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ABSTRACT

Somatic  cell  nuclear  transfer  (SCNT)  has  been
successfully employed across various mammalian species,
yet  cloned  animals  consistently  exhibit  low  pregnancy
rates,  primarily  due  to  placental  abnormalities  such  as
hyperplasia  and  hypertrophy.  This  study  investigated  the
involvement  of  the  Hippo  signaling  pathway  in  aberrant
placental  development  in  SCNT-induced  bovine
pregnancies.  SCNT-derived  cattle  exhibited  placental
hypertrophy,  including  enlarged  abdominal  circumference
and  altered  placental  cotyledon  morphology.  RNA
sequencing  analysis  indicated  significant  dysregulation  of
Hippo  signaling  pathway  genes  in  SCNT  placentas.  Co-
expression  of  YAP1 and CCND1 was  observed  in  cloned
blastocysts,  placental  tissues,  and  bovine  placental
mesenchymal stem cells (bPMSCs). Manipulation of YAP1
expression demonstrated the capacity to regulate bPMSC
proliferation.  Experimental  assays  confirmed  the  direct
binding of YAP1 to CCND1, which subsequently promoted
CCND1 expression in  bPMSCs.  Furthermore,  inhibition of
CDK6, a downstream target  of  CCND1, attenuated SCNT
bPMSC proliferation.  This  study  identified  YAP1 as  a  key
regulatory  component  within  the  Hippo  signaling  pathway
that  drives  placental  hyperplasia  in  cloned  cattle  through
up-regulation  of  CCND1-CDK6 expression,  facilitating  cell
cycle  progression.  These  findings  offer  potential  avenues
for  enhancing  cloning  efficiency,  with  implications  for
evolutionary  biology  and  the  conservation  of  valuable
germplasm resources.
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INTRODUCTION

Somatic  cell  nuclear  transfer  (SCNT) is  a  powerful  technique
in  animal  biotechnology,  enabling  the  rapid  duplication  and
enhancement  of  desirable  traits  in  livestock,  thus  making
invaluable contributions to animal breeding programs (Matoba
& Zhang, 2018). SCNT technology also has broad applications
in  the  fields  of  transgenic  animal  reproduction,  evolution,
germplasm  preservation,  endangered  species  protection,
organ  transplantation,  and  fundamental  biological  research
(Matoba  &  Zhang,  2018;  Oback,  2008;  Ogura  et al.,  2013;
Vajta, 2007).
Despite  its  potential,  SCNT-based  cloning  in  animals

continues  to  show  low  efficiency,  with  birth  success  rates
remaining  limited  (Yang  et al.,  2007).  For  instance,  survival
rates  for  SCNT-derived  sheep,  cattle,  pigs,  and  mice  have
been reported  to  range  from 0.5% to  18% (Tsunoda &  Kato,
2002).  A  nine-year  survey  in  Japan  observed  an  average
success  rate  of  4.3%  in  cloned  cattle  (Watanabe  &  Nagai,
2011),  while  a  recent  2022  review  confirmed  critically  low
success  rates  across  species,  fluctuating  between  0.1%  and
5% (Samiec, 2022).
The  low  efficiency  in  generating  SCNT-derived  progeny  is

predominantly  linked  to  the  limited  capacity  of  nuclear  donor
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cells  (NDCs)  to  undergo  epigenetic  reprogramming  of  their
transcriptomic  and  proteomic  profiles  within  nuclear-
transferred  embryos.  The  efficiency  of  this  reprogramming
process  is  highly  dependent  on  the  histological  origin  of  the
NDCs,  their  levels  of  stemness  and  differentiation,  and  the
synchronization  of  their  cell  cycle  to  the  G0/G1  phases
(Gorczyca  et al.,  2021;  Huang  et al.,  2023;  Min  et al.,  2015;
Samiec & Skrzyszowska, 2010). Additionally, incompatibilities
in meiotic, epigenomic, and cytoplasmic maturation processes
within  in vitro cultured nuclear recipient oocytes (NROs) often
lead  to  aberrant  activation  of  the  embryo-specific
developmental program in nuclear-transferred oocytes (Canel
et al.,  2010;  Gorczyca  et al.,  2022;  Ross  et al.,  2009;
Skrzyszowska  et al.,  2008).  Equally  significant  are  issues
related to asynchronous or non-synergistic interactions among
inter-genomic,  inter-epigenomic,  inter-transcriptomic,  and
inter-proteomic  pathways  between  nuclear  and  mitochondrial
compartments,  which derive from both NDCs and enucleated
NROs used to propagate SCNT-derived embryos (Jiao et al.,
2007; Samie & Skrzyszowska, 2005; Yan et al., 2010). Cloned
embryos,  fetuses,  and  offspring  are  susceptible  to  various
developmental  abnormalities  throughout  gestation,  including
large  offspring  syndrome,  early  embryonic  and  fetal  losses,
elevated  perinatal  mortality,  prolonged  gestation,  increased
abdominal  girth,  excessive  amniotic  fluid,  and  enlarged
placenta (Hwang et al., 2015; Svarcova et al., 2007).
Overcoming  the  hurdles  of  low  efficiency  and  abnormal

development in cloned mammals has become a central focus
in  SCNT  research  (Samiec,  2022;  Sangalli  et al.,  2023).
Placental  abnormalities  are  major  contributors  to  the  low
success rates  of  cloned pregnancies  (Chavatte-Palmer  et al.,
2006),  impairing  nutrient  transport  and  fetal  development
(Whitworth  &  Prather,  2010).  During  the  blastocyst  stage,
embryonic  differentiation  leads  to  the  formation  of  the  inner
cell  mass  (ICM)  and  trophectoderm  (TE),  with  the  latter
developing into the placenta. The placenta plays a crucial role
in  nutrient  transport  and  hormone  synthesis,  directly
influencing  fetal  growth  and  development  (Tanaka  et al.,
2001).
Placental  enlargement  in  SCNT  animals  is  attributed  to

multiple  factors,  including  dysregulated  hormone  secretion,
abnormal DNA methylation and RNA expression (Arnold et al.,
2008;  Malin  et al.,  2022),  and  most  notably,  abnormal
chromatin  histone  modifications  and  imprinting  gene
expression  (Ogura  et al.,  2021;  Ticiani  et al.,  2020).  Wang
et al.  (2020)  found  that  histone  H3  lysine  27  trimethylation
(H3K27me3)  is  associated  with  the  up-regulation  of  imprint
coding  genes,  such  as  Scm-like  with  four  MBT  domains  2
(Sfmbt2),  GRB2-associated  binding  protein  1  (Gab1),  and
SPARC-related  modular  calcium  binding  (Smoc1),  in  cloned
mouse  placentas.  Similarly,  Arnold  et al.  (2017)  reported
increased  levels  of  histone  H3  lysine  4  dimethylation
(H3K4me2) in the placental tissues of cloned cattle fetuses at
day  60  of  pregnancy,  with  relatively  lower,  though  not
significantly,  levels  of  H3K9me2.  Zhou  et al.  (2020)
demonstrated  that  H3K4me3  loss  during  embryonic
development  enhances  the  growth  of  cloned  cattle  embryos.
Studies  have  also  identified  aberrant  hormone  expression,
including  progesterone  and  placental  lactogens,  as  a  crucial
factor  contributing  to  placental  enlargement  in  cloned
placentas (Bajoria et al., 2002; Hill, 2014). Currently, however,
research  on  effective  repair  strategies  for  placental
abnormalities in cloned animals remains scarce. Most studies

