
 

Article Open Access

Role of NUDT3 in skeletal myogenesis and association of
regulatory genetic variants with carcass traits in pigs
Ya-Long An1,#, Yong-Qi Yue1,#, Yang Li1, Teng-Fei Zheng1, Zi-Hao Ge1, Yan-Ru Yue1, Rong-Rong Ding1,2, Ji-Ying Wang3,*,
Xiao Li1,2,*

1 Key Laboratory of Animal Genetics, Breeding and Reproduction of Shaanxi Province, College of Animal Science and Technology,
Northwest A & F University, Yangling, Shaanxi 712100, China
2 National Key Laboratory of Livestock Biology, Northwest A & F University, Yangling, Shaanxi 712100, China
3 Shandong Key Laboratory of Animal Disease Control and Breeding, Institute of Animal Science and Veterinary Medicine, Shandong
Academy of Agricultural Sciences, Jinan, Shandong 250100, China

 
ABSTRACT

Skeletal  muscle  is  central  to  locomotor  function  and
metabolic  regulation  in  humans  and  constitutes  a  primary
source of high-quality protein in livestock production. While
genome-wide  association  studies  (GWAS)  have  identified
a  strong  association  between  Nudix-type  hydrolase  3
(NUDT3)  and  lean  mass  in  both  human  (Homo  sapiens)
and  pig  (Sus  scrofa)  populations,  its  functional  role  in
myogenesis  remains  unclear.  In  the  present  study,
silencing  of  NUDT3  in  porcine  muscle  satellite  cells
(PMSCs)  markedly  impaired  proliferative  capacity,  as
evidenced  by  G1  stage  accumulation  and  reduction  in
EdU+  cells.  Concomitantly,  knockdown  of  NUDT3
significantly  suppressed  myogenic  differentiation,  while
NUDT3  overexpression  yielded  the  opposite  effects.  In
vivo,  overexpression  of  NUDT3  in  tibialis  anterior  (TA)
muscle of mice (Mus musculus) significantly increased the
abundance  of  Pax7+  and  eMyHC+  cells  following
cardiotoxin-induced injury, thereby promoting regenerative
myogenesis.  Transcriptomic  profiling  demonstrated  that
NUDT3 significantly attenuated NF-κB signaling in a Nudix
motif-dependent manner, providing mechanistic insight into
its  pro-myogenic  function.  Integrative  co-localization  of
GWAS  and  expression  quantitative  trait  locus  (eQTL)
signals  identified  eight  single  nucleotide  polymorphisms
(SNPs) significantly associated with NUDT3 expression in
porcine  muscle,  including  four  variants  located  within
evolutionarily  conserved  E6  and  E7  enhancer  elements
supported  by  HiCuT  profiling  of  H3K27ac  and  CRISPR
interference assays. Among these, rs327612517 within E7
showed  significant  association  with  loin  muscle  area  and
depth  in  PigBiobank  data  and  modulated  E7  enhancer

activity,  as  demonstrated  by  dual-luciferase  reporter  and
electrophoretic  mobility  shift  assays.  Collectively,  these
findings establish NUDT3 as a positive regulator of skeletal
myogenesis  and  identify  rs327612517  as  a  functional
variant with potential utility for genetic improvement of lean
yield in pigs.
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 INTRODUCTION

Human skeletal muscle constitutes approximately 40% of total
body  mass  and  contains  50%–75%  of  total  body  protein,
thereby  serving  as  a  principal  determinant  of  locomotion,
posture,  and  whole-body  metabolic  homeostasis  (Frontera
and Ochala, 2015). In livestock species such as pigs, skeletal
muscle  deposition,  commonly  evaluated  by  loin  muscle  area
(LMA)  and  loin  muscle  depth  (LMDEP)  (He  et al.,  2016),
directly  influences  lean  yield  and  represents  an  important
source  of  high-quality  dietary  protein  for  human consumption
(Zeng and Du, 2023). Enhancement of lean meat content has
therefore become a central objective in pig breeding programs
(Wang  et al.,  2015).  While  genome-wide  association  studies
(GWAS)  have  identified  numerous  loci  associated  with  LMA
and LMDEP in recent years, the functional characterization of
most identified variants remains limited (Xu et al., 2023; Zhang
et al.,  2024),  restricting  development  of  robust  molecular
markers for precision breeding.
Skeletal  muscle  architecture  is  defined  by  multinucleated

myofibers organized into fascicles, and overall muscle mass is
determined  by  both  myofiber  number  and  cross-sectional
area. Myofibers originate from myogenic progenitors that arise
during  embryogenesis  and  undergo  tightly  regulated
differentiation  programs  (Schiaffino  and  Reggiani,  2011;  Xu
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et al.,  2026).  In  postnatal  and  adult  muscle,  muscle  satellite
cells represent a resident stem cell population that resides in a
quiescent  state  under  physiological  conditions  and  becomes
rapidly activated in response to injury,  thereby contributing to
myofiber  regeneration  and  restoration  of  the  stem  cell  pool
(Sousa-Victor et al.,  2022). Skeletal myogenesis represents a
highly  orchestrated  developmental  program  controlled  by
central  myogenic  transcription  factors  (TFs),  including MyoD
and MyoG (myogenin) (Al Tanoury et al., 2020; Dumont et al.,
2015),  and  is  dynamically  regulated  by  diverse  signaling
pathways that integrate proliferative and differentiation cues.
Nudix-type  hydrolase  3  (NUDT3)  is  a  nucleoside

diphosphate linked moiety X (NUDIX) protein with established
mRNA  decapping  activity  (Grudzien-Nogalska  et al.,  2016).
mRNA  decapping  is  an  essential  step  in  post-transcriptional
regulation and turnover,  directly  influencing transcript  stability
through  modulation  of  the  5'  m7G  cap  structure.  Genetic
variation  in  NUDT3  is  strongly  associated  with  age-related
sarcopenia in  human populations (Jin et al.,  2022; Singh and
Gasman, 2020a), implicating this gene in muscle maintenance
and  functional  decline.  In  pigs,  NUDT3  resides  within  a
variant-enriched region on chromosome 7 (SSC 7), which has
been repeatedly linked to growth-related traits, including body
height  and  body  length  in  Large  White×Min  crossbred
populations  (Won  et al.,  2014)  and  Bamaxiang  pigs  (Gong
et al.,  2019).  Previous  studies  have  also  demonstrated
significant  associations  between  candidate  genes  in  this
region  and  meat  production  and  quality  traits  (Wang  et al.,
2022;  Zeng  et al.,  2024;  Zhang  et al.,  2014).  High  mobility
group  AT-hook  1  (HMGA1),  located  adjacent  to NUDT3,  has
been shown to  participate  in  myogenic  regulation (Dey et al.,
2022), and NUDT3 has been proposed as a strong candidate
gene underlying the leading expression quantitative trait locus
(eQTL)  signal  for  lean mass in  Duroc pigs  (Bian et al.,  2021;
Zhuang  et al.,  2019).  Furthermore,  genotype-tissue
expression  (GTEx)  analysis  has  shown  that  NUDT3
expression is relatively high in human, pig, and mouse skeletal
muscle  (GTEx  database)  (The  GTEx  Consortium  atlas  of
genetic  regulatory  effects  across  human  tissues,  2020; Teng
et al., 2024), supporting a conserved functional role in muscle
biology.  Despite  these  genetic  and  transcriptomic
associations,  direct  functional  evidence  linking  NUDT3  to
skeletal muscle development remains unclear.
In  the  present  study, NUDT3  was  established  as  a  novel

and  positive  regulator  of  skeletal  myogenesis,  shown  to
facilitate myogenic proliferation and differentiation  in vitro and
augment  regenerative  capacity  in  vivo.  In  addition,
rs327612517 was  identified  as  a  candidate  functional  variant
contributing to NUDT3-associated phenotypic variation in lean
mass  in  pigs,  highlighting  its  potential  application  as  a
molecular marker for genetic improvement of lean yield.

