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[ Abstract] Objective  The aim of this study was to explore the effect of testosterone deficiency on mRNA
alternative splicing in the liver of miniature pigs fed a high-fat and high-cholesterol diet ( HFC). Methods RNA-Seq
analysis was employed to characterize the global transcriptome changes in the liver of intact male pigs (SHAM) , castrated
male pigs (CAS) and castrated male pigs with testosterone treatment ( CAS + T). TopHat was used to identify the
testosterone-regulated alternative splicing ( AS) events. After being annotated, Gene Ontology ( GO) and Kyoto
Encyclopedia of Genes and Genomes ( KEGG) pathway enrichment analyses were further performed for the identified
common differentially expressed AS genes between the three groups. Results 1) Castration and testosterone treatment
introduced new mRNA alternative splicing events in the liver of miniature pigs fed a HFC. 2) There were 113 common
differentially expressed AS genes between SHAM vs. CAS and CAS + T vs. CAS groups, which including many lipid and
glucose metabolism-related genes, i. e., AGPAT6, NR1H4, PPARD and GK. 3) According to the GO and KEGG
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analysis, the 113 genes mainly enriched in faity acid metabolic process, glycerolipid metabolism, responsed to glucose and

adipocytokine signaling pathway. Conclusions Testosterone deficiency affects mRNA alternative splicing in the liver of

miniature pigs fed a HFC. Moreover, testosterone deficiency may promote diet-induced fatty liver disease through regulating

the alternative splicing of genes involved in lipid and glucose metabolism. Further study is needed to explore the

relationship between testosterone and the AS genes and their new transcripts.
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Note. White boxes, flanking constitutive exons. Black boxes, alternative spliced exons/regions.

Solid lines, splice junctions supporting the exclusion or inclusion isoform.

Figure 1 Schematic diagrams of seven main alternative splicing ( AS) types
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Table 1 Summary of the different alternative splicing ( AS) events identified in the livers of miniature pigs

AFEHovs, £ e+ BT vs. BB
" SHAM vs. CAS CAS +T vs. CAS
AL (Types) P v T AR P P v B T AR P
AR R 225 Al AE B4k AR 225 AR B4R
AS events Differential AS events AS events Differential AS events
A Bk BRI
7119 201 6252 191
Skipped exon (SE)
HJRSMNeF
520 28 938 25
Mutually exclusive exon ( MXE)
AR 57 BYHEALN
2967 56 2996 58
Alternative to 5’ splice site (A5SS)
AR 37 B LS
4156 64 4068 61
Alternative to 3’ splice site (A3SS)
n[Ag 50 A g F
5276 87 5212 88
Alternative first exon ( AFE)
G T
1631 29 1672 35
Alternative last exon (ALE)
N T IRE
630 6 610 14
Retrained intron (RI)
L Total 22299 471 21748 472
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Figure 2 The common differentially alternative spliced

genes between the three groups of miniature pigs
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Table 2 Examples of the common alternative spliced genes identified in the three groups of miniature pigs

e # PR TR A AR DY
Gene 1D Description AS Types
ABHD3 Abhydrolase domain-containing protein 3 AFE
AGPAT6 Glycerol —3-phosphate acyltransferase 4 AFE
CRAT carnitine O-acetyltransferase SE
FAXDC2 Fatty acid hydroxylase domain-containing protein 2 AFE
GK Glycerol kinase SE
NR1H4 nuclear receptor subfamily 1, group H, member 4 AFE
PAFAH2 platelet-activating factor acetylhydrolase 2 SE
PPARD Peroxisome proliferative activated receptor delta SE
A B
5B 7 BRER B &S BT
PAFAH2 SE (skiped exon) AGPAT6 AFE (Alternative first exon)
RNA-Seq reads RNA-Seq reads

®‘ 1 ®“—-.J_.
®| i Ay ®“ AI.
oh . 4O mieed IM

FE:A. PAFAH2 ZE[HSM g T BRRA r] S BT AUR 28T B. AGPAT6 JE[RI Ml 25 5° Sh i T MU AR 0 =R 28, TR
REFRSRBEREE T AR B4 07/ X I, (I AEMI S X A0 7 B D EE . O AR/ MR (SHAM) 5 @ £
/NG (CAS) ;B K H + SEFAL/ NG (CAS +T)

B3 /MUK PAFAH2 Fil AGPAT6 JE K ] 2% 5 4275 A
Note. A. Schematic diagram of the SE for PAFAH2; B. Schematic diagram of the AFE for AGPAT6; White boxes, flanking

constitutive exons; black boxes, alternative spliced exons/regions; solid lines, splice junctions supporting the exclusion or
inclusion isoform. (D Sham-operated (SHAM) ; 2): Castration (CAS) ; 3: Castration with testosterone treatment ( CAS +T).
Figure 3  Alternative splicing events of PAFAH2 and AGPAT6 in the livers of three groups of miniature pigs
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Table 3 GO annotations of the common alternative spliced genes in the three groups of miniature pigs