have  focused  on  genetic  interventions  aimed  at  rescuing
abnormal  epigenetic  reprogramming,  specifically  through  the
modulation  of  DNA  methylation  and  histone  modifications,
alongside  the  targeted  overexpression  or  suppression  of
genes  involved  in  embryonic  development  (Srirattana  et al.,
2022).  Our  earlier  studies  identified  abnormal  expression  of
circular  RNAs  (circRNAs),  long  non-coding  RNAs  (lncRNAs),
microRNAs  (miRNAs),  and  competing  endogenous  RNAs
(CeRNAs)  in  SCNT-derived  bovine  placentas,  particularly
those  regulated  by  the  DNA  methylation  hydroxylase  Tet
methylcytosine  dioxygenase  1  (TET1),  influenced  by  BTA-
miR-1298  and  lncRNAMSTRG.119672  (Gao  et al.,  2019;  Su
et al., 2019).
Mesenchymal  stem  cells  (MSCs)  exhibit  pluripotency  and

paracrine  signaling  capabilities,  allowing  differentiation  into
cell  types  closely  related  to  placental  formation.  Placental
MSCs  (PMSCs),  in  particular,  contribute  to  early  placental
angiogenesis  by  differentiating  into  cells  that  form  vascular
structures  (Boss  et al.,  2018).  PMSCs  further  support
placental  function  through  paracrine  interaction  with  other
constituent placental cells, improving angiogenesis, enhancing
uterine spiral artery remodeling, and regulating uteroplacental
immune  dynamics  (Liu  et al.,  2021; Magatti  et al.,  2019; Wu
et al.,  2020).  Successful  placental  growth  requires  a  precise
balance among cell proliferation, differentiation, and apoptosis
(Peter,  2013).  Placental  formation  and  development  are
regulated  by  a  variety  of  signaling  pathways  and  growth
factors,  some  of  which  may  induce  abnormal  or  accelerated
cell  proliferation,  although  comprehensive  research  on  this
topic remains limited.
Several  cell  signaling  pathways,  including  the  Hippo/Yap1,

PI3K/Akt,  Notch,  and  Wnt/β-catenin  signaling  pathways,  are
key  regulators  of  organ  size  and  placental  development
(Camargo  et al.,  2007; Dong  et al.,  2007).  Among  these,  the
Hippo signaling pathway plays a central role in promoting cell
proliferation  and  suppressing  cell  differentiation  through
positive  regulation  of  the  Yes1-associated  transcriptional
regulator  (Yap1),  an  essential  factor  in  organ  size  control
(Heallen  et al.,  2011; Moon  et al.,  2018).  In  human  placental
tissues,  the  Hippo  pathway  also  plays  a  crucial  role  in
placental  development  by  promoting  cell  proliferation  and
maintaining  stemness  (Meinhardt  et al.,  2020).  CCND1  and
CDK6  act  as  important  regulators  of  cellular  proliferation,
particularly  during  the  G1  phase  of  the  cell  cycle,  facilitating
the G1-S transition that drives cell division (Li et al., 2018a). In
SCNT cattle, placental overgrowth-characterized by increased
cell  numbers,  hypertrophy,  and  stromal  expansion-may
contribute  to  placental  enlargement,  although  further  studies
are  needed  to  determine  the  involvement  of  the  Hippo
pathway in this condition.
Evolution  has  shaped  the  role  of  the  Hippo  signaling

pathway  in  placental  development,  and  disruptions  in  this
pathway  can  lead  to  the  development  of  abnormalities.
Exploring  these  regulatory  mechanisms  can  provide  insights
into  both  evolutionary  biology  and  developmental  processes.
Furthermore,  the  preservation  and  utilization  of  germplasm
resources  are  essential  for  maintaining  genetic  diversity  and
adaptability in agricultural species. Effective advancements in
SCNT  technology  can  support  the  conservation  and
propagation  of  valuable  genetic  traits,  ensuring  species
resilience  under  changing  environments.  This  study  is
important for revealing the regulatory mechanisms underlying
placental  gigantism  in  SCNT-derived  animals  and  for
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improving cloning efficiency,  contributing to  the advancement
of cloned animal production. 

MATERIALS AND METHODS
 

Ethics statement
All  animals  used  in  the  study  were  treated  following  the
Council of China Animal Welfare guidelines. All protocols were
approved by the Institutional Animal Care and Use Committee
at Inner Mongolia University (approval number: IMU-CATTLE-
2022-063). 

Analysis  of  gestational  indicators  in  recipient  cows  of
cloned  cattle  and  determination  of  postpartum  placental
phenotypes
All  cattle  used  in  this  study  were  raised  under  consistent
conditions  at  the  NeiDaShengMu  High-Tech  Livestock
Farming  Company  facility  in  Hohhot  city  and  Heling  District.
The  cloned  cattle  group  was  derived  from  donor  ear-tip
fibroblasts  obtained  from  a  high-quality  2-year-old  bull,  while
the  control  (CON)  group  consisted  of  cattle  naturally
impregnated  through  artificial  insemination.  Both  groups
included pregnant cows aged 18–22 months, all fed the same
forage and maintained under the same conditions. In the CON
group,  gestation period calculations began from the breeding
date  immediately  following  estrus,  with  the  birth  date  of  the
calf marking the end of gestation (gestation period = calf birth
date  −  cow  breeding  date).  In  the  SCNT  group,  gestation
period  calculations  began  from  the  estrus  date.  Cloned
embryos were transferred into recipient uteruses 7 days post-
estrus  (gestation  period =  calf  birth  date −  cow  estrus  date).
By using estrus as the starting point in both groups, the initial
reference time remained consistent across comparisons. After
delivery,  placental  tissue  samples  from  both  the  CON  and
SCNT  groups  were  collected  for  phenotypic  assessment.
Placental  parameters  were  recorded,  including  number,
length, and width of cotyledons, as well as birth weight of the
cloned  calves.  All  data  were  subsequently  subjected  to
statistical analysis. 