 MATERIALS AND METHODS

 Ethics statement
All  procedures  involving  tissue  collection  and  animal  care
were  performed  in  accordance  with  both  institutional  and
ARRIVE  (Animal  Research:  Reporting  In  Vivo  Experiments)
guidelines  and  were  approved  by  the  Committee  of
Experimental  Animal  Management  at  Northwest  Agriculture
and Forestry University, China (NWAFU-314020046).

 Animals
For the cardiotoxin (CTX)-induced muscle regeneration model,

24  male  C57BL/6J  mice  (3  weeks  of  age)  were  purchased
from the Laboratory Animal Center of Xi’an Jiaotong University
and acclimated for  1  week prior  to  in  vivo experiments.  Mice
were  randomly  divided  into  two  groups,  with  four  cages  per
group and three  mice  per  cage.  Intramuscular  injections  with
adeno-associated  virus  serotype  9  empty  vector  (AAV9-
empty) or AAV9 carrying the NUDT3 coding sequence (AAV9-
NUDT3,  Hanbio,  China)  were  administered  at  multiple  sites
within tibialis anterior (TA) muscle. Four weeks later, CTX was
delivered  by  multipoint  injection  into  TA  muscle.  TA  tissues
were  harvested  at  0,  3,  5,  and  14  days  post-injection.  Each
sample  was  divided  into  two  portions,  one  fixed  in  muscle
tissue  fixative  solution  and  the  other  snap-frozen  in  liquid
nitrogen  for  further  analysis.  Mice  were  maintained  at  25℃
under a 12 h light/dark cycle (with lights at  0700 h and off  at
1900h) with free access to food and water.
Three-day-old  Yorkshire  piglets  were  transported  from  the

experimental pig farm of Northwest A&F University (China) to
research facilities for euthanasia and isolation of satellite cells
for primary culture.
Genotypic  data,  phenotypic  measurements  (LMDEP

adjusted to 100 kg body weight, Y_LMDEP_100), and NUDT3
expression  levels  in  longissimus  dorsi  muscle  were  obtained
from  Yorkshire  pigs  (n=234)  provided  by  the  Shandong
Academy of Agricultural Sciences (unpublished data).

 Cell culture and transfection
Porcine  muscle  satellite  cells  (PMSCs)  were  isolated  from
longissimus  dorsi  muscle  of  3–5-day-old  piglets
(Duroc×Landrace  crossbred,  n=3)  as  previously  described
(Dou  et al.,  2020).  Approximately  10  g  of  dissected  muscle
tissue (1 mm3 fragments) was thoroughly rinsed in cold sterile
phosphate-buffered  saline  (PBS)  and  digested  at  37℃ with
0.1% type  I  collagenase  (Sigma,  V900891,  USA)  for  90  min,
followed by digestion in 0.25% trypsin for an additional 30 min.
The  resulting  suspension  was  sequentially  filtered  through
100,  70,  and  40  μm  cell  strainers.  PMSCs  were  purified  by
differential  adhesion  and  cultured  in  Dulbecco's  Modified
Eagle Medium F12 (DMEM/F12) supplemented with 20% fetal
bovine  serum  (FBS)  and  1%  penicillin/streptomycin  in  a  5%
CO2  incubator  at  37℃.  Upon  reaching  approximately  90%
confluence, myogenic differentiation was induced by replacing
growth medium with differentiation medium consisting of high-
glucose DMEM supplemented with 2% horse serum.
For  proliferation  assays,  transfection  was  performed  at

30%–40% confluence.  For  differentiation assays,  transfection
was conducted at  90%–95% confluence.  Lipofectamine 2000
(Invitrogen,  USA)  was  used  for  transfection  according  to  the
manufacturer’s  instructions,  and experiments were performed
in triplicate unless otherwise indicated. Small interfering RNAs
(siRNAs;  si-Scramble  and  si-NUDT3)  and  pcDNA3.1
expression  vectors  (pcDNA-empty,  pcDNA-NUDT3,  and
pcDNA-NUDT3-mut)  were  synthesized  by  Tsingke
Biotechnology Co., Ltd. (China).
NF-κB  was  pharmacologically  inhibited  using  100  μmol/L

pyrrolidine  dithiocarbonate  (PDTC;  Sigma,  USA),  a  cell-
permeable  inhibitor  that  blocks  I-κB  ubiquitination  and
subsequent NF-κB nuclear translocation.

 5-Ethynyl-2′-deoxyuridine(EdU) treatment and detection
Cell proliferation was assessed 48 h after transfection using a
Cell-Light 5-Ethynyl-2′-Deoxyuridine (EdU) Apollo 567 In Vitro
Kit (C10310-1, RiboBio, China) according to the manufacturer’
s instructions.  PMSCs were incubated with EdU-A reagent at
37℃ for  the  indicated  durations,  and  incorporated  EdU  was
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visualized following standard detection procedures. EdU+ cells
in  skeletal  muscle  sections  were  detected  using  a  Cell-Light
Apollo 488 Stain Kit (C10371-3, RiboBio, China).

 Cell counting kit-8 assay
PMSCs were seeded in 96-well plates at appropriate densities
for  transfection.  At  48  h  after  transfection,  10  μL  of  Cell
Counting  Kit-8  (CCK-8)  reagent  was  added  to  each  well,
followed by incubation at 37℃ for 3 h. Absorbance at 450 nm
was measured using a microplate reader (BioTek, USA).

 Flow cytometry
PMSCs cultured in 6-well plates were treated with 100 nmol/L
dexamethasone for  2  h.  Cells  were  subsequently  transfected
with pcDNA3.1(+)  or  pcDNA3.1(+)-NUDT3 plasmids for  24 h,
digested  with  0.25%  trypsin,  and  neutralized  in  DMEM/F12
containing  10% FBS.  Cells  were  collected,  fixed  in  70% cold
ethanol, and stored overnight at 4℃. After fixation, cells were
incubated  in  propidium  iodide  (PI)  solution  containing  50
µg/mL PI, 100 µg/mL RNase A, and 0.2% Triton X-100 in PBS
for  30  min  at  4℃ in  the  dark.  Cell  cycle  distribution  was
analyzed  using  flow  cytometry  (Zimu,  China).  PI/RNase
staining  buffer  (BD  Pharmingen™,  USA)  was  used  where
indicated. Data were processed using ModFit v.3.0.

