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Abstract

Castration of male pigs is a common practice used to reduce boar taint in commercial pork production,
but it also significantly results in fat accumulation in carcass. Our previous study revealed a miRNA gene,
ssc-miR-7134-3p that was implicated in adipogenesis. However, the relationship between
ssc-miR-7134-3p and fat deposition due to castration is unknown. In the present study, we observed
that ssc-miR-7134-3p targets the coding sequence (CDS) region of MARK4 based on bioinformatics
analysis and dual-luciferase assays. Experiments using silent mutations and sub-cloning showed that
ssc-miR-7134-3p binds independently to two adjacent sites in the MARK4 CDS. Subsequently,
ssc-miR-7134-3p inhibits MARK4 protein expression in pig fibroblast cells, being consistent with the
targeting demonstrated in vitro. We found higher MARK4 protein levels in the back fat of castrated pigs
than in intact pigs, providing further evidence that MARK4 is involved in regulation of fat deposition. In
addition, one SNP (g.258 1 A>G) in MARK4 was significantly associated with the back fat trait in Chinese
and European pig populations. Taken together, we would conclude that ssc-miR-7134-3p targets the
MARK4 gene for fat accumulation in the castrated male pigs.

Key words: castration, pig, fat deposition, ssc-miR-7134-3p, MARK4 gene

Introduction

Low testosterone is known to result in male
obesity in both humans and animals. Multiple
population-based studies demonstrate that low
testosterone is associated with obesity in older men
affected by diabetes [1]. Castration has been widely
reported to induce obesity in male pigs, because it
totally eliminates secretion of testosterone [2, 3].
Although the linkage between testosterone and
obesity is well supported, the molecular basis
underlying this association remains unclear.

MicroRNAs (miRNAs) are a family of small
(21-25 nucleotide), non-coding RNAs that regulate
gene expression by targeting mRNAs for cleavage or
translational repression [4, 5]. Many miRNAs (such as
miR-21, miR-27, and miR-143) play crucial roles in
adipose deposition or adipogenesis in humans and
animals [6-9]. In pigs, miR-33b, miR-103 and miR-125a

participate in the differentiation of preadipocytes
[10-12]. Moreover, evidence from high-throughput
experiments shows that miRNAs are differentially
expressed in adipose tissue during adipogenesis and
among different breeds [13-15]. For example, 215
unique miRNAs in the back fat of large white and
Meishan pigs were identified using Illumina Solexa
sequencing technology [13]. In our previous study,
177 differentially expressed miRNAs, including
ssc-miR-7134-3p, were identified by Solexa
sequencing in a comparison between back fat tissues
from castrated and intact full-sib pair male pigs [15].
ssc-miR-7134-3p was also detected in other areas of
pig fat and lung tissues [16, 17] and is expressed at
significantly higher levels in back fat tissue from
intact males than from castrated males [15]. The
marked difference in ssc-miR-7134-3p levels between

http://www.ijbs.com



Int. J. Biol. Sci. 2017, Vol. 13

190

castrated and intact male pigs suggests that this
miRNA is a potential regulator of the process of fat
deposition caused by castration.

MARK4, together with MARK1, MARK2 and
MARKS, constitute a family of microtubule affinity
regulatory kinase proteins (MARKSs) [18, 19]. The
function of the MARK family has been related to
obesity and hypermetabolism [20, 21].
MARK4-deficient male mice exhibit hyperactivity and
hypermetabolism, conferring protection from obesity
caused by hyperphagia [22]. The insulin resistance
associated with  obesity is attenuated in
MARK4-deficient male mice by an increase in
insulin-stimulated AKT phosphorylation in white
adipose tissue, skeletal muscle and liver. Moreover,
ablation of MARK4 also significantly improved
glucose homeostasis by up-regulating the activity and
expression of AMPK kinase in white adipose tissue
[22]. These phenotypes are observed only in male
mice, not females. MARK4 is known to promote
adipogenesis by inhibiting p38MAPK phosphory-
lation in 3T3-L1 cells [23]. P38MAPK, one of the
members of the MAP kinase family, is activated by
dual kinases known as MAP kinase kinases (MKKs)
[24]. Inhibition of p38 increases adipogenesis in mice
from the embryonic through adult stages [25].