#HHR P1H

Category P-Value
T & TTHET Negative regulation of neuron death 0.000 591 7
INK 23k JNK cascade 0. 000 694 6
B S NS Activation of protein kinase activity 0.001 551 9
Wi (5 Z ¥4 T Signal transduction by phosphorylation 0.001 738 5
JE B A2 Lipid metabolic process 0.001 781 5
RNA A 115 30 F4% 558 4R Transcription initiation from RNA polymerase I promoter 0.002 786 7
NE Wi ER A2 72 Fatty acid metabolic process 0.002 973 5
ARG AR R Cellular lipid metabolic process 0. 003 879 2
% HE B Response to glucose 0.004 061 9
/NGy FAR L R Small molecule metabolic process 0.005 094 4
R A RZ1%% Protein complex assembly 0.008 422 9

T RNA BATG 11 5S sh 56 5% Negative regulation of transcription from RNA polymerase II promoter 0. 035 822
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Table 4 KEGG pathways of the common alternative spliced genes in the three groups of miniature pigs

KEGG i %
KEGG pathway

K P1H
Gene P-Value

g 105 40 A L 1 5 3 e IKBKG ,PRKAG2 , TRAF2 0.003 928 4
Adipocytokine signaling pathway
A At i )T A AL i SLCI9A1 .BTD 0. 006 693 9
Vitamin digestion and absorption
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Viral carcinogenesis
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Herpes simplex infection
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Glycerolipid metabolism
VERETE H 1 PPARD IKBKG 0.034 585 3
Acute myeloid leukemia
TEA DU R A ALOX12 .GGTI1 0.039 610 3
Arachidonic acid metabolism
EB Ji 2E % e IKBKG . TRAF2 SLA -5 0.043 021 2

Epstein-Barr virus infection

3 itig

HARITAESR NAFLD [ A R AE K B 5
WFSE 32 0, (B H R AL 2 AT oK 58 4> 1)
B 2 2l o3 BT 02 8 7 0 & 2B R SR BIL AR 1) — A
HEEFB, LIAEIEE S 0B 0 45 B 58, % 56
TSR AT AR T NAFLD & A E BARAE AR 111 1%
SR GY R 22 OGRS KT L BE R R i ek A R
D L 53 5 K SERR T NAFLD B & R L, Al 28 5
PR SR S R AR M 2y X, R B R
T fEAEMIIN G . HERTT AS BB S SR =
o | v g v L 1 s ] L /N B NAFLD AT B, A A
SR FH RNA-Seq B2 AR 4387 1 15 i e JIFL ] ] e £y
SHAM ,CAS Fl CAS + T /INEURE FF2H 23 i 7] AR BY 2%
F, 45 B A1F SHAM vs. CAS H1 CAS + T vs. CAS 41
H oI BE 471 F1 470 2257 AS JEA Hih & R
BR A R N SE B 3 R A A 5T K BRLAG 45 R —
O SANRATR IR, R 1 R A X e AS FE
K e VR 2 gt B 1 0 5% AR AEAE 2 A B UL BT
AR B Ho e i e IR R ] O /N TR A PN B A
A 5

BATF 45 HFEAR ) K A A AS FEREAT T
M, 45 5 % B SHAM vs. CAS F1 CAS + T vs. CAS
ZIAIFFAE 113 A3 AS LN, Horh a5 £ 5%
J AR5 R R A B S A O R SE R AL S PPARD
CRAT ,AGPAT6 NR1H4 11 GK %, PPARD & it %
AR Bl A 5 )OS Y 2 AR K — 01, SREAR AR
R B R ALHU R VIAE G, il A W58 & AR I

NEWHTR AL AT NAFLD & Az o i vp b e 2 S B Y5
YER™ . AGPAT6 J& =t H il A& (TG ) AL AY 3¢
ity , 76 2 5E BT TG & & A4y b B EAR
CRAT /2 —Fh bR L 8 11, fERR T R B 41k LA
BRI A Pl 2 SC A FH  NRIH4 FE R
R B B A 55 5 1 R AR, Rk
5 NAFLD # UM 56 (HAR— R0, il A
WF5% 4% 75 NR1H4 F1 PPARD %5 Jt K f£ 76 AS B
G100 B LI E AT fE R R NAFLD , 4 )5 5 22 it
— BT Bk 25 S AS J R AR ME IR B = 51 i Y
NAFLD A5 R IPE . ARBFIE s RE W, RHME
Tl b BRRE A% 5 | A v g v IEL 0 I ] L /N 8 B
ZHERRIRI L A AS & Aok, a4 Hr, FRAl
KBRS AS FLH E B2 5 R DR AR Hoih
P A5 A B L LA B2 i W 440 e TN 15 5 S5 AR )
2 RR AL, JF — 2D IE S0 B AS S K] AT RE 7R I
BE = 51 M) NAFLD &k e e,