 Immunofluorescence staining
The TA muscle samples were fixed, preserved in paraffin, and
sliced  at  5  μm  thickness.  Sections  were  permeabilized  with
0.3%  Triton  X-100  for  10  min  and  blocked  with  5%  bovine
serum albumin (BSA) for 30 min. Primary antibodies targeting
fast-MyHC  (1:1  000,  Sigma,  USA),  slow-MyHC  (1:1  000,
Sigma,  USA),  lamin  (1:2  000,  Boster  Bio,  China),  and  Pax7
(1:2  000,  Santa  Cruz  Biotechnology,  USA)  were  applied
separately and incubated at room temperature (25℃) for 12 h.
After  washing  with  PBS,  sections  were  incubated  with  goat
anti-rabbit  and/or  anti-mouse  IgG  secondary  antibodies  at
room temperature (25℃) for 50 min. Nuclei were identified by
4 ′,6-diamidino-2-phenylindole  (DAPI,  Sigma-Aldrich,  USA)
staining  for  10  min.  Images  were  acquired  by
immunofluorescence microscopy (Olympus, Japan).
For  in vitro differentiation analysis, cells were cultured for 6

days  under  myogenic  induction  conditions,  washed  three
times with PBS, fixed in 4% paraformaldehyde for 10 min, and
permeabilized  with  0.5%  Triton  X-100  for  15  min.  After
blocking in 5% BSA for 1 h at room temperature (25℃), cells
were incubated with primary antibodies targeting fast- or slow-
MyHC (1:1 000, Sigma, USA) for 1 h (25℃), rinsed with PBS,
and  stained  with  fluorescently  labeled  secondary  antibodies
(1:500,  Boster  Bio,  China)  for  another  1  h  (25℃).  DAPI  was
applied to label nuclei. The fusion index was calculated as the
proportion of nuclei incorporated into multinucleated myotubes
relative to the total number of nuclei.

 Quantitative real-time polymerase chain reaction (qPCR)
Total  RNA  was  extracted  from  primary  PMSCs  using  TRIzol
reagent (Vazyme, China). RNA quality and concentration were
assessed  using  a  NanoDrop  ND-1000  spectrophotometer
(Thermo  Fisher,  USA).  Samples  with  an  OD260/OD280
between  1.8  and  2.0  were  used  to  synthesize  cDNA  using
Prime-Script  RT Master Mix (Takara,  China) according to the
manufacturer’s  instructions.  qPCR  was  performed  on  a  Bio-
Rad CFX96 system using SYBR real-time PCR mix (BioTeke,
USA)  to  measure  mRNA  levels.  Thermal  cycling  conditions
were  as  follows:  initial  denaturation  at  95℃ for  5  min,  40
cycles at  95℃ for  10 s and 60℃ for  30 s.  Primer sequences
are  listed  in  Supplementary  Table  S1.  Relative  mRNA

expression  levels  were  calculated  using  the  2‒∆∆Ct  method,
with β-actin used as the internal reference gene.

 Western blot analysis
Protein  expression  was  examined  by  immunoblotting,  as
described  previously  (Dou  et al.,  2020).  Briefly,  transfected
cells  were  harvested,  washed  twice  with  PBS,  and  lysed  in
RIPA  buffer  containing  1%  protease  inhibitors.  Protein
concentration  was  determined  using  a  bicinchoninic  acid
(BCA)  protein  concentration  assay  kit  (Biosharp,  China).
Protein  samples  were  isolated  using  10%  sodium  dodecyl
sulfate-polyacrylamide  gel  electrophoresis  (SDS-PAGE)  and
transferred  onto  polyvinylidene  fluoride  (PVDF)  membrane
(Bio-Rad, USA). Membranes were incubated overnight at 4℃
with primary antibodies against NUDT3 (1:1 000, Proteintech,
USA), Cyclin E (1:500, Santa Cruz Biotechnology, USA), p21
(1:2  000,  Abways,  China),  MyHC  (1:2  000,  R&D  Systems,
USA),  MyoG  (1:2  000,  Novus  Biologicals,  USA),  MyoD
(1:2 000, Novus Biologicals, USA), P65 (1:1 000, Immunoway,
China),  p-P65  (1:1  000,  Abways,  China),  p-IKB-α  (1:1  000,
Abways,  China),  IKB-α  (1:1  000,  Abways,  China),  P50
(1:1  000,  Immunoway,  China),  p-P50  (1:1  000,  Immunoway,
China),  and β-actin  (1:5  000,  Abways,  China).  After  washing,
membranes  were  incubated  with  goat  anti-rabbit  IgG  or  goat
anti-mouse  IgG  secondary  antibodies  (1:5  000,  Boster  Bio,
China).  Protein  bands  were  visualized  using  appropriate
detection  reagents.  Band  intensities  were  quantified  with
ImageJ, and target protein bands were normalized to β-actin.
Three  independent  biological  replicates  were  performed  for
each experiment.

 RNA sequencing (RNA-seq) and analysis
PMSCs  were  collected  following  NUDT3  knockdown  or
overexpression.  Total  RNA  was  extracted  using  TRIzol
reagent  (Invitrogen,  USA).  RNA  purity  and  integrity  were
monitored  using  a  NanoDrop  2000  spectrophotometer
(NanoDrop  Technologies,  USA)  and  an  Agilent  2100
Bioanalyzer  (Agilent  Technologies,  USA).  Libraries  were
constructed  and  sequenced  using  the  Illumina  HiSeq  X  Ten
platform (paired-end 150 bp).  Raw reads were quality-filtered
using  TrimGalore  v.0.6.9  (-q  30  --phred33  --stringency  3  --
length  20  -e  0.1),  and  clean  reads  were  mapped  to  the Sus
scrofa  reference  genome (Scrofa11.1)  using  STAR v.2.7.10b
(https://github.com/alexdobin/STAR).  Gene-level  read  counts
were  generated  using  featureCounts  v.2.0.3  (Liao  et al.,
2014).  Differentially  expressed  genes  (DEGs)  were  identified
using  the  R  package  DESeq2  v1.50  with  thresholds  of
adjusted  P-value  (Padj)<0.05  and  fold  change  >1.5.  Gene
Ontology  (GO)  and  Kyoto  Encyclopedia  of  Genes  and
Genomes  (KEGG)  pathway  enrichment  analyses  were
performed using the DAVID database. Publicly available RNA-
seq data from skeletal muscle samples with high (H_LMA) or
low  (L_LMA)  LMA  values  in  a  hybrid  F2  Duroc×Pietrain  pig
population  (PRJNA403969)  were  processed  using  the  same
analytical pipeline.

 HiCuT-seq data access and analysis
Primary  porcine  myoblasts  isolated  from  3-day-old
Duroc×Landrace  piglets  were  induced  to  differentiate  in
medium  containing  5%  horse  serum  at  approximately  90%
confluence  based  on  established  protocols  (An  et al.,  2025).
Cells  were  subsequently  used  for  HiCuT  library  construction
and sequencing. HiCuT data targeting H3K27ac (CST, Rabbit
mAb  #8173,  USA)  were  deposited  in  the  NCBI  Sequence
Read  Archive  (SRA)  under  accession  number
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PRJNA1183758. Genomic regions enriched for H3K27ac were
defined  as  putative  enhancer  elements.  Regions  located
within 2.5 kb of transcription start sites of protein-coding genes
were  annotated  as  promoters  (Jiang  et al.,  2024;  Perlman
et al.,  2024).  H3K27ac HiCuT peaks that did not overlap with
promoter regions were classified as enhancers.