Because our earlier work implicated
ssc-miR-7134-3p as a potential regulator in fat
deposition, we hypothesized that this miRNA
functions by targeting the MARK4 gene. In the present
study, dual luciferase and western blot analyses were
performed to evaluate MARK4 as a target of
ssc-miR-7134-3p and identify the specific target sites.
MARK4 protein and p38MAPK phosphorylation
levels were also compared in castrated and intact
male pigs, and single nucleotide polymorphisms in
the MARK4 gene and their association with fat
deposition were investigated in different pig
populations.

Materials and methods

Animals and sample collection

Eleven pairs of male full sibs from Pietrain sire x
Landrace dam crossed pigs were used in this study.
Castrated and intact male pigs were processed as
described previously [15]. Subcutaneous fat tissue and
abdominal fat samples were collected for fat-related
trait analysis, and subcutaneous fat samples was
rapidly frozen in liquid nitrogen, and stored at -80 °C.

Cell culture and histological analysis

HEK293T cells were obtained from the Institute
of Biochemistry and Cell Biology, Chinese Academy
of Science, P. R. China, and primary fibroblast cells

were isolated from the ear tissue of a piglet. All cells
were cultured in DMEM plus 10% FBS and
penicillin/streptomycin. Cells were maintained at 37
°C with 5% CO,. All reagents used for cell culture
were purchased from Invitrogen/Gibco. Adipose
samples from back fat tissue were embedded in
O.C.T. tissue freezing medium (Leica, Germany) and
serially sectioned (6 pm thickness). Sections were
stained with hematoxylin and eosin (H&E)
(Zhongshan Golden Bridge Biotechnology Co, Beijing,
China).

Dual luciferase assay

HEK293T cells were used to validate the miRNA
target. Cells were seeded into 24-cell plates (Corning
Incorporated, NY) and transfected 24 hours later with
Lipofectamine 2000 (Invitrogen). The ssc-miR-7134-3p
was co-transfected with 100 ng of
psicheck2-MARK4-fragment and 40 pmol of
ssc-miR-7134-3p mimics, or negative control mimics
(Genepharma Company, Suzhou, China). Thirty-six
hours after transfection, firefly and renlilla luciferase
activities were measured using the dual-luciferase
reporter kit (Promega). Assays were repeated three
times.

RNA extraction and quantitative PCR

Total RNA was extracted from back fat tissue
using TRIzol reagent according to the manufacturer’s
instructions (Life Technologies). cDNA synthesis was
performed with 1 ug of total RNA, following the
protocol accompanying the FastQuant RT Kit
(Tiangen). Quantitative PCR (qPCR) amplification
was conducted as described previously [15]. To detect
the relative expression of MARK4 mRNA, real-time
PCR was performed with the primers shown in Table
S1, using HPRT as the reference gene. Primers for
MARK4 and HPRT were synthesized by Sangon
(Shanghai, China).

Protein isolation and western blot analysis

Total protein was extracted from the back fat
tissue of pigs with ice-cold lysis buffer containing
PMSF (phenylmethylsulfonyl fluoride). Samples were
centrifuged at 4 °C for 30 min at 12000 x g. Total
protein concentration was measured using a Braford
protein assay kit (Tiangen- PA102). 30 ug total protein
was separated by SDS-PAGE and transferred to PVDF
membranes (Millipore). The membranes were probed
with the specific primary antibody (anti-MARK4,
anti-p38 (phosphor T180 + Y 182), and anti-tubulin)
and appropriate secondary antibody (anti-rabbit-HRP
or anti-mouse-HRP). The MARK4, p38 and tubulin
primary antibodies were diluted to 1:3000, 1:3000 and
1:1000 before wuse, respectively. The secondary
antibodies were diluted to 1:5000.
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Gene cloning and vector construction