RNA sequencing (RNA-seq) of placental tissue
Placental tissue samples were obtained from three CON cattle
and three SCNT cattle. Total RNA was extracted, followed by
RNA-seq  library  construction.  Sequencing  was  performed  on
the  Illumina  NovaSeq 6000 Sequencing  Platform (USA).  The
RNA-seq  data  were  subjected  to  quality  control  using  the
Fastx-toolkit  (v.0.014)  and  Fastp  (v.0.19.5,  http://github.com/
OpenGene/fastp)  software  (reference  gene  source:  Bos
taurus;  reference  genome  version:  ARS-UCD1.2).  Read
mapping  to  the  genome  was  performed  using  Bowtie
alignment  software.  Differential  expression  analysis  was
conducted  using  DESeq2  (http://bioconductor.org/packages/
stats/bioc/DESeq2/), applying a filtering threshold of |log2FC|≥
1  and  P<0.05  to  identify  differentially  expressed  genes
(DEGs).  Gene  Ontology  (GO,  https://geneontology.org/)  and
Kyoto  Encyclopedia  of  Genes  and  Genomes  (KEGG,  https://
www.genome.jp/kegg/)  pathway  analyses  were  performed
using the DAVID database. 

Isolation,  cultivation,  and  differentiation  analysis  of
bovine PMSCs (bPMSCs)
The  isolation  and  culture  protocols  for  bPMSCs  followed
previous  research  (Lankford  et al.,  2017).  Briefly,  placental
chorionic  membrane  tissue  was  washed  in  phosphate-

buffered  saline  (PBS,  Gibco,  USA)  containing  2%  penicillin-
streptomycin  (Gibco,  USA),  dissected  into  small  fragments,
and  digested  with  an  enzyme  solution  comprising  0.25%
trypsin  (Gibco,  USA)  and  1%  Type  IV  collagenase  (Gibco,
USA) at a 1:1 ratio. Tissue digestion was carried out in three
cycles  at  37°C,  each  lasting  30  min.  The  digested  cell
suspension  was  then  seeded  in  Dulbecco's  Modified  Eagle
Medium/Nutrient  Mixture  F-12  (DMEM-F12,  Gibco,  USA)
enriched with 20% fetal bovine serum (FBS, Gibco, USA) and
1%  penicillin-streptomycin  and  incubated  at  37°C  in  a
humidified 5% CO2 environment. Cells were subcultured upon
reaching  95%  confluence,  typically  at  a  1:3  ratio,  or
cryopreserved for future use. Differentiation assays for MSCs
involved  the  use  of  adipogenic  induction  culture  A  medium
(DMEM-F12,  10%  FBS,  1%  glutamine  (Gibco,  USA),  0.2%
insulin  (Sigma,  USA),  0.1%  dexamethasone  (Sigma,  USA),
0.1%  IBMX  (Sigma,  USA),  and  0.1%  rosiglitazone  (Sigma,
USA))  and  adipogenic  induction  culture  B  medium  (DMEM-
F12,  10%  FBS,  1%  glutamine,  and  0.2%  insulin),  with
alternate  treatments  over  3‒5  cycles  (12‒20  days)  to  induce
adipogenic differentiation. The cells were stained with Oil Red
O  staining  solution  and  imaged  under  a  microscope  (ZEISS,
Germany).  For  osteogenic  differentiation,  bPMSCs  were
cultured in osteogenic induction culture medium (DMEM-F12,
15% FBS, 1% 1 mol/L β-glycerophosphate (Gibco, USA), 2%
dexamethasone  (Gibco,  USA),  and  2%  ascorbate  (Gibco,
USA))  for  12‒28  days,  with  differentiation  evaluated  using
Alizarin Red S staining under microscopy. In this study, Yap1
expression  was inhibited  in  CON and SCNT bPMSCs by  the
addition  of  100  nmol/L  verteporfin  (CL318952,  MCE,  USA)
during  culture.  Additionally,  SCNT  bPMSCs  were  further
validated by treatment with the CDK4/CDK6 inhibitor BSJ-03-
204  (effective  inhibitory  concentration  of  26.9  nmol/L  for
CDK4/CCND1  and  10.4  nmol/L  for  CDK6/CCND1)  (HY-
136250, MCE, USA). 

Construction of lentiviral vectors for YAP1 overexpression/
knockdown and establishment of stable cell lines
To construct the YAP1 overexpression vector, YAP1 DNA was
inserted into the PCDH-CMV-EF1-T2A-Puro vector. Four short
hairpin  RNAs  (shRNAs)  targeting  the  YAP1  gene  were
designed  using  the  Invitrogen  and  Gene  Link  interference
fragment  design  platform  (Dalian  Baio  Biological,  China)
(Supplementary  Table  S1).  These  shRNAs  were  converted
into  double-stranded  DNA  and  inserted  into  the  PLKO.1-
CopGFE-Puro  vector  to  create  the  YAP1  knockdown  vector.
The  resulting  vectors  were  subsequently  transformed  into
Stbl3  Escherichia  coli  competent  cells,  sequenced  for
verification,  and  subsequently  used  for  YAP1 overexpression
and knockdown experiments.
For  lentivirus  production,  Lipofectamine  2000  (Invitrogen,

11668019, USA) was used to co-transfect 293T cells with the
auxiliary packaging plasmids psPAX2 and pMD2G, along with
the  lentiviral  shuttle  plasmids  PCDH-CMV-EF1-T2A-Puro-
YAP1 or PLKO.1-CopGFP-Puro-shYAP1, at a shuttle plasmid-
to-pMD2G:psPAX2 ratio of 5:2:3. After 6 h of transfection, the
culture  medium  was  replaced  with  fresh  complete  medium
(DMEM-F12  supplemented  with  10% FBS  and  1%  penicillin-
streptomycin).  The  cells  were  cultured  at  37°C  with  5%  CO2
under  high  humidity  for  24  h  and  48  h,  after  which  cell
supernatants  enriched  with  YAP1-overexpressing/knockdown
lentivirus  particles  were  collected.  The  lentivirus  was
concentrated  using  the  PEG-8000  method,  and  the  resulting
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lentiviral pellet was dissolved in an appropriate amount of PBS
and aliquoted for storage at −80°C. For bPMSC infection, the
concentrated  viral  suspension  was  applied  to  the  cells.  After
48  h  of  transfection,  fluorescence  was  observed  under  an
inverted fluorescence microscope (ZEISS, Germany). 