 Public data access and analysis
Linkage  disequilibrium  (LD)  analysis:  Whole-genome
sequencing  data  were  retrieved  from  the  NCBI  public
database  (PRJNA842867,  Duroc×Landrace×Yorkshire  hybrid
pigs,  Supplementary  Table  S2).  Raw  reads  were  quality-
filtered  using  fastp  v.0.20.0  (Chen,  2023)  and  aligned  to  the
Scrofa11.1 reference genome using BWA v.0.7.17 (Jung and
Han,  2022).  Single  nucleotide  polymorphisms  (SNPs)  and
insertion-deletion variants (indels) were identified using GATK
v.4.2.  LD  analysis  was  performed  using  LDBlockShow  v1.39
(Dong et al., 2021).
Characterization  of  muscle  regulatory  elements:  ATAC-seq

and  ChIP-seq  datasets  were  obtained  from the  NCBI  project
PRJEB37735 (Pan et al., 2021). Raw sequencing reads were
trimmed using TrimGalore v.0.6.9. Reads with mapping quality
scores  below  30,  unmapped  reads,  reads  with  unmapped
mates,  nonprimary  alignments,  reads  failing  platform  quality
controls,  and  duplicate  reads  were  removed  using  SAMtools
v.1.9  (31)  and  Picard  v.1.126  (https://broadinstitute.
github.io/picard).  Peak  calling  for  each  replicate  was
performed with MACS3 v.3.0.0b1 (33) (-g genome.size -q 0.05
--nomodel --shift 0 --extsize 200 --call-summits --keep-dup 1 -
B  --SPMR)  in  accordance  with  ENCODE  ATAC-seq  pipeline
guidelines  (https://github.com/kundajelab/atac_dnase_
pipelines).  ChIP-seq  peak  identification  followed  the  same
strategy applied in HiCuT data processing.
Identification  and  analysis  of  cis-eQTLs  for  NUDT3  in

muscle:  GWAS  data  were  obtained  from  the  PigBiobank
(https://pigbiobank.farmgtex.org/),  including  Duroc,  Landrace,
and Yorkshire breeds (Zeng et al., 2024). Transcriptome-wide
association  study  (TWAS)  data  were  downloaded  from  the
PigGTEx  (http://piggtex.farmgtex.org/)  (Teng  et al.,  2024).
GWAS  summary  statistics  for  traits  associated  with  muscle
growth  and  development,  including  LMA  and  LMDEP,  were
collected.  Subsequently,  all  eQTLs  associated  with  NUDT3
expression  in  muscle  tissue  were  collected  and  intersected
with  GWAS  signals  using  BedTools  v.2.27.1  (Quinlan  and
Hall,  2010).  HiCuT-derived  H3K27ac  chromatin  interaction
data  in  myoblasts  were  integrated  to  identify  distal  enhancer
regions  regulating  NUDT3-associated  eQTLs,  and
visualization  was  performed  using  R.  Normalized  phenotypic
values  for  loin  muscle  area  (M_LMA)  and  loin  muscle  depth
(D_LMDEP, M_LMDEP, and S_LMDEP_100) at rs327612517
in  PigBiobank  were  retrieved  for  statistical  evaluation.
Associations  between  genotype  and  phenotype  were
examined  using  parametric,  nonparametric,  robust,  and
Bayesian  statistical  approaches  implemented  in  the
ggstatsplot  package.  Genotype  frequencies  across  breeds
were obtained from the iAnimal  (https://ianimal.pro/index)  (Fu
et al., 2023).

 Analysis  of  PhastCons  score  and  human  public  data
access
Multiple  genome  alignments  among  humans,  pigs,  and  mice
were  obtained  from  the  UCSC  database.  Pairwise  genome
alignment files in MAF format were generated using phyloFit (-
i  MAF),  and  MAF  files  were  partitioned  using  mafSplit.
PhastCons  was  applied  to  estimate  phastCons  scores  for

each  nucleotide  and  to  define  conserved  blocks  using  the
parameters: --target-coverage 0.25 --expected-length 12 --rho
0.4 (Ramani et al., 2019). Conserved regions were annotated
with  the  ChIP-seeker  package.  Conserved  blocks  located
within  exonic  or  other  coding  regions  were  excluded,  and
elements  residing  in  regulatory  regions,  including  promoters,
introns,  and  intergenic  regions,  were  retained  for  further
analysis.  Sequence  alignments  were  performed  using
Clustalw with default  parameters (Li,  2003),  and results  were
visualized  in  MEGA  (Kumar  et al.,  2008).  To  prioritize
functional  cis-eQTLs  of  NUDT3  in  human  skeletal  muscle,
eQTLs  and  H3K27ac  marker  data  were  retrieved  from  the
GTEx  Portal  (The  GTEx  Consortium  atlas  of  genetic
regulatory  effects  across  human  tissues,  2020).  GWAS  and
phenome-wide  association  studies  (PheWAS)  data  for
relevant  SNPs  were  retrieved  from  GeneATLAS  (Canela-
Xandri et al., 2018) and visualized using R.

 TF binding prediction
The R package motifBreakR (Coetzee et al.,  2015) was used
to  evaluate  the  potential  impact  of  candidate  SNPs  on  TF-
binding sites. TF position weight matrices were compiled from
the JASPAR 2022, JASPAR 2014, JASPAR CORE, JASPAR
2016,  JASPAR  2018,  HOMER,  and  HOCOMOCO  v10
databases.  Variants  predicted  to  exert  “strong” effects  on  TF
binding were retained for downstream functional analysis.

 CRISPR-dCas9-KRAB construction
The  pX330a  CRISPR-dCas9-KRAB  plasmid  was  obtained
from  Addgene  (#92361,  USA).  To  reduce  potential  off-target
effects,  guide  RNAs  (gRNAs)  were  designed  using  the
CRISPOR  online  tool  (http://crispor.tefor.net/).  Three  pairs  of
single-guide  RNAs  (sgRNAs)  were  designed  for  each
enhancer region and synthesized by Sangon Biotech (China).
The  CRISPR-dCas9-KRAB  vector  was  cleaved  using  BbsI
(Mei5bio, MF925-01, China) at 37℃ for 2 h. Annealed sgRNA
oligonucleotides  (98℃,  10  min;  90℃,  5  min;  70℃,  10  min)
were inserted into the CRISPR-dCas9-KRAB backbone using
T4  DNA  ligase  (Mei5bio,  MF016-01,  China).  Recombinant
CRISPR-dCas9-KRAB-sgRNA  constructs  were  transfected
into  PMSCs  at  50%–60%  confluence  using  Lipofectamine
2000 (11668019, Thermo Fisher Scientific, USA). The sgRNA
sequences are listed in Supplementary Table S3.

 Dual-luciferase reporter assay
Genomic  fragments  encompassing  candidate  SNP  loci  were
amplified  from  pig  ear  genomic  DNA  (rs324628183-342  bp,
rs337283866-326  bp,  and  rs327612517-348  bp)
(Supplementary  Table  S4).  The  pGL3-Promoter  plasmid
(Addgene,  #212939,  USA)  was  digested  with  KpnI  and  NheI
enzymes at  37℃ for  2  h,  and amplified fragments  containing
the  candidate  SNP  were  ligated  into  the  pGL3-promoter  at
16℃ for  18  h.  Recombinant  plasmids  were  transformed  into
DH5α  competent  cells.  Plasmids  were  extracted  using  an
EndoFree  Plasmid  Midi  Kit  (Cwbio,  CW21055,  China),  and
sequences  were  verified  by  Sanger  sequencing.  Constructs
containing alternative  alleles  (pGL3-rs324628183-C/G,  pGL3-
rs337283866-C/T,  and  pGL3-rs327612517-A/G)  were
transfected  into  HEK293T  cells  using  Lipofectamine  2000
(Invitrogen, USA) in triplicate unless otherwise specified. After
48 h, cells were washed twice with PBS and lysed in a shaker
for 15 min. Relative firefly and Renilla luciferase activities were
quantified  using  the  Dual-Luciferase  Assay  Kit  (UElandy,
F6075M,  China)  according  to  the  manufacturer's  instructions
and  measured  with  a  microplate  reader  (BioTek,  Vermont,
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USA).