The pig MARK4 coding region was cloned using
primer CLONE-1 (Table S1) and sequenced by BGI
(Beijing, China). RACE was performed to amplify the
5UTR and 3'UTR of MARK4 with the SMARTer®
RACE 5/3Kit (Clontech-634858) and the
gene-specific primers GSP-5 and GSP-3, respectively
(Table S1). The MARK4 fragment containing the
predicted target site was cloned into the psiCHECK2
vector. We denote these constructs as X/Y-Z, in which
X and Y represent the start and stop positions,
respectively, in base pairs from the 5 end of the
MARK4 mRNA transcription initiation site. Z
describes the targeted site as either mutant (Mut) or
wild-type (Wt). Fragments spanning coordinates 2235
to 3007 (isolated using AsiSI and Pmel) and from 871
to 1467 (isolated using Xhol and Notl) were cloned
into plasmid psiCHECK2 wusing the primers
2235/3007-p and 871/1467-p. The fragment
2235/3007-Mut was synthesized by Genepharma
(Suzhou, China). psiCHECK2-2235/2508-Mut and
psiCHECK2-2235/2508-Wt ~ were cloned using
primers 2235/2508-2482-Mut-p and 2235/2508-2482-
Wt-p (Table S1). The plasmids psiCHECK2-
2235/2502-Mut  (hereafter = 2235/2502-Mut;  for
convenience psiCHECK2 in all plasmid names have
been omitted below) and 2235/2502-Wt, were
constructed using the primer 2235/2502-p with the
plasmids 2235/3007-Mut and 2235/3007-Wt. Four
plasmids, 2434/2533-2482Wt-2502Wt, 2434 /2533-
2482Wt-2502Mut, 2434/2533-2482Mut-2502Wt  and
2434 /2533-2482Mut-2502Mut, were constructed using
the primers 2434/2533-2502Mut-p and
2434/2533-2502Wt-p with plasmids 2235/3007-Mut
and 2235/3007-Wt (Table S1). 2434/2533-R1 and
2434/2533-R2  was constructed wusing primers
2434/2533-R1-p and 2434/2533-R2-p (Table S1). All
fragments were inserted into psiCHECK2 with AsiSI
and Pmel (New England BioLabs).

SNP screening and genotyping

PCR amplification for SNP identification was
performed using pooled DNA from 10 pigs of each
breed, with the primers shown in Table S2. The DNA
templates were prepared from the Jinhua, Neijiang,
Erhualian, Wuzhishan, Bamei, Tibet, Duroc and
Yorkshire breeds. SNP g.2581A>G was detected in
seven pig breeds by sequencing MARK4 PCR
products with the primers P1-P13 (Table S2). SNP
g.2581A>G was genotyped in 6 Chinese indigenous
breeds and 2 foreign breeds by restriction fragment
length polymorphism (RFLP) using mismatched
primers P14 and restriction enzyme Pstl (New
England BioLabs) (Table S3). Association analyses

between genotype and three phenotypes were
performed, with back fat thickness, feed conversion
ratio (FCR) and average daily gain (ADG). Three traits
were adjusted to 100 kg or 115 kg, respectively, and
collected from 288 male Duroc pigs, born at the end of
2011 and raised in identical conditions.

Bioinformatics and statistical analyses

TargetScan, along with the ssc-miR-7134-3p seed
sequence, was used to predict the putative target gene
for  ssc-miR-7134-3p  (http://www.TargetScan.
org/vert_50/seedmatch.html). Data were analyzed
using SPASS (IBM Corporation) software with
Student’s t-test to determine statistical significance.

Results

Back fat and abdominal fat increased after
castration in male pigs

The influence of castration on back fat and
abdominal fat accumulation is shown in Figure 1.
Subcutaneous and abdominal fat increased
significantly in response to castration. The ratios of
back fat thickness to body weight at slaughter,
measured at the 1st rib, 3rd-4th rib, 6th-7th rib, last rib
and the last lumbar, were augmented significantly in
castrated animals compared to their intact full-sibs
(Figure 1A-1E). The left leaf fat ratio (the ratio of the
weight of left leaf fat to body weight at slaughter) was
also significantly higher in castrated males (Figure
1F). To help understand the changes underlying the
phenotypic differences, fat tissues were subjected to
histological analysis. Larger adipocytes were
observed in castrated males, consistent with the
results described above (Figure S1A). The average

adipocyte number per visual field was 33.75+8.32 in

castrated males, significantly lower than the number
observed in intact animals (63.4+5.99) (Figure S1B).