Preparation  of in  vitro fertilization  (IVF)  and  SCNT
embryos
IVF  embryos  were  generated  following  the  procedures
outlined  in  our  previous  study  (Su  et al.,  2021a).  Cumulus-
oocyte  complexes  (COCs)  were  collected  from  ovarian
follicles,  measuring  3–8  mm  in  diameter,  obtained  from  a
slaughterhouse.  In  vitro maturation  (IVM)  of  the  oocytes  was
achieved using an IVM medium (M199 Gibco USA, 10 mmol/L
HEPES sigma USA, 10% FBS, 0.01 µg/mL FSH sigma USA, 1
µg/mL  LH  sigma  USA,  and  0.01  µg/mL  E2  sigma  USA).  For
fertilization,  frozen-thawed  semen  from  verified  fertile  bulls
was  used.  Post-fertilization,  the  embryos  were  washed  and
cultured  in  BO-IVC  medium  (71005,  IVF  Bioscience,  UK)  at
38.5°C under 5% CO2 saturation and high humidity.
SCNT  was  performed  as  described  in  our  previous  study

(Su  et al.,  2021b).  Briefly,  donor  fibroblasts  were  introduced
into the perivitelline space of enucleated oocytes. Successfully
reconstructed  embryos  underwent  electrofusion  30  min  later
and  were  subsequently  cultured  in  SOF  medium  at  38.5°C
under  5%  CO2  saturation  and  high  humidity  for  30  min.  All
fused  embryos  were  activated  in  5  µmol/L  ionomycin  (sigma
USA)  for  5  min,  followed  by  incubation  in  10  µg/mL
cycloheximide (Sigma, USA) for 5 h. The embryos were then
transferred  to  SOF  development  medium,  covered  with
mineral  oil,  and  cultured  at  38.5°C  under  5% CO2  saturation
and high humidity. After 48 h, the cells were co-cultured on a
granulosa cell  layer  to support  development  to the blastocyst
stage. 

Reverse  transcription-quantitative  real-time  polymerase
chain reaction (RT-qPCR)
mRNA from blastocyst-stage embryos was extracted using an
Arcturus PicoPure RNA Isolation Kit  (65032D, Thermo,  USA)
following  the  provided  instructions.  The  isolated  mRNA  was
subsequently  reverse-transcribed  into  cDNA  using  a
PrimeScript II 1st Strand cDNA Synthesis Kit (6210A, Takara,
China).  For  placental  tissues  and  PMSCs,  total  RNA  was
extracted  using  RNAiso  Plus,  and  cDNA  synthesis  was
performed  via  the  HiScript®  II  Q  RT  SuperMix  for  qPCR
(+gDNA wiper)  (R223-01,  Vazyme,  China).  RT-qPCR assays
were carried out using ChamQ Universal SYBR QPCR Master
Mix  (Q711-02,  Vazyme,  China)  (Supplementary  Table  S2).
The  RT-qPCR  system  and  conditions  are  shown  in
Supplementary Tables S3 and S4, respectively. Data analysis
was conducted using Roche software (LightCycler 480, USA),
with  Gapdh  employed  as  the  reference  gene  for  data
normalization.  Relative  gene  expression  levels  were
determined via the 2-△△Ct method, and statistical  analysis was
performed using GraphPad Prism v.8. 

Immunofluorescence staining analysis
Cells  and  embryos  were  fixed  in  4%  paraformaldehyde  at
room temperature for 20 min, followed by three 5 min washes
in  PBS.  The  samples  were  subsequently  incubated  in
permeabilization  solution  (0.1%  Triton  X-100)  at  room
temperature for 30 min, then placed in 3% BSA blocking buffer
at room temperature for 1 h, followed by three 5 min washes
in  PBS.  The  samples  were  then  incubated  with  primary

antibodies overnight at 4°C, including anti-mouse CD105 (sc-
18838;  1:100,  Santa  Cruz  Biotechnology,  USA),  mouse  anti-
CD90  (sc-53116;  1:100,  Santa  Cruz  Biotechnology,  USA),
mouse anti-CD44 (sc-7297; 1:100, Santa Cruz Biotechnology,
USA),  mouse  anti-CD29  (sc-374429;  1:100,  Santa  Cruz
Biotechnology,  USA),  rabbit  anti-YAP1  (14074;  1:200,  Cell
Signaling  Technology,  USA),  and  mouse  anti-CCND1  (sc-
8396;  1:100,  Santa  Cruz  Biotechnology,  USA).  The  samples
were  then  washed  three  times  in  PBS  (5  min  each)  and
incubated  with  secondary  antibodies,  including  CoraLite594-
conjugated  goat  anti-rabbit  IgG  (H+L)  (SA00013-4;  1:1  000,
Proteintech, China) or CoraLite488-conjugated goat anti-rabbit
IgG (H+L) (SA00013-2; 1:1  000, Proteintech, China),  at  room
temperature for 1 h. After removing the secondary antibodies,
the  samples  were  washed  three  times  in  PBS  (5  min  each).
4’,6-Diamidino-2-phenylindole  (DAPI,  D9542,  Sigma,  USA)
was  added  for  nuclear  staining,  with  samples  incubated  at
room  temperature  in  the  dark  for  15  min,  then  mounted  on
glass  slides  with  a  fluorescence  quenching  reagent.  After
sealing,  images  were  captured  using  a  confocal  laser
scanning microscope (Nikon A1 plus, Japan). All experiments
were  performed  under  the  same  conditions  and  parameters
for each group.
For  immunofluorescence  of  tissue  sections,  the  paraffin-

embedded  sections  were  first  deparaffinized,  followed  by
antigen retrieval in 1× citrate buffer repair solution for 20 min.
The sections were immersed in a 3% H2O2 solution in a light-
protected  environment  at  room  temperature  to  block
endogenous  peroxidase  activity.  The  sections  were  then
placed  in  a  3%  BSA  solution  for  1  h  to  block  nonspecific
binding  and  incubated  overnight  at  4°C  with  primary
antibodies,  including  rabbit  anti-YAP1  (14074;  1:200,  Cell
Signaling  Technology,  USA)  and  mouse  anti-CCND1  (sc-
8396;  1:100,  Santa  Cruz  Biotechnology,  USA),  followed  by
incubation  with  fluorescent-conjugated  secondary  antibodies
at  room temperature  for  1  h.  Finally,  the  nuclei  were  stained
with DAPI. 