 Electrophoretic mobility shift assay (EMSA)
Wild-type and mutant oligonucleotide probes corresponding to
predicted TF-binding sites were synthesized (Sangon Biotech,
China;  Supplementary  Table  S5)  and  biotinylated  using  a
Biotin 3′ End Labeling Kit (GS008, Beyotime, China). Nuclear
proteins  were  extracted  using  nuclear  and  cytoplasmic
extraction reagents (NE-PER™, 78835, Thermo Fisher, USA)
according to the manufacturer’s instructions. Approximately 10
μg  of  nuclear  protein  was  incubated  with  10  nmol/L  biotin-
labeled probes in binding buffer (GS009, Beyotime, China) for
20  min  at  room  temperature.  For  competitive  assays,
unlabeled  positive  or  negative  control  oligonucleotides  were
added  to  the  reaction  mixture  2  h  before  addition  of  labeled
positive oligonucleotides. Complexes were resolved on 1 mm-
thick  5% non-denaturing  polyacrylamide  gels  and  transferred
to Hybond TM-N+ membranes (Beyotime, FFN13, China). The
oligonucleotides  were  UV-crosslinked  to  membranes,  and
biotin-labeled  probes  were  detected  using  the  LightShift
Chemiluminescent EMSA Kit (Beyotime, GS009, China). Each
experiment  was  repeated  at  least  three  times  to  ensure
reproducibility.

 Statistical analysis
Data  are  presented  as  mean±standard  error  of  the  mean
(SEM). Two-group comparisons were analyzed by Student’s t-
test, while three or more group comparisons were analyzed by
Tukey’s test following analysis of variance (ANOVA). Analyses
were  performed  using  IBM  SPSS  Statistics  v.22.0  (Armonk,
USA), with statistical significance set as  *: P<0.05;  **: P<0.01;
***: P<0.001.

 RESULTS

 NUDT3 expression  is  tightly  associated  with  skeletal
myogenesis
GWAS  analyses  of  PigBiobank  data  identified  the  strongest
signals  for  LMDEP  (Supplementary  Figure  S1A;  Figure  1A)
and LMA (Supplementary  Figure S1B,  C)  on chromosome 7.
Gene-based  GWAS  further  demonstrated  that  the  NUDT3
locus  harbored  the  most  significant  association  with  both
LMDEP  (Figure  1B)  and  LMA  (Supplementary  Figure  S1D).
Transcriptomic  profiling  of  longissimus  dorsi  muscle
(PRJNA403969) revealed elevated NUDT3 expression in pigs
with  larger  LMA  (Figure  1C).  Single-nucleus  RNA-seq
(snRNA-seq) of porcine skeletal muscle (GSE239273) (Wang
et al., 2025) showed broad NUDT3 expression across multiple
cell  populations,  with  relatively  high  levels  in  muscle  satellite
cells  and  mature  myofibers  (Supplementary  Figure  S2).
During myogenic differentiation of PMSCs, NUDT3 expression
progressively increased at both mRNA (Figure 1D) and protein
levels  (Figure  1E,  F).  Analysis  of  independent  RNA-seq data
(GSE159024)  demonstrated  a  marked  reduction  in  NUDT3
mRNA  in  TA  muscle  3  days  post-CTX  injury,  followed  by
gradual  restoration  (Figure  1G)  (Maehara  et al.,  2021).  A
comparable dynamic pattern was observed at the protein level
in the present study (Figure 1H, I). These convergent genetic
and  transcriptional  data  support  a  functional  association
between NUDT3 and skeletal myogenesis.

 NUDT3 enhances proliferative capacity of PMSCs
siRNAs  targeting  NUDT3  were  introduced  into  proliferating
PMSCs  and  efficiently  reduced  NUDT3  expression  at  both
mRNA  (Figure  2A)  and  protein  levels  (Figure  2B,  C).

Knockdown of NUDT3  led  to  accumulation  of  cells  at  the  G1
phase  and  a  concomitant  reduction  in  the  G2  phase
population,  as  determined  by  flow  cytometry  (Figure  2D,  E).
EdU  incorporation  assays  demonstrated  a  significant  decline
in  proliferating  cells  following NUDT3  knockdown (Figure  2F,
G),  accompanied  by  reduced  cellular  viability  (Figure  2H).
Consistently,  transcript  levels  of  cyclin  D  and  cyclin  E  were
decreased  (Figure  2I),  cyclin  E  protein  abundance  was
reduced  (Figure  2J,  K),  and  the  cell  cycle  inhibitor  p21  was
significantly  increased  at  the  protein  level  following  NUDT3
knockdown  (Figure  2K),  indicating  impaired  cell  cycle
progression.
Conversely,  transfection  of  pcDNA3.1-NUDT3  induced

exogenous  overexpression  of  NUDT3  in  PMSCs  at  both
mRNA (Figure  3A)  and  protein  levels  (Figure  3B,  C).  Forced
NUDT3  expression  reduced  the  proportion  of  cells  in  the  G1
phase  while  increasing  the  proportion  at  the  G2  stage
(Figure  3D,  E).  Furthermore,  EdU  incorporation  was
significantly  enhanced  (Figure  3F,  G),  and  overall  cellular
activity  was  elevated  (Figure  3H).  Overexpression  of NUDT3
also  up-regulated  cyclin  D  and  cyclin  E  expression  while
down-regulating p21 expression at both mRNA (Figure 3I) and
protein  levels  (Figure  3J,  K).  Collectively,  these  findings
demonstrate that NUDT3 promotes cell cycle progression and
proliferative expansion in PMSCs.

 NUDT3 enhances myogenic differentiation in PMSCs
To  determine  the  role  of NUDT3  in  myogenic  differentiation,
PMSCs  were  transfected  with  si-NUDT3  or  si-Scramble
(negative  control)  and  subsequently  induced  to  differentiate.
Four days after transfection, immunostaining for myosin heavy
chain  (MyHC)  revealed  a  marked  reduction  in  MyHC+  cells
following NUDT3  knockdown  (Figure  4A),  accompanied  by  a
significant  decrease  in  the  differentiation  index  (Figure  4B).
Transcript  levels  of  key  myogenic  markers,  including MyHC,
MyoG,  and  MyoD,  were  reduced  (Figure  4C),  and
corresponding  protein  expression  was  significantly
suppressed  (Figure  4D,  E),  indicating  impaired  progression
toward  terminal  differentiation.  In  contrast,  overexpression  of
NUDT3  significantly  increased  the  myogenic  differentiation
index (Figure 4F,  G)  and robustly  up-regulated expression of
myogenic  markers  at  both  mRNA  and  protein  levels
(Figure  4H–J).  These  findings  demonstrate  that  NUDT3
actively promotes myogenic differentiation in PMSCs.