Identification of the ssc-miR-7134-3p target

In our previous study, results from SOLiD
sequencing and miRNA stem-loop specific qPCR
revealed that the level of ssc-miR-7134-3p decreases
significantly in castrated male pigs compared to intact
males [15]. To identify the target for this miRNA, we
first confirmed the sequence of ssc-miR-7134-3p using
stem-loop qPCR (Figure 2A). Interestingly, a
subsequence (TGCGGA) within this seed region is
repeated within Shade II (Figure 2A). Next, the
TargetScan analysis website was used to predict
putative target genes with the ssc-miR-7134-3p seed
region sequence. A potential binding site was
identified at the end of the MARK4 CDS at coordinate
2482 from the 5" end (Binding site I in Figures 2B).
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Figure 1. Differences in fat deposition between castrated and intact male pigs. (A-E) The ratio at first-rib, 3rd-4th rib, 6th-7th rib, last rib and the last lumbar,
respectively. The ratio is the thickness of back fat relative to body weight at slaughter. (F) The ratio of left leaf fat weight relative to body weight at slaughter. **, p<
0.01.
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Figure 2. The ssc-miR-7134-3p and its homology to the MARK4 target site as predicted by TargetScan. (A) Sequence of ssc-miR-7134-3p miRNA isolated from the
back fat tissue of male pigs. (B) MARK4 mRNA sequences from 10 species are aligned 5’ to 3’. Potential base pairing between ssc-miR-7134-3p (3’ to 5’) and MARK4
is shown in the Binding site | region. The Binding site | target was predicted by TargetScan; Binding site Il was considered as another possible target site in our analysis.
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To confirm the ssc-miR-7134-3p target on
MARK4, a plasmid (2235/3007) containing the site
adjacent to coordinate 2482 was transfected into
HEK?293T cells together with ssc-miR-7134-3p mimics
or negative control mimics. The 871/1467 plasmid
was used as a negative control. ssc-miR-7134-3p
significantly decreased the luciferase activity of
2235/3007, but did not affect the activity of 871/1467
(Figures 3A-3B). The result indicates that
ssc-miR-7134-3p binds to the MARK4 region of
plasmid 2235/3007.

Identification of target sites

To localize the ssc-miR-7134-3p target site within
plasmid 2235/3007, silent mutations were designed in
the MARK4 region to disrupt putative base pairing
between ssc-miR-7134-3p and MARK4 mRNA. The
constructs  2235/3007-2482Wt and  2235/3007-
2482Mut were co-transfected with ssc-miR-7134-3p or
negative control mimics. The luciferase activities of
2235/3007-2482Wt and 2235/3007-2482Mut were both
suppressed by ssc-miR-7134-3p, but the suppression
was weaker in 2235/3007-2482Mut (Figure S2A). To
confirm the predicted target site and reduce noise
from other possible binding sites, the MARK4 insert
size was reduced. First, we decreased the MARK4
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region within plasmid 2235/3007 to 2235/2508 and
repeated the co-transfection experiment, but obtained
similar results (Figure S2B). The 2235/2508 insert was
then shortened to 2235/2502. In this experiment,
reduced luciferase activity was observed from
2235/2502-2482Wt  but mnot 2235/2502-2482Mut
(Figure S2C), confirming that ssc-miR-7134-3p targets
site 2482 in MARK4.

Because luciferase emission from
2235/3007-2482Mut was detected in the presence of
ssc-miR-7134-3p, we re-examined the MARK4
sequence and identified site 2502 as a second potential
target (Binding site II in Figure 2B). To confirm its
ability to bind the miRNA, four versions of plasmid
2434 /2533 were constructed with different mutations
(Figure 3C) and then analyzed by co-transfection. The
results showed that the luciferase activity of
2434 /2533-2482Wt-2502Wt is the most sensitive to
ssc-miR-7134-3p, followed by 2434/2533-2482Wt-
2502Mut. The luciferase activity of 2434/2533-
2482Mut-2502Mut  was not  suppressed by
ssc-miR-7134-3p (Figure 3C). This result supports the