Western blot detection
Placental tissues were homogenized with a tissue grinder and
placed  in  protein  lysis  buffer  (990  µL  of  RIPA  and  10  µL  of
PMSF).  PMSCs  were  similarly  collected,  resuspended  in
protein  lysis  buffer,  and  incubated  on  ice  for  30  min.  The
lysates were centrifuged at  4°C and 12 000 r/min for  30 min,
and  the  supernatant  was  collected  as  the  protein  sample.
Nuclear  and  cytoplasmic  proteins  were  extracted  using  NE-
PER  Nuclear  and  Cytoplasmic  Extraction  Reagent  (78835,
Thermo, USA). Protein concentrations were determined using
a PierceTM BCA Protein Assay Kit (23225, Thermo, USA). For
each  sample,  30  µg  of  protein  was  mixed  with  5×  protein
loading buffer containing DTT at a 4:1 volume ratio, boiled for
10  min,  and  then  stored  at  −80°C.  Proteins  were  separated
using  10%  sodium  dodecyl-sulfate  polyacrylamide  gel
electrophoresis  (SDS-PAGE)  based  on  molecular  weight.
After  electrophoresis,  the  proteins  were  transferred  to
polyvinylidene  fluoride  (PVDF)  membranes,  which  were
blocked at room temperature in 5% skim milk solution (2.5 g of
skim  milk  powder  and  50  mL  of  TBST)  for  1  h.  The
membranes were then incubated overnight at 4°C with diluted
primary  antibodies  (see Supplementary  Table  S5 for  details).
After discarding the primary antibodies, the membranes were
washed four times (5 min each) with 1× TBST wash buffer on
a  rocking  platform,  then  incubated  with  diluted  secondary

Zoological Research 46(1): 122−138, 2025      125



antibodies,  including  HRP-conjugated  AffiniPure  goat  anti-
mouse  IgG  (H+L)  (SA00001-1;  1:5  000,  Proteintech,  China)
and  HRP-conjugated  AffiniPure  goat  anti-rabbit  IgG  (H+L)
(SA00001-2;  1:5  000,  Proteintech,  China),  at  room
temperature on a rocking platform for 1 h. After the secondary
antibodies  were  discarded,  the  membranes  were  washed
three  times  (10  min  each)  in  1×  TBST  wash  buffer  on  a
rocking  platform.  The  chemiluminescent  substrate  was
prepared by mixing luminol reagent and peroxide solution at a
1:1  ratio  (32209,  Thermo,  USA)  and  applied  evenly  to  the
membrane  surface.  The  membranes  were  then  enclosed  in
self-sealing  bags,  ensuring  the  removal  of  any  air  bubbles.
Exposure  was  performed  using  a  chemiluminescent  gel
imaging  system.  Images  were  saved  in  the  desired  format,
and  grayscale  quantification  was  performed  using  ImageJ
software. 

Hematoxylin  and  eosin  (H&E)  staining  and
immunohistochemical  analysis  of  bovine  placental
tissues
Placental  tissues  from  both  CON  and  SCNT  cattle  were
embedded  in  paraffin,  cut  into  5  µm-thick  sections,  mounted
on adhesive slides, and dried at 42°C. The sections were then
subjected to a series of ethanol treatments (100%, 95%, 85%,
and  70%),  followed  by  appropriate  hematoxylin  staining,
differentiation in 1% hydrochloric acid in ethanol (concentrated
hydrochloric  acid  and  75%  ethanol),  dehydration,  and  the
addition  of  eosin  staining  solution.  After  subsequent
treatments in 95% and 100% ethanol and incubation in xylene,
the  sections  were  sealed  with  neutral  resin.
Immunohistochemical  staining  involved  deparaffinization  and
rehydration  of  paraffin-embedded  sections,  antigen  retrieval,
serum  blocking,  incubation  with  primary  and  secondary
antibodies,  and  immunofluorescence  staining  of  the  same
sections.  DAB staining reagent  (AR1022,  Boster,  China)  was
added to the sections, and staining time was observed under
a  microscope  to  determine  the  appropriate  duration.
Hematoxylin  was  used  to  stain  the  cell  nuclei,  followed  by
differentiation  and  bluing  with  differentiation  solution  and
bluing  reagent,  respectively.  After  dehydration,  the  sections
were  sealed,  and  images  were  obtained  using  a  microscope
(Nikon ECLIPSE 80i, Japan). 

Cell proliferation assay
CON and SCNT bPMSCs were seeded in 96-well  plates at a
density of 2×103/100 µL per well and cultured at 37°C with 5%
CO2 saturation for 24, 48, 72, 96, and 120 h. At different time
points, 10 µL of Cell  Counting Kit-8 (CCK-8) reagent (K1018,
Apexbio,  USA)  was  added  to  each  well,  followed  by  2  h  of
incubation  in  the  dark  at  37°C  with  5%  CO2.  Optical  density
(OD)  at  450  nm  was  subsequently  measured  using  a
microplate reader (Thermo, USA). Following the manufacturer’s
instructions, bPMSC proliferation was assessed using an EdU
Imaging Kit (Cy3) (K1075, Apexbio, USA). EdU was added to
the  culture  medium of  both  CON and SCNT bPMSCs,  which
were subsequently incubated overnight to label the cells. The
cells  were  then  fixed  with  4%  paraformaldehyde  at  room
temperature  for  15  min,  followed  by  permeabilization  with
0.5% Triton X-100 at  room temperature for  20 min.  The cells
were  subsequently  incubated  with  1×  EdU  buffer  additive
working  solution  and  Click  reaction  solution  at  room
temperature in the dark for 30 min. Finally, the cell nuclei were
stained  with  DAPI,  and  image  acquisition  was  performed  via
confocal microscopy (Nikon A1R, Japan).

Flow  cytometry  was  used  to  analyze  the  cell  cycle  of  the
bPMSCs. Initially, cells were collected and placed in prechilled
70% ethanol for overnight fixation at 4°C. The cells were then
incubated  in  a  premade  propidium iodide  staining  solution  at
37°C for 30 min in the dark. Cell cycle analysis was carried out
using a Cytoflex flow cytometer, and the percentages of cells
in the G0/G1 and S phases were calculated and analyzed with
FlowJo software. 

Chromatin  Immunoprecipitation  (ChIP)  and  ChIP-qPCR
analysis
ChIP  was  conducted  using  a  Simple  ChIP  Plus  Enzymatic
Chromatin  IP  Kit  (9005,  Cell  Signaling  Technology,  USA),
following  the  manufacturer’s  instructions.  In  brief,  cells  were
exposed to 1% formaldehyde at room temperature for 10 min
to  cross-link  chromatin,  with  the  reaction  stopped  by  the
addition  of  glycine.  After  the  samples  were  collected  and
chromatin  was  enzymatically  fragmented  using  the  provided
mixed  buffer.  Agarose  gel  electrophoresis  verified  that  the
chromatin  fragments  fell  within  the  150–900  bp  range.
Fragmented  chromatin  was  subsequently  subjected  to  ChIP
using  a  YAP1  antibody  (14074,  Cell  Signaling  Technology,
USA,  14074,  10  µg/tube)  and  IgG  (included  in  the  kit,
2  µg/tube).  Precipitated  DNA  samples  were  quantified  using
quantitative real-time PCR (qPCR), with results expressed as
a percentage of input DNA. 