 Exogenous NUDT3 facilitates regenerative myogenesis in
vivo
A CTX-induced muscle  regeneration model  was employed to
evaluate  the  contribution  of  NUDT3  to  skeletal  muscle
regeneration  in  vivo.  Hematoxylin  and  eosin  (H&E)  staining
confirmed  extensive  inflammatory  infiltration  following  CTX
administration,  while  enforced  NUDT3  overexpression
accelerated  the  appearance  of  regenerating  myofibers
containing  centrally  located  nuclei  and  increased  myofiber
cross-sectional  area  14  days  post-CTX injury  (Figure  5A,  B).
EdU  immunofluorescence  analysis  further  showed  that
NUDT3  overexpression  significantly  increased  the  proportion
of  proliferating  EdU+  cells  3  days  post-injury  (Figure  5C,  D)
and  enhanced  the  number  of  embryonic  MyHC  (MyHC)-
positive  regenerating  myofibers  at  5  days  post-injury
(Figure  5E,  F).  Together,  these  data  indicate  that  elevated
NUDT3  expression  facilitates  efficient  regenerative
myogenesis following acute muscle damage.
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Figure 1  NUDT3 expression is closely associated with skeletal myogenesis

A: Genome-wide association analysis identifying chromosome 7 as harboring the strongest signals for  LMDEP and LMA. B: Gene-based GWAS
indicating the NUDT3 locus as the most significantly associated region with LMDEP. C: NUDT3 expression levels in pigs with low and high LMA. D:
NUDT3 mRNA expression in  PMSCs at  0,  2,  4,  and 6 days of  differentiation.  E:  NUDT3 protein  expression in  PMSCs at  0,  2,  4,  and 6 days of
differentiation. F: Quantification of NUDT3 protein abundance. G: NUDT3 expression in tibialis anterior (TA) muscle at 0, 3, 5, and 14 days post-
injury in mice. H: NUDT3 protein expression in TA muscle at 0, 3, 5, and 14 days post-injury in mice. I:  Quantification of protein levels shown in
panel H. Results are expressed as mean±SEM, n=3.
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 NUDT3 promotes  skeletal  myogenesis  through
suppression  of  NF-κB  signaling  in  a  Nudix  motif-
dependent manner
To define downstream molecular events regulated by NUDT3,
transcriptome  sequencing  was  conducted  following  NUDT3
silencing  or  overexpression,  given  the  established  mRNA
decapping  activity  of  this  Nudix  family  member  in  RNA
turnover.  Transfection  with  si-NUDT3  resulted  in  an  up-
regulation  of  1  419  genes  (Figure  6A),  while  pcDNA3.1-
NUDT3 reduced expression of 276 genes (Figure 6B). A total
of 234 genes overlapped between these datasets (Figure 6C).
KEGG  enrichment  analysis  revealed  that  these  234  genes
were  significantly  enriched  in  the  TNF,  Toll-like,  and  NF-κB
signaling  pathways  (Figure  6D).  Among  these,  NF-κB
signaling  is  recognized  as  a  central  modulator  of  muscle
development through coordination of inflammatory responses,
immune  activation,  and  differentiation  programs.  Differential
expression of  representative  genes exhibiting substantial  fold

changes,  including  IL-1B,  IL6,  PTGS2,  CCL4,  CXCL2,  and
TLR2,  was  further  confirmed  by  RT-qPCR  (Figure  6E).
Considering that  NUDT3 exerts  mRNA decapping activity  via
a  conserved  Nudix  motif,  an  enzymatically  inactive  mutant
was  generated  as  previously  described  (Song  et al.,  2013).
This mutant partially attenuated the repression of target genes
observed  with  wild-type  NUDT3  (Figure  6F,  G).  Consistent
with these findings, inactivation of the Nudix motif significantly
prolonged  the  half-life  of  transcripts  suppressed  by  wild-type
NUDT3  (Figure  6H–L),  supporting  a  decapping-dependent
mechanism.
The  contribution  of  NF-κB  signaling  to  NUDT3-modulated

myogenesis  was  further  investigated.  Western  blotting
revealed that  si-NUDT3 induced a significant  increase in p65
phosphorylation (Figure 7A, D; Supplementary Figure S3A–E)
without  affecting  phosphorylation  of  IKB-α  (Figure  7A,  B)  or
p50 (Figure 7C). In contrast, NUDT3 overexpression reduced
p65  phosphorylation  (Figure  7E–H;  Supplementary  Figure

 

Figure 2  NUDT3 silencing suppresses proliferation of PMSCs

A:  Relative NUDT3 mRNA expression  following  interference.  B:  NUDT3  protein  expression  after  interference.  C:  Quantification  of  protein  levels
shown in  panel  B.  D,  E:  Flow cytometric  analysis  of  cell  cycle  distribution  in  PMSCs following NUDT3  silencing.  F:  EdU incorporation  assay  for
proliferating cells (red, EdU-positive; blue, nuclei; scale bar: 200 μm). G: Quantification of EdU-positive cell ratio. H: Cell viability assessed by CCK-
8 assay. I: mRNA expression levels of proliferation-related genes Cyclin D, Cyclin E, and p21. J: Protein expression levels of Cyclin E and p21. K:
Quantification of protein levels shown in panel J. Results are expressed as mean±SEM, n=3; *: P<0.05; **: P<0.01; ***: P<0.001.
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S3F–J).  Furthermore,  pharmacological  inhibition  of  canonical
NF-κB  signaling  using  PDTC  (Gong  et al.,  2022)  partially
reversed  the  increase  in  p65  phosphorylation  induced  by  si-
NUDT3  (Figure  7I,  J)  and  restored  expression  of  key
myogenic  factors  (Figure  7K).  These  results  indicate  that
NUDT3  enhances  skeletal  myogenesis,  at  least  in  part,
through  suppression  of  NF-κB  signaling  in  a  Nudix  motif-
dependent manner.

 rs327612517 within  a  regulatory  enhancer  of NUDT3 is
associated with lean yield in pigs
Given  the  critical  involvement  of  NUDT3  in  myogenic
regulation,  this  genomic  region  represents  a  compelling
candidate locus for genetic selection of meat production traits.
A  total  of  546  eQTLs  significantly  correlated  with  NUDT3
expression in porcine skeletal muscle were retrieved from the
PigGTEx  portal  (Figure  8A).  Among  these,  eight

 

Figure 3  Overexpression of NUDT3 promotes proliferation of PMSCs

A: Relative NUDT3 mRNA expression following overexpression. B: NUDT3 protein expression after transfection. C: Quantification of protein levels
shown in panel B. D, E: Flow cytometric analysis of cell cycle distribution in PMSCs following NUDT3 overexpression. F: EdU incorporation assay
for proliferating cells (red, EdU-positive; blue, nuclei; scale bar: 200 μm). G: Quantification of EdU-positive cell ratio. H: Cell viability assessed by
CCK-8 assay. I: mRNA expression levels of proliferation-associated genes Cyclin D, Cyclin E, and p21. J: Protein expression levels of Cyclin D and
p21.  K:  Quantification  of  protein  levels  shown  in  panel  J.  Results  are  expressed  as  mean±SEM,  n=3;  *:  P<0.05;  **:  P<0.01;  ***:  P<0.001;  ****:
P<0.0001.
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Figure 4  NUDT3 promotes myogenic differentiation of PMSCs