classification of site 2502 as a target for
ssc-miR-7134-3p on MARK4.
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Figure 3. Inhibitory effect of ssc-miR-7134-3p on MARK4 fragments using the dual-luciferase system. (A-B) The assay was conducted with fragments spanning
coordinates 2235 to 3007 and 871 to 1467 relative to the 5’ end of the MARK4 transcription initiation site. (C) The assay was conducted with a fragment spanning
coordinates 2434 to 2533 in which mutations had been introduced as follows: 2482wt-2502wt, 2482wt-2502mut, 2482mut-2502wt, and 2482mut-2502mut. (D) A 10
bp duplication was inserted between the two binding sites (2373/2533-R1), or downstream of binding site 2502 (2373/2533-R2). (E) The schematic diagram of
ssc-miR-7134-3p binding at the two sites in MARK4. All relative luciferase activity values were normalized to the negative control mimics. **, p<0.01; *, p<0.05.
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To determine whether the 2482 and 2502 sites are
targeted by independent miRNAs, two plasmids were
constructed (2434/2533-R1 and 2434/2533-R2) in
which the sites were positioned at different distances
from one another. 2434/2533-R1 generated less
luciferase activity than 2434/2533-R2 (Figure 3D). The
result suggests that sites 2482 and 2502 are each
binding an ssc-miR-7134-3p molecule (Figure 3E).

MARK4 expression and p38MAPK
phosphorylation in intact and castrated male
pigs

To determine whether MARK4 levels in back fat
tissue differ between intact and castrated pigs, both
mRNA and protein levels were compared. Based on
band intensities, MARK4 protein is markedly less
abundant in intact males than in the corresponding
castrated full-sib male (Figure 4A). The difference is
statistically ~significant when protein levels are
normalized against tubulin (Figure 4B). In contrast,
there is no significant difference in MARK4 mRNA
levels between intact and castrated male pigs (Figure
4C). These results are consistent with a model in
which  ssc-miR-7134-3p downregulates MARK4
expression at the translational level in male pigs. To
test this possibility, ssc-miR-7134-3p was transfected
into pig primary fibroblast cells. As predicted,
MARK4 protein levels are suppressed by

ssc-miR-7134-3p in comparison with the negative
control miRNA mimics (Figure 4D). In addition, it is
well known that the p38MAPK pathway is regulated
by MARKA4. In this study, the phosphorylation level of
P38MAPK was significantly lower in castrated males
relative to intact males (Figure 5A and 5B).

MARK4 mRNA sequence and SNP association
analysis

Using RACE, we cloned the full-length pig
MARK4 mRNA, which is 3527 bp in length and
includes the CDS region (2259 bp), the 5’UTR (267 bp),
and the 3’'UTR (1001 bp). The MARK4 CDS encodes
752 amino acids and shares high homology (over
97.89%) to human, mouse and rat MARK4 sequences
(Figure S3A and S3B). Human and pig MARK4 amino
acid sequences share 99.08% identity. Phylogenetic
analysis classifies the amino acid sequences from the
four species into two subfamilies (Figure S3C).

MARK4 exon sequences were obtained from a
variety of pig breeds and examined for SNPs. The
analysis covered all 16 exons in the mRNA, but
omitted the first 51 bp at the 5" end because this region
is not included in the current version of the pig
genome. One SNP (g.2581A>G) was identified. The
GG genotype frequency occurs at frequencies = 0.92 in
Chinese indigenous breeds, except in Bamei pigs
(0.72). The frequency of the AA genotype is dominant
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in Yorkshire pigs, occurring at a frequency of 0.80, but
the AA genotype was absent in the Chinese
indigenous breeds Jinhua, Neijjiang, Erhualian,
Wuzhishan, Bamei and Tibet. The frequency of the
AG genotype is 0.52 in the Duroc population.
Furthermore, the frequency of the G allele exceeds
0.86 among the 6 Chinese breeds, whereas the
frequency of the A allele is 0.57 in Duroc pigs, and
0.90 in Yorkshire pigs (Table S3).