Luciferase assay
Using  the  2  000  bp  upstream region  of  the  CCND1  gene  as
the promoter sequence from NCBI, YAP1 binding sites on the
CCND1  promoter  were  predicted  using  the  JASPAR
database  (http://jaspar.binf.ku.dk/cgi-bin/jasparˍdb.pl)  and
corresponding  binding  primers  were  designed  accordingly
(Supplementary Table S6). A recombinant plasmid containing
the  CCND1  luciferase  reporter  gene  was  subsequently
constructed  using  the  psiCHECK-2  vector.  The  CCND1
promoter  region  (upstream  2  000  bp)  was  divided  into  three
segments  based on  predicted  binding  sites:  (-579-1),  (-1458-
579), and (-2000-1458). Recombinant plasmids psiCHECK-2-
pCCND1,  psiCHECK-2-(pCCND1-579-1),  psiCHECK-2-
(pCCND1-1458-579), and psiCHECK-2-(pCCND1-2000-1458)
were  then  generated.  Luciferase  reporter  gene  activity  was
then  measured  using  the  Dual-Luciferase  Reporter  Assay
System  and  a  luminometer  (Thermo,  USA),  following  the
manufacturer’s instructions. 

Coimmunoprecipitation detection
The  bPMSCs  were  prepared  by  adding  prechilled  IP
lysis/wash buffer, followed by incubation on ice for 5 min. Cells
were  then  collected,  sonicated,  and  centrifuged  at  4°C  and
13 000 ×g  for 10 min. The resulting supernatant was used to
determine  protein  concentration.  Immunoprecipitation  was
conducted using a Pierce Co-Immunoprecipitation (Co-IP)  Kit
(26149,  Thermo,  USA)  according  to  the  manufacturer’s
instructions.  Antibodies  were  incubated  with  the  resin  and
covalently  crosslinked.  The  antibody-conjugated  resin  was
then  incubated  with  200  μL  of  bPMSC  protein  lysate  at  4°C
overnight.  After  washing,  the  antibody-bound  protein
complexes  were  eluted,  and  protein  blot  analysis  was
performed as described previously. 

Quantification and statistical analysis
All  values  are  expressed  as  means  ±  standard  error  of  the
mean  (SEM).  GraphPad  Prism  v.8  was  used  to  analyze  the
significance of  differences,  with one-way analysis  of  variance
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(ANOVA) used for  multiple group comparisons and Student’s
t-test  used  for  two-group  comparisons.  P-values  less  than
0.05  were  considered  statistically  significant  (*:  P<0.05;  **:
P<0.01; ***: P<0.001, or as indicated in the figure legends). All
experiments were repeated three times for both technical and
biological replicates. 

RESULTS
 

Abnormal  placental  tissue  and  placental  RNA-seq
analysis in SCNT cattle
Comparative  analysis  of  cloned  and  CON  cattle  during
gestation and the perinatal  period revealed that  cloned cattle
experienced  prolonged  gestation  periods,  increased
abdominal  circumferences  during  the  perinatal  period,  and
significantly  higher  birth  weights  of  SCNT  calves
(Supplementary  Figure  S1A–F).  Postpartum  assessment  of
placental  cotyledons  demonstrated  a  significant  reduction  in
cotyledon number in SCNT cattle (P<0.05), accompanied by a
marked  increase  in  cotyledon  length  and  width  (P<0.001)
(Figure  1A–D;  Supplementary  Figure  S1C).  Histological
examination  indicated  substantial  changes,  including  a
significant increase in binucleate trophoblast giant cells within
SCNT  placental  tissue,  disordered  arrangement  of  uterine
epithelial cells (UE), and a significant increase in interstitial villi
within the chorionic  membrane (Figure 1E,  F;  Supplementary
Figure  S1G).  To  investigate  the  underlying  molecular
mechanisms  contributing  to  placental  enlargement  in  SCNT
cattle,  RNA-seq  was  performed  on  SCNT  placental  tissue,
identifying many DEGs.  These DEGs were primarily  involved
in  biological  functions  such  as  cell  morphogenesis,  cell
motility,  cell  migration,  cell  localization,  cellular  stress
response,  cell  cycle,  and  cytoskeletal  organization
(Supplementary  Figure  S1H,  I).  These  genes  were  also
significantly  enriched  in  the  PI3K-AKT  and  Hippo  pathways
(Figure  1G),  suggesting  a  potential  link  between  placental
overgrowth in cloned cattle and dysregulated gene expression
within these pathways.  Focusing on genes with co-regulatory
roles  in  both  the  PI3K-AKT  and  Hippo  pathways,  further
analysis  identified  three  genes  with  significant  differential
expression, including cyclin D1 (Ccnd1),  protein phosphatase
2  regulatory  subunit  B  (Ppp2r2b),  and  fibroblast  growth
factor  1  (Fgf1),  with  Ccnd1  exhibiting  the  most  pronounced
expression change (Figure 1H–J; Supplementary Figure S1J,
K). 

Colocalized  expression  regulation  analysis  of Yap1 and
CCND1 in SCNT and CON cattle placental tissues
To  explore  the  regulatory  mechanisms  behind  placental
enlargement in SCNT cattle, bPMSCs were isolated from both
SCNT and CON cattle for experimental analysis. The isolated
bPMSCs exhibited a spindle-like elongated morphology and a
whirlpool-like  growth  pattern  (Supplementary  Figure  S2A).
Surface  marker  profiling  confirmed  these  cells  were  positive
for  CD29,  CD44,  CD90,  and  CD105  but  negative  for  the
hematopoietic stem cell  marker CD34 (Supplementary Figure
S2B). Furthermore, these bPMSCs successfully differentiated
into  osteogenic  and  adipogenic  lineages  in  vitro
(Supplementary  Figure  S2C,  D),  validating  their  suitability  for
further experimental research.
Given the significant enrichment of the Hippo and PI3K-AKT

signaling pathways observed in the RNA-seq data from SCNT
placental tissues, further research was conducted on two key

regulatory  factors  within  these  pathways,  Yap1  and  Ccnd1.
The  Hippo  pathway  is  known  to  influence  organ  size  and
volume,  while  CCND1  plays  a  critical  role  in  cell  cycle
regulation  (Cheraghi  et al.,  2015;  Heallen  et al.,  2011).
Immunofluorescence  analysis  demonstrated  colocalization  of
Yap1  and  CCND1  in  SCNT  and  CON  placental  tissues
(Figure  2A),  bPMSCs  (Figure  2C),  and  preimplantation
blastocysts  (Figure  2E),  with  higher  immunofluorescence
intensities  for  YAP1  and  CCND1  in  the  SCNT  groups
(Figure  2B,  D,  F).  Immunohistochemical  analyses  further
corroborated  these  findings,  showing  significantly  elevated
YAP1  and  CCND1  protein  levels  in  SCNT  placental  tissues
compared to the CON group (Supplementary Figure S3A, B).
RT-qPCR analysis confirmed that Yap1 and Ccnd1 expression
levels  in  SCNT  placental  tissues,  bPMSCs,  and
preimplantation  blastocysts  were  significantly  higher  than  in
the  CON group  (Supplementary  Figure  S3C‒E).  Additionally,
stage-specific  Immunofluorescence  of  YAP1  during
preimplantation  embryo  development  revealed  prominent
nuclear  expression.  Specifically,  YAP1  expression  was
significantly elevated at the 8-cell stage compared to the CON
group  and  further  increased  at  the  16-cell  and  blastocyst
stages  (Supplementary  Figure  S3F,  G).  These  results
demonstrate  that  YAP1 and CCND1 are expressed at  higher
levels  in  the  placental  tissues,  bPMSCs,  and  preimplantation
embryos of the SCNT group compared to the CON group, with
these  expression  differences  emerging  in  the  early
developmental stages of the cloned embryos. 