A:  Immunofluorescence  staining  for  MyHC  after  4  days  of  differentiation  (MyHC,  green;  DAPI,  blue;  scale  bar:  200  μm).  B:  Quantification  of
differentiation index following NUDT3 silencing. C: mRNA expression levels of myogenic markers MyHC, MyoD, and MyoG. D: Protein expression
levels of MyHC, MyoD and MyoG. E: Quantification of protein expression levels shown in panel D. F: Immunofluorescence staining for MyHC after 4
days of differentiation (MyHC, green; DAPI, blue; scale bar: 200 μm). G: Quantification of differentiation index following NUDT3 overexpression. H:
mRNA  expression  levels  of  MyHC,  MyoD,  and  MyoG.  I:  Protein  expression  levels  of  MyHC,  MyoD,  and  MyoG.  (J)  Quantification  of  protein
expression levels shown in panel I. Results were expressed as mean±SEM, n=3; *: P<0.05; **: P<0.01.
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Figure 5  Exogenous NUDT3 facilitates regenerative myogenesis in vivo
A: H&E staining of muscle in AAV-empty and AAV-NUDT3 mice at 0, 3, 5, and 14 days post-injury. Scale bar: 200 μm. B: Quantification of myofiber
cross-sectional area (CSA) using ImageJ. Scale bar: 100 μm. C: EdU incorporation in AAV-empty and AAV-NUDT3 mice at 3 days post-injury (red,
EdU positive; blue, nuclei; scale bar: 100 μm). D: Quantification of EdU-positive cell proportion. E: Immunofluorescence staining for eMyHC (red),
laminin (pink), and DAPI (blue) at 5 days post-injury in AAV-empty and AAV-NUDT3 mice. Scale: 100 μm. F: Quantification of eMyHC-positive area
D. Results are expressed as mean±SEM, n=3; *: P<0.05; **: P<0.01.
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variants—rs327612517,  rs324628183,  rs325603775,
rs337283866,  rs338631143,  rs340852666,  rs80830007,  and
rs321320064—were  prioritized  because  they  overlapped
between  GWAS  and  eQTL  signals  and  exhibited  strong  LD
(>0.8) in Duroc×Landrace×Yorkshire hybrids (Figure 8B).
HiCuT  profiling  of  H3K27ac  in  porcine  myoblasts  identified

12  putative  distal  enhancers  interacting  with  the  NUDT3
promoter (Figure 8C; Supplementary Figure S4A). Among the
prioritized variants, rs324628183 mapped to enhancer 6 (E6),
whereas  rs327612517,  rs325603775,  and  rs337283866

localized  to  enhancer  7  (E7)  (Figure  8C).  CRISPR-dCas9-
mediated  transcriptional  interference  demonstrated  that
blockade  of  E6  and  E7  significantly  suppressed  NUDT3
transcription  by  32%  (Supplementary  Figure  S4B)  and  54%
(Figure 8D),  respectively,  confirming regulatory activity.  Dual-
luciferase reporter assays revealed no significant allelic effects
of rs324628183 on E6 activity (Supplementary Figure S4C). In
contrast,  E7  activity  was  approximately  two-fold  higher  with
the  rs327612517-G  allele  compared  with  the  A  allele
(Figure  8E),  whereas  rs337283866  exerted  no  detectable

 

Figure 6  NUDT3 reduces transcript half-life through a Nudix motif-dependent mechanism

A: Volcano plot of differentially expressed genes (DEGs) following NUDT3 silencing. B: Volcano plot of DEGs following NUDT3 overexpression. C:
Venn diagram showing overlap between genes up-regulated after NUDT3 knockdown and down-regulated after NUDT3 overexpression. D: KEGG
pathway enrichment analysis of DEGs. E: mRNA expression levels of IL-1b, IL6, CCL4, CXCL2, TLR2, and PTGS2. F: Schematic representation of
pcDNA3.1-NUDT3-mut construct. G: mRNA expression levels of DEGs following overexpression of wild-type or Nudix-mutant NUDT3. H–L: mRNA
expression  level  of  IL-1b  (H),  IL6  (I), CCL4  (J), CXCL2  (K),  and TLR2  (L).  Results  are  expressed as  mean±SEM, n=3;  *: P<0.05;  **: P<0.01;  ***:
P<0.001.
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effect  (Supplementary  Figure  S4D).  Integration  of  PigGTEx
data and independent  transcriptome sequencing of  Yorkshire
pigs (unpublished data, n=234)  demonstrated that  individuals
carrying  the  rs327612517-GG  genotype  exhibited  higher
NUDT3  expression  than  those  with  the  AA  genotype
(Figure 8F, G), potentially reflecting altered TF-binding affinity
(Supplementary  Figure  S4E).  Consistently,  analysis  of
PigBiobank and Yorkshire  cohorts  (unpublished data, n=165)
showed that the GG genotype at rs327612517 was associated
with  increased LMA and LMDEP relative  to  the AA genotype
(Figure  8G,  H;  Supplementary  Figure  S4F–H).  Genotype
frequency  analysis  further  indicated  enrichment  of  the  GG
genotype  in  lean-type  breeds  (Landrace  and  Yorkshire),
whereas  the  AA  genotype  was  more  prevalent  in  fat-type
breeds  (Meishan  and  Bama  pigs)  (Figure  8I).  Additionally,
EMSA  confirmed  stronger  TF-binding  affinity  for  the  GG
genotype (Figure 8J).
Cross-species  conservation  analysis  identified  15  247

conserved  elements  between  pigs  and  mice  and  14  297

between  pigs  and  humans  across  the  porcine  genome
(Supplementary  Figure  S5A).  Examination  of  the  NUDT3
regulatory  landscape  revealed  high  PhastCons  scores  within
the  E7  enhancer  region  (Supplementary  Figure  S5B),
indicating  evolutionary  conservation.  Notably,  rs114677490
and  rs115903583,  located  within  the  homologous  conserved
enhancer  in  humans,  were  associated  with  H3K27ac
enrichment  and  functioned  as  NUDT3  eQTLs  in  skeletal
muscle  based  on  GTEx  data  (v.10,  n=816,  Supplementary
Figure  S5C).  eQTL  analysis  demonstrated  significant
associations  between  these  SNPs  and  NUDT3  expression
(P=1.52e-04)  (Supplementary  Figure  S5D,  E).  Additionally,
GWAS  (Supplementary  Figure  S5F)  and  PheWAS
(Supplementary Figure S5G, H) analyses identified significant
associations  between  these  SNPs  and  multiple  metabolic
traits,  including  arm  fat-free  mass,  trunk  fat-free  mass,  and
basal metabolic rate, supporting cross-species conservation of
regulatory  variants  associated  with  NUDT3  expression  and
metabolic traits.

