Ad-PPARG) and adenovirus containing sterol
regulatory element binding proteins (Ad-SREBF1) are pre-
served in our lab. One mM of the LXRA agonist T09 (Sigma, St.
Louis, MO, USA) was used for pharmacological treatment of
GMEC, and cells were harvested at 48 h for analysis. MiR-26a/
b inhibition or overexpression and CTDSP family inhibition
were confirmed by real time quantitative PCR (RT-qPCR) as
described below.

Isolation and analysis of RNA

Total RNA was obtained from the mammary gland tissue of
each goat or GMEC using the Trizol reagent (Invitrogen, USA)
according to the manufacturer’s protocol. For mature miRNA
analysis, 0.2 mg total RNA were reverse transcribed and the
resulting cDNA was amplified by RT-PCR using the S-Poly(T)
assay.21,38 the miRNA levels were calculated with the relative
quantification method using the 5S rRNA as reference gene. All
the primers used for miRNA RT-qPCR are listed in supplemen-
tary Table 3.

For mRNA, 0.5 mg total RNA was reverse transcribed with
the PrimeScript R RT Reagent Kit with gDNA Eraser (Perfect
Real time, Takara, Japan) and amplified with SYBR Premix Ex
TaqII (Perfect Real Time, Takara, Japan), the mRNA level was
calculated using the relative quantification method normalizing
with the geometric mean6 of the 3 internal controls (ubiqui-
tously expressed transcript, mitochondrial ribosomal protein
L39 and ribosomal protein).6,20,8 After amplification, the prod-
ucts were confirmed by agarose gel electrophoresis and
sequencing.

Western blot

Cells were lysed in ice-cold lysis buffer supplemented with
RIPA buffer (Solarbio, China) supplemented with PMSF
(Pierce, USA). Cell lysates were rotated for 30 minutes at room
temperature before the insoluble material was removed by cen-
trifugation at 12,000 £ g for 10 min at 4 �C. Total protein was
quantified using the PierceTM BCA Protein assay kit (Thermo-
Scientific, Rockford, IL, USA). Equal amounts of protein were
separated by SDS/PAGE. Proteins were transferred onto nitro-
cellulose membranes and membranes were probed with the
indicated primary antibodies overnight, washed and incubated
with the appropriate HRP-conjugated secondary antibodies.
Signals were detected by the chemiluminescent ECL Western
blot detection system (Pierce, USA).

A rabbit polyclonal antibody against human INSIG1 was
purchased from Bioss (bs-5074R, China, 1:500) and monoclo-
nal mouse anti-bactin was obtained from CWBIO (China,
1:1000). Polyclonal anti-rabbit/ anti-mouse horseradish peroxi-
dase-conjugated IgG (Tiagen, China, 1:1000) were used as
secondary antibodies.
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Oil red O staining

Cells were washed with phosphate-buffer-solution (PBS), fixed
in 10% paraformaldehyde (in PBS) for 1h at 4 �C, washed twice
with PBS, stained by incubation with 5% oil red O in isopropa-
nol for 20 min, washed thrice with PBS and then photographed.

Triacylglycerol assay

Cells were washed with PBS (4 �C) and quantification of intra-
cellular TAG was performed using the a colorimetric assay kit
(Cayman chemical, USA) according to the manufacturer’s pro-
tocol on an XD 811G Biochemistry Analyzer (Shanghai Odin
Science & Technology Company, China). Triacylglycerol con-
centration was normalized to total protein determined by BCA
Protein assay kit (Pierce/Thermo, USA) as described
previously.4,55

Luciferase reporter assay

The 388 bp segment containing predicted miR-26 family tar-
get site in the 3’UTR of INSIG1 (NCBI no. NM_001077909.1)
was amplified from GMEC cells cDNA. The forward primer:
5’-ccgctcgagCCCATCTCAGTTTGCTTTAG-3’, the reverse
primer: 5’-taagaatgcggccgc ACTTTGGTTCACATACTTGC-3’,
the lower-case nucleotides of primers were added with restric-
tion sites Xho I or Not I. The 388 bp products were inserted
into the Xho I and Not I restriction sites of the psiCHECK-2
vector (Promega, USA). The wild-type reporter served as tem-
plate to generate reporter constructs with mutant 3’UTR of
INSIG1, primers were designed for overlap PCR as follows,
forward primer: 5’- GAATCTTTCCAATAtgcgggaCATGCA-
CAG-3’, the reverse primer: 5’-TGCATGtcccgcaTATTG-
GAAAGATTC-3’, the lower-case nucleotides of primers were
mutant for the miR-26 family target site. Seven nucleotides
(TACTTGA) in the target site which were complementary to
the miR-26 family seed region were mutated to (TGCGGGA).
Correct insertion and successful mutation were validated by
sequencing.

The GMEC were seeded in 48-well plates at a density of
50,000 cells per well one day before transfection. Transfections
were performed with a total of 0.33 mg of each reporter con-
struct using the X-tremeGENE HP DNA Transfection Reagent
(Roche, Switzerland) according to the manufacturer’s protocol.
After a 6 h recovery period in medium, cells were co-trans-
fected with 120 nM of oligonucleotides mixture (60 nM each)
using LipofectamineTM RNAiMAX according to the manufac-
turer’s protocol. Cells were harvested 48 h after transfection
and assayed for Renilla and firefly luciferase activities using the
Dual-Glo luciferase assay system (Promega, USA) by a thermo
scientific varioskan flash (Thermo scientific, USA).

Fatty acid extraction and analysis

Total fatty acid was extracted and methylated from approxi-
mately 100 mg cells using 2 mL of vitriol oil/methanol (2.5:1, v/
v) as previously described.47,56 Methylated samples were ana-
lyzed by gas chromatography-mass spectrometry (GC-MS)
with HP-5 column (Agilent Technologies, Palo Alto, CA). The

relative proportions of fatty acid were determined as percen-
tages of the total peak areas that could be identified.51

Statistical analysis

Data are presented as mean § SEM. Differences between
groups were analyzed by applying Student’s 2-tailed t-test for
independent samples. Differences were considered statistically
significant at P < 0.05 (, �P < 0.05;, ��P < 0.01).
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