Elevated YAP1 and CCND1 expression in  SCNT bPMSCs
and cell proliferation and cell cycle regulation
The  above  findings  demonstrated  that  YAP1  and  CCND1
exhibit  colocalized  expression  patterns  in  tissues,  bPMSCs,
and embryos. Given that YAP1 regulates cell proliferation and
cell  cycle  progression,  impacting  organ  size  (Heallen  et al.,
2011),  we  further  investigated  whether  YAP1  regulates
CCND1  and  subsequently  affects  cell  proliferation  in  SCNT-
derived  bPMSCs,  potentially  contributing  to  abnormal
placental development in cloned cattle.
Fluorescence  EdU  analysis  revealed  a  significantly  higher

proportion  of  newly  synthesized  DNA  in  SCNT  bPMSCs
compared  to  CON  bPMSCs  (P<0.01),  indicating  a  markedly
enhanced proliferative capacity in the SCNT group (Figure 3A,
B).  Cell  cycle  analysis  showed  a  significant  reduction  in  the
proportion  of  SCNT  bPMSCs  in  the  G0/G1  phase  and  a
corresponding  increase  in  the  S-phase  population  relative  to
CON  bPMSCs  (Figure  3C;  Supplementary  Figure  S4A).  To
further  assess  proliferation  dynamics,  CCK-8  assays  were
conducted  at  0,  24,  48,  72,  96,  and  120  h.  At  24  h,  no
significant difference was observed between SCNT and CON
bPMSCs  (P>0.05);  however,  SCNT  bPMSCs  displayed
significantly enhanced proliferation at 48–72 h (P<0.05) and at
96–120  h  (P<0.01)  (Figure  3D).  Collectively,  these  findings
suggest  that  SCNT  bPMSCs  exhibit  accelerated  cell  division
and proliferative capacity.
Previous research has shown that  the YAP1 protein,  when

dephosphorylated,  is  translocated  into  the  nucleus,  where  it
activates the transcription of downstream target genes, driving
cell growth, proliferation, differentiation, and migration (Mizuno
et al., 2012). To investigate YAP1 signaling in SCNT and CON
bPMSCs  and  placental  tissues,  we  analyzed  the  distribution
and phosphorylation status of YAP1 in both the cytoplasm and
nucleus. Western blot analysis revealed a significant increase
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Figure 1  Morphological analysis of placental tissues and RNA-seq transcriptome of cloned and control (CON) cattle

A: Morphological size and distribution of placental cotyledons in SCNT and CON groups. B: Statistical analysis of number of placental cotyledons in
SCNT and CON groups. C: Comparison of cotyledon length between SCNT and CON groups. D: Comparison of cotyledon width between SCNT
and CON groups.  E:  Statistical  analysis of  number of  binucleated cells  in SCNT and CON bovine placentas.  F:  Histological  staining of  chorionic
membrane structure  in  SCNT and CON bovine placentas  (H&E staining,  TE,  trophoblast  epithelium;  ME,  mesenchyme;  arrows,  binucleate  giant
cells); Scale bars: 100 μm. G: KEGG enrichment analysis of DEGs in placental tissues of SCNT and CON groups. H: Significant DEGs involved in
PI3K-AKT and Hippo signaling pathways in  placental  tissues of  SCNT and CON groups.  I:  Selection of  significant  DEGs commonly regulated in
PI3K-AKT and Hippo signaling pathways in placental tissues of SCNT and CON groups. J: Cluster analysis of CCND1, PPP2R2B, and FGF1 genes
in placental tissues of SCNT and CON groups. Graphs show mean±SEM, data are representative of three independent experiments. “PvH” refers to
DEGs within PI3K-Akt and Hippo signaling pathways. *: P<0.05; **: P<0.01; ***: P<0.001; ns: Not significant.
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in  YAP1  and  CCND1  protein  expression  in  SCNT  bPMSCs
(P<0.001). Nuclear YAP1 (Nuc-YAP1) and cytoplasmic YAP1
(Cyto-YAP1) levels in SCNT bPMSCs were significantly higher
than those in  the CON group (P<0.05),  while  phosphorylated
YAP1 at serine 127 (P-YAP1-S127) and serine 397 (P-YAP1-
S397)  was  significantly  lower  (Figure  3E,  F).  These  findings
were  validated  in  placental  tissue,  which  showed  consistent
expression trends at  the cellular  level  (Supplementary  Figure
S4B,  C).  These  results  indicate  that  YAP1  levels  are
significantly  higher  in  SCNT bPMSCs than in  CON bPMSCs,
with  reduced  phosphorylation,  suggesting  increased  nuclear
localization and functional activity of YAP1. The expression of
CCND1  in  SCNT  bPMSCs  showed  a  similar  trend  to  that  of
YAP1,  further  suggesting  a  positive  regulatory  relationship
between YAP1 and CCND1 in these cells.
To further explore the mechanisms driving cell proliferation,

we  examined  cyclin-dependent  kinases  (CDKs),  cell  cycle
inhibitory genes, and proliferation markers known to influence
this  process.  CCND1,  as  a  regulatory  subunit,  forms
complexes with CDK4 or CDK6 (Aggarwal et al., 2010). These
cyclin-dependent kinases are indispensable for G1 to S phase
transition. CCND1 is also recognized as an oncogene, and its
overexpression can lead to  uncontrolled cell  proliferation and
malignancy (Wang et al., 2006; Zhong et al., 2010). Here, RT-
qPCR  and  western  blot  analyses  confirmed  significant  up-
regulation  of  cell  proliferation-related  proteins,  including
CDK4, CDK6, proliferating cell  nuclear antigen (PCNA), MYC
proto-oncogene, Bhlh transcription factor (C-MYC), and Ki-67
(Ki67)  in  the  SCNT  group.  Conversely,  the  expression  of
cyclin-inhibiting  genes,  such  as  cyclin-dependent  kinase
inhibitor  2A  (CDKN2A),  CDKN2B,  and  CDKN2C,  was
significantly down-regulated in the SCNT group (Figure 3G‒I).