Because most Chinese indigenous pig breeds
have higher fat deposition than European commercial
breeds, we hypothesized that the G allele is associated
with an increase in back fat thickness. Association
analysis in a group of 268 male Duroc pigs confirmed
that back fat thinness is significantly higher in GG
genotype than in AA genotype pigs, after back fat
thickness is adjusted to 100 kg and 115 kg (p<0.05)
(Table 1). The analysis also showed that a significantly
higher adjusted FCR (feed conversion ratio) was
observed in GG and AG pigs, compared to AA pigs
(FCR adjusted from 30 to 100 kg and 115 kg; p<0.05)
(Table 1). No significant difference in adjusted ADG
(average daily gain) was observed between AA
genotype and GG genotype animals (Table 1).
Together, these results demonstrate that the MARK4
SNP g.2581A>G is associated with back fat thickness
and FCR in male Duroc pigs.

A I1 Cl
Phosp-p38
b-Tubulin
Intact Group: I
B
4
*
3.5
3
2.5
=
S 2
£

Intact Group

Table 1. Association analysis between the MARK4 g2581A>G
polymorphism and back fat thinness, FCR and ADG in male Duroc

pigs.

N Genoty Backfat-1 Backfat-1 FCR1 FCR 2 ADG! ADG?2

0. pe 00 kg 15 kg
(mm) (mm)

83 AA 10.49+0.2 11.94+0.2 2.04+0.0 2.19+0.0 952.86+15. 959.65+13.
1a 4a 2a 2a 04 90

14 AG 11.17+#0.1 12.70+£0.2 2.09+0.0 2.24+0.0 973.08+9.7 982.01+9.0

0 9ab 2ab 10 10 6 8

45 GG 11.33£0.3 12.89+0.3 2.15+0.0 2.30+0.0 990.294+20. 988.90+18.
ob 4b 4b 4b 52 17

Notes: Values are expressed as mean + standard error. Different lowercase
characters (a and b) indicate significant differences between genotypes (p<0.05).
Superscript 1 denotes 30-100 kg body weight. Superscript 2 denotes 30-115 kg body
weight.

Discussion

Castration in the male pig is a standard
procedure in commercial pork production for
reducing boar taint, but it increases the deposit of
adipose tissue [26, 27]. We also observed this effect in
our study (Figure 1 and Figure S1). However, the
molecular mechanism underlying the increase in
adipose tissue in castrated pigs is unclear. In recent
years, miRNAs have recently been reported as crucial
regulatory factors involved in important phenotypes
or traits, including adipogenesis and lipid metabolism
in mammals [28].

12 c2 13

C3

Castrated Group: C

mIntact m Castrated

S = W B

11/C1 12/C2 13/C3

Castrated Group

Figure 5. Phosphorylation of p38MAPK in back fat tissue. Comparison of p38MAPK phosphorylation levels in back fat tissue from castrated and intact full-sib males
(A). Comparison of relative levels in intact and castrated animals (B). The inset on the upper right shows the values measured for each individual. *, p<0.05.

http://www.ijbs.com



Int. J. Biol. Sci. 2017, Vol. 13

196

Our previous study identified 177 differentially
expressed miRNAs in back fat tissue in a comparison
between castrated male pigs and intact full-sib pair
male pigs, and we hypothesized that miRNAs may be
important regulators in fat deposition after castration.
The most differentially expressed miRNA,
ssc-miR-7134-3p, was selected in this study to
examine its potential contribution to obesity caused
by castration. However, because ssc-miR-7134-3p
orthologs have not been identified in human or other
animals, miRNA target predication was based entirely
on the seed region sequence (nucleotides 2-8 from the
5end of the miRNA) and in silico analysis using
TargetScan. The results suggested that
ssc-miR-7134-3p targets the MARK4 coding region.
miRNA target sites can be located in CDS as well as in
3’UTRs, and multiple target sites for one miRNA can
be located within one CDS [29-31]. To test the target
site prediction, silent mutations at the putative target
site were introduced, and subregions containing the
target were examined. Two adjacent target sites
within the MARK4 CDS were subsequently identified
(Figure 3E). CDS-localized miRNA targets do not
reduce mRNA levels effectively, but are highly
efficient inhibitors of translation [32]. In our study,
lower MARK4 protein levels were observed in back
fat tissue in intact male pigs (Figure 4A-4B). These
tissues also exhibited higher ssc-miR-7134-3p levels in
our previous study, relative to castrated full-sib
males. In contrast, no differences in MARK4 mRNA
levels were detected between castrated and intact
male pigs (Figure 4C). These results suggest that the
ssc-miR-7134-3p target sites in the MARK4 CDS
function by inhibiting translation, although we cannot
eliminate the possibility that other miRNAs are also
involved in suppressing MARK4 protein levels.
Because miRNA target sites located in coding regions
show significantly low evolutionary rates in
mammals, the relationship between ssc-miR-7134-3p
and MARK4 may be evolutionarily stable in the pig
[32].