 

Figure 7  NUDT3 promotes skeletal muscle regeneration through inhibition of NF-κB signaling

A: Protein expression levels of p-IKB-α, IKB-α, p-P65, P65, p-P50, and P50 following NUDT3 silencing. B–D: Quantification of p-IKB-α (B), p-P65
(C),  and  p-P50  (D)  following NUDT3  knockdown.  E:  Protein  expression  levels  of  p-IKB-α,  IKB-α,  p-P65,  P65,  p-P50,  and  P50  following NUDT3
overexpression.  F–H:  Quantification  of  p-IKB-α  (F),  p-P65  (G),  and  p-P50  (H)  following NUDT3  overexpression.  I:  Protein  expression  levels  of
MyHC, MyoG, MyoD, and p65/p-p65 under  indicated conditions.  J:  Quantification of  phosphorylated p65.  K:  Quantification of  MyHC, MyoG, and
MyoD protein levels. Results are expressed as mean±SEM, n=3; *: P<0.05.
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Figure 8  rs327612517 locus affects pig carcass traits through regulation of NUDT3 enhancer activity

A:  Identification  of  546  eQTLs  associated  with NUDT3  expression,  including  rs327612517.  B:  Eight  candidate  SNPs  exhibiting  strong  linkage
disequilibrium in Duroc×Landrace×Yorkshire hybrids (n=108). C: Identification of NUDT3 regulatory enhancers by integration of HiCuT, ATAC-seq,
and  RNA-seq  datasets.  D:  CRISPR  interference  targeting  enhancer  E7  significantly  reduced NUDT3  expression  (n=3,  mean±SEM).  E:  Dual-
luciferase reporter assay comparing transcriptional activity of rs327612517 A and G alleles (n=3, mean±SEM). F, G: NUDT3 expression levels in
individuals  with  different  rs327612517  genotypes  in  PigGTEx  and  Yorkshire  cohorts.  H,  I:  Distribution  of  normalized  D_LMDEP  and  Y_LMDEP
phenotypes  across  rs327612517  genotypes.  J:  Genotype  frequency  distribution  of  rs327612517  genotypes  in  Meishan,  Bama,  Landrace,  and
Yorkshire  breeds.  K:  EMSA demonstrating  differential  binding  of  nuclear  proteins  to  wild-type  and  mutant  rs327612517  fragments.  *: P<0.05;  **:
P<0.01; ***: P<0.001. D_LMDEP, loin muscle depth in Duroc pigs; Y_LMDEP, loin muscle depth in Yorkshire pigs.
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 DISCUSSION

NUDT3 has been identified as a candidate gene within QTLs
strongly  associated  with  age-related  sarcopenia  in  humans
(Jin  et al.,  2022;  Singh  and  Gasman,  2020a)  and  lean  yield
across  diverse  pig  breeds  (Gong  et al.,  2019;  Zhuang  et al.,
2019), yet its functional contribution to skeletal muscle biology
remains  unclear.  In  the  current  study,  NUDT3  expression
progressively  increased  during  ex  vivo  myogenic
differentiation and exhibited dynamic modulation during in vivo
regenerative  myogenesis,  supporting  a  regulatory  role  in
orchestrating skeletal myogenesis.
Complementary  loss-  and  gain-of-function  experiments

established  that  NUDT3  drives  proliferative  expansion  of
PMSCs.  Notably,  NUDT3  knockdown  disrupted  orderly  cell
cycle  progression  and  constrained  proliferation,  whereas  its
overexpression  promoted  cell  cycle  progression  and
enhanced  proliferative  capacity.  In  vivo  delivery  using  AAV9
vectors,  which  efficiently  target  muscle  stem  cells  (Nance
et al.,  2019;  Song  et al.,  2024),  further  demonstrated  that
elevated  NUDT3  expression  facilitated  regenerative
myogenesis  following  injury.  Although  the  role  of NUDT3  in
cell  proliferation  has  been  insufficiently  characterized,
previous  studies  have  reported  cytoprotective  roles  during
zebrafish  embryogenesis  under  oxidative  stress  (Samper-
Martín et al., 2021) and participation in DNA damage repair in
non-small cell lung cancer cells (Benedetti et al., 2022). Given
that  genomic instability  represents a critical  constraint  on cell
division (Matthews et al., 2022), preservation of DNA integrity
may  constitute  a  mechanistic  basis  for  the  pro-proliferative
effects observed in muscle progenitors.
Beyond  proliferation,  NUDT3  exerted  a  pronounced  effect

on myogenic differentiation in cultured porcine myoblasts and
during CTX-induced regenerative myogenesis. Although direct
evidence  linking  NUDT3  to  lineage  commitment  is  limited,
these  data  provide  functional  validation  for  prior  genetic
associations  implicating  this  locus  in  lean  mass  regulation  in
humans  (Singh  and  Gasman,  2020b)  and  pigs  (Demeure
et al.,  2005).  The  enhancement  of  myogenic  differentiation
provides functional evidence linking NUDT3 activity to skeletal
muscle development.

NUDT3  encodes  an  mRNA  decamping  enzyme  that
regulates  transcript  stability  and  thereby  influences
proliferation, differentiation, and migration (Grudzien-Nogalska
et al.,  2016).  Here,  integrated  transcriptomic  analyses
identified  overlapping  DEGs  following  NUDT3  silencing  and
overexpression,  with  significant  enrichment  in  NF-κB
signaling.  Canonical  NF-κB  activation  has  been  shown  to
suppress  myogenic  differentiation  and  impair  muscle
regeneration in vivo and ex vivo (Straughn et al., 2019). In the
present  study,  pharmacological  inhibition  using  PDTC  (Gong
et al.,  2022)  partially  rescued  myogenic  defects  induced  by
NUDT3  knockdown,  indicating  that  suppression  of  NF-κB
signaling constitutes a central mechanism underlying NUDT3-
mediated  myogenesis.  Moreover,  mutation  of  the  conserved
Nudix  motif,  which  is  essential  for  mRNA  decapping  activity
(Grudzien-Nogalska  et al.,  2016),  attenuated  the  repressive
effects  of  NUDT3  on  NF-κB  signaling  and  skeletal
myogenesis.  These  observations  support  a  model  in  which
NUDT3  promotes  skeletal  myogenesis  through  Nudix-
dependent  regulation  of  transcript  turnover  and  subsequent
modulation of NF-κB signaling.
Genetic  analyses  further  reinforced  the  translational

significance  of  this  pathway.  Expession  of  NUDT3  was

positively  correlated  with  lean  yield  traits  and  skeletal
myogenesis  in  pigs,  and  regulatory  variants  influencing  its
expression  may  serve  as  actionable  markers  for  genetic
improvement.  The  variant  rs327612517,  located  within
enhancer E7,  was identified as a functional  eQTL associated
with  NUDT3  expression  in  porcine  skeletal  muscle  and
demonstrated  significant  associations  with  both  LMDEP  and
LMA,  as  reported  in  various  pig  breeds  (Zeng  et al.,  2024).
Mechanistically,  this  regulatory  architecture  resembles
previously  characterized  variants,  including  rs1421085  in
human  FTO  (Claussnitzer  et al.,  2015),  rs734209466  in
chicken (Shen et al., 2024), and rs136092944 in bovine APCS
(Liu  et al.,  2022),  in  which  altered  TF  binding  at  distal
enhancers  modulates  target  gene  expression.  The
rs327612517 GG genotype  was  associated  with  higher  meat
production  and  was  more  prevalent  in  lean-type  breeds
relative  to  fat-type  breeds,  highlighting  the  potential  utility  of
this  locus  in  molecular  breeding  for  lean  meat  content
selection  in  pigs.  Consequently,  targeted  selection  for  the
rs327612517  GG  genotype  represents  a  robust  molecular
approach  for  enhancing  lean  meat  yield  and  advancing
sustainable pork production.

 CONCLUSION

Collectively,  the  present  findings  demonstrate  that  NUDT3
positively modulates skeletal myogenesis by repressing NF-κB
signaling activity in a Nudix motif-dependent manner, thereby
providing  functional  support  for  prior  genetic  evidence
implicating this locus in human muscle-related traits and lean
yield  variation  in  pigs.  Furthermore,  the  identification  of
rs327612517 as a functional regulatory variant associated with
enhanced  lean  production  highlights  its  potential  utility  as  a
molecular  marker  in  precision  breeding  strategies  aimed  at
improving pork yield.
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