g5 b a2k 0t v A v A [ ] M 1) /N AR g
JH i AR BIR AT A B, FRATT e IR B/ N R A A
FER N AS FfF I BLAE AN R 1) AR TR AS 27
1 SE B & AR L B e 3 S XX g AS JE R
BERIIRE AT & B, i e L [ = 222 5 5 W e
VT4 B N 55 A 2k B R BT AS ] REE
WME P E RS S0 NAFLD &R o 8 b & 5 f
YR, (HIX BE S R () AS ER 057 B LRI B A AR ()
e AR VE AT 1 Tl i SE ik — 2D E S

2 % X #k(References)

[ 1] Fabbrini E, Sullivan S, Klein S. Obesity and nonalcoholic fatty



430

o E S Bh ) 2F 4R 2018 4 8 A2 26 55 4 ] Acta Lab Anim Sci Sin, August 2018, Vol. 26. No. 4

[4]

liver disease; biochemical, metabolic, and clinical implications
[J]. Hepatology, 2010, 51(2) : 679 —689.

Dubois V, Laurent MR, Jardi F, et al. Androgen deficiency
exacerbates high-fat diet-induced metabolic alterations in male
mice [ J]. Endocrinology, 2015, 157(2) ; 648 - 665.

Kelly DM, Akhtar S, Sellers DJ, et al. Testosterone
differentially regulates targets of lipid and glucose metabolism in
liver, muscle and adipose tissues of the testicular feminised
mouse [ J]. Endocrine, 2016, 54(2): 504 —515.
SIRAT WK T Wi, A SRRl = X A TR /N B I
AT R BT AR A S2ma [1]. b R B 2 2k, 2015,25
(1):40-44.

Cai ZW, Pan YM, Chen L, et al. Effects of testosterone
deficiency on serum lipid levels and hepatic lipid accumulation in
miniature pigs fed a high-fat diet [ J]. Chin J Comp Med, 2015,
25(1) . 40 —44.

Cieply B, Carstens RP. Functional roles of alternative splicing
factors in human disease [ J]. Wiley Interdiscip Rev RNA,
2015, 6(3): 311 -326.

Correia JC, Massart J, de Boer JF, et al. Bioenergetic cues shift
FXR splicing towards FXRa2 to modulate hepatic lipolysis and
fatty acid metabolism [ J]. Mol Metab, 2015, 4 (12). 891
-902.

Bechmann LP, Gastaldelli A, Vetter D, et al. Glucokinase links
Kriippel-like factor 6 to the regulation of hepatic insulin
sensitivity in nonalcoholic fatty liver disease [ J]. Hepatology,

2012, 55(4): 1083 - 1093.
Sabbagha NG, Kao HJ, Yang CF, et al. Alternative splicing in

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Acad8 resulting a mitochondrial defect and progressive hepatic
steatosis in mice [ J]. Pediatr Res, 2011, 70(1): 31 - 36.
Zhou X, Wu W, Li H, et al. Transcriptome analysis of
alternative splicing events regulated by SRSF10 reveals position-
dependent splicing modulation [ J]. Nucleic Acids Res, 2014,
42(6) : 4019 -4030.

Lin L, Park JW, Ramachandran S, et al. Transcriptome
sequencing reveals aberrant alternative splicing in Huntington ‘s
disease [J]. Hum Mol Genet, 2016, 25(16) : 3454 —3466.
Bojic LA, Telford DE, Fullerton MD, et al. PPARS activation
attenuates hepatic steatosis in Ldlr = mice by enhanced fat
oxidation, reduced lipogenesis, and improved insulin sensitivity
[J]. J Lipid Res, 2014, 55(7) : 1254 - 1266.

Chen YQ, Kuo MS, Li S, et al. AGPAT6 is a novel microsomal
glycerol —3-phosphate acyltransferase [ J]. J Biol Chem, 2008,
283(15) . 10048 - 10057.

Seiler SE, Martin O], Noland RC, et al. Obesity and lipid stress
inhibit carnitine acetyltransferase activity [ J]. J Lipid Res,
2014, 55(4) : 635 - 644.

Chow MD, Lee YH, Guo GL. The role of bile acids in
nonalcoholic fatty liver disease and nonalcoholic steatohepatitis
[J]. Mol Aspects Med, 2017, 56 34 —44.

Lundell K, Thulin P, Hamsten A, et al. Alternative splicing of
delta

human

( PPARdelta ) ;

peroxisome  proliferator-activated  receptor

effects on translation efficiency and trans-
activation ability [J]. BMC Mol Biol, 2007, 8(1): 70.

[WFsEHH] 2018 -03 -15