Interestingly, the two target sites in the MARK4
CDS for ssc-miR-7134-3p are in close proximity (15
bases). We originally speculated that duplication of
the seed region in ssc-miR-7134-3p might contribute
to stabilizing the miRNA-mRNA complex (Figure
2A). However, a 10 base insertion between the two
targets increased the inhibitory effect, consistent with
independent binding of an ssc-miR-7134-3p molecule
at each target site (Figure 3C-3E). This is in agreement
with results reported by Tay et al., who found that
miR-470 targets the Oct4 CDS at two sites that require
a spacing of at least 9 bases between them [31].

MARK4-deficient male mice exhibit
hyperphagia, hyperactivity, hypermetabolism and

resistance to obesity [22]. In male mice, inactivation of
MARK4 results in lower weight gain, entirely as a
result of decreased fat mass, and insulin sensitivity is
enhanced compared to wild-type mice [22]. These
phenotypes are only observed in male mice, not in
females [22]. In our study, the GG genotype of SNP
g.2581A>G is significantly associated with higher
back fat thickness and FCR in Duroc male pigs (Table
1). The GG genotype predominates in 6 indigenous
Chinese breeds characterized as fat-type, and is rarely
observed in Duroc and Yorkshire populations
characterized as lean-type (Table S3). Because MARK4
sequences are highly similar in pig, human, rat and
mouse, it is likely that MARK4 gene function has been
conserved among these species (Figure S3). In
particular, both pig and mouse MARK4 may promote
fat accumulation. Because MARK4 participates in
adipogenesis in 3T3-L1 cells by reducing p38MAPK
phosphorylation [23], we compared p38MAPK
phosphorylation levels the back fat tissue from
castrated and intact males by western blot (Figure
5A). p38MAPK phosphorylation was significantly
lower in castrated males (Figure 5B), which is
consistent with higher MARK4 expression in these
animals. Together, our results suggest that the
decrease in ssc-miR-7134-3p levels induced by
castration causes an increase in MARK4 protein
levels. In turn, increased MARK4 levels inhibit
p38MAPK phosphorylation, thereby enhancing fat
accumulation.

The main difference between castrated and intact
male pigs is the absence or presence of testosterone.
Low testosterone is reported to be associated with
obesity, metabolic syndrome and insulin sensitivity in
men [33-36]. Similar phenotypes are also observed in
androgen receptor knock-out male mice and adult
Gottingen minipigs after castration [2, 37, 38]. The
opposite phenotypes are observed in MARK4-null
male mice, including lower fat mass, higher insulin
sensitivity, hyperphagia, hyperactivity,
hypermetabolism and increased oxygen consumption
[22]. In our study, the phenotypes observed in
castrated male pigs are similar to those exhibited by
androgen receptor knock-out male mice and men
with low testosterone, and we therefore speculated
that MARK4 might play a key role in obesity caused
by low testosterone in males.

In summary, our results show that the miRNA
ssc-miR-7134-3p targets two sites in the MARK4 CDS
in pigs. The decrease in ssc-miR-7134-3p levels,
caused by castration, results in an increase in MARK4
protein levels, presumably because ssc-miR-7134-3p
functions as a translational inhibitor. MARK4
contributes to fat accumulation, possibly by inhibiting
p38MAPK phosphorylation. We conjecture that
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MARK4 is involved in fat accumulation in
testosterone-deficient human males. Further study
will be necessary to decipher the molecular
mechanisms underlying human MARK4 function to
enable drug target identification.
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