 

Figure 2  Detection of YAP1 and CCND1 expression levels in placental tissues, bPMSCs, and blastocyst-stage embryos of SCNT and IVF
groups

A:  Immunofluorescence  (IF)  detection  of  YAP1 and  CCND1 protein  expression  in  SCNT and  CON placental  tissues;  Scale  bars:  100  μm.  B:  IF
relative intensity analysis of YAP1 and CCND1 in SCNT and CON placental tissues. C: IF detection of YAP1 and CCND1 expression in bPMSCs of
SCNT and CON groups; Scale bars: 200 μm. D: IF relative intensity analysis of YAP1 and CCND1 in bPMSCs of SCNT and CON groups. E: IF
detection of YAP1 and CCND1 expression in SCNT and IVF blastocysts; inner cell mass (ICM) region of blastocysts is marked with a white circle.
Scale  bars:  50  μm.  F:  IF  relative  intensity  analysis  of  YAP1  and  CCND1  in  SCNT  and  IVF  blastocysts.  Graphs  show  mean±SEM,  data  are
representative of three independent experiments. *: P<0.05; **: P<0.01; ***: P<0.001.
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In  summary,  SCNT  bPMSCs  presented  enhanced  DNA
synthesis,  accelerated  cell  cycle  progression,  and  increased
expression  of  CCND1-associated  cyclin-dependent  kinases
and proliferation-related genes compared to CON bPMSCs. 

Regulation  of  YAP1  gene  expression  affects  bPMSC
proliferation
In light of the colocalization relationship between CCND1 and
YAP1,  we  further  investigated  whether  YAP1  regulates  the
proliferation  of  bPMSCs  in  cloned  cattle  and  its  potential
interaction  with  CCND1.  Overexpression  and  knockdown
vectors  for  YAP1  were  first  constructed  and  transfected  into
SCNT and CON bPMSCs, establishing YAP1-overexpressing
(CONOE-YAP1) and YAP1-knockdown (CONsh-YAP1, SCNTsh-YAP1)
bPMSCs  for  subsequent  validation  studies  (Supplementary
Figure  S5A,  B).  Western  blot  and  qPCR  analyses  confirmed
successful  YAP1  transfection  in  bPMSCs,  showing  a
significant  increase  in  YAP1  mRNA  and  protein  expression
levels  in  both  the nucleus and cytoplasm of  CONOE-YAP1 cells

(Supplementary  Figure  S5C–F).  Furthermore,  four  YAP1-
targeted  shRNAs  were  designed,  and  the  lentiviral-mediated
plasmid  pLKO.1-copGFP-shYAP1  was  transfected  into
SCNT/CON  bPMSCs.  Of  these,  shYAP1-4  exhibited  the
highest  efficiency  in  inhibiting  YAP1  mRNA  and  protein
expression,  allowing  the  selection  of  stably  transfected
SCNTsh-YAP1 and CONsh-YAP1 cell lines via puromycin treatment.
Additionally, the application of the YAP1 inhibitor verteporfin in
SCNT  bPMSCs  restored  YAP1  expression  to  levels
comparable  to  those  in  the  CON  group  (Supplementary
Figure S5C–E).
The  proliferation  capacities  of  SCNTsh-YAP1,  SCNTVerteporfin,

CONOE-YAP1,  CONsh-YAP1,  and  CONVerteporfin  bPMSCs  were
assessed and compared to CON and SCNT bPMSCs. Results
indicated that the proportion of newly synthesized DNA to total
DNA in CONOE-YAP1 bPMSCs was significantly higher than that
in  CON  bPMSCs  and  similar  to  the  level  observed  in  SCNT
bPMSCs.  In  contrast,  the  proportion  of  newly  synthesized

 

Figure 3  Proliferation analysis of bPMSCs and expression analysis of cell cycle-related genes in SCNT and CON groups

A: EdU proliferation assay of  SCNT and CON bPMSCs. Scale bars:  200 μm. B:  Statistical  analysis of  EdU proliferation data in SCNT and CON
bPMSCs. C: Cell cycle distribution analysis of SCNT and CON bPMSCs. D: Proliferation assay of SCNT and CON bPMSCs at 0, 24, 48, 72, 96,
and 120 h by CCK-8 assay, respectively. E: Western blot analysis of CCND1, YAP1, and phosphorylated YAP1 protein levels in SCNT and CON
bPMSCs,  respectively.  F:  Grayscale  analysis  of  CCND1,  YAP1,  and  phosphorylated  YAP1  proteins  in  SCNT  and  CON  bPMSCs.  G:  RT-qPCR
analysis of mRNA expression levels of cell cycle-related genes (Ccnd1, Cdk4, Cdk6, Cdkn2a, Cdkn2b, Cdkn2c, Myc, Pcna, and Ki67) in SCNT and
CON bPMSCs.  H:  Western  blot  analysis  of  protein  expression  levels  of  cell  cycle-related  proteins  (CCND1,  CDK4,  CDK6,  CDKN2A,  CDKN2B,
CDKN2C, MYC, PCNA, and KI67) in SCNT and CON bPMSCs. I:  Grayscale analysis of  cell  cycle-related proteins in SCNT and CON bPMSCs.
Graphs show mean±SEM, data are representative of three independent experiments. *: P<0.05; **: P<0.01; ***: P<0.001; ns: Not significant.
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DNA  to  total  DNA  in  CONsh-YAP1  and  CONVerteporfin  bPMSCs
was  significantly  lower  than  in  CON  bPMSCs.  Additionally,
the  proportion  of  newly  synthesized  DNA  to  total  DNA  in
SCNTsh-YAP1  and  SCNTVerteporfin  bPMSCs  was  significantly
lower  than  that  in  SCNT  bPMSCs  and  similar  to  the  levels
observed in CON bPMSCs (Figure 4A, B). Further proliferation
assays  over  24,  48,  72,  96,  and  120  h  revealed  that  the
CONOE-YAP1  bPMSCs  displayed  a  significantly  enhanced
proliferative  capacity  compared  to  CON  bPMSCs,  similar  to
that  of  SCNT  bPMSCs.  Conversely,  both  CONsh-YAP1  and
CONVerteporfin  bPMSCs  demonstrated  significantly  lower
proliferative  capacity  than  that  of  CON  (Figure  4C).
Additionally,  the  proliferative  capacity  of  SCNTsh-YAP1  and
SCNTVerteporfin  bPMSCs  was  significantly  lower  than  that  of
SCNT  bPMSCs  and  similar  to  that  of  CON  bPMSCs
(Figure  4C).  RT-qPCR  analysis  of  cell  cycle  and  cell
proliferation-related  gene  expression  in  CONOE-YAP1  bPMSCs
revealed up-regulation of Ccnd1, Cdk4, Cdk6, Myc, Pcna, and
Ki67  to  levels  comparable  to  those  in  SCNT  bPMSCs.
Simultaneously,  the  expression  levels  of  Cdkn2a,  Cdkn2b,
and Cdkn2c were reduced (Supplementary Figure S5G).
Cell  cycle  analysis  revealed  that  the  proportion  of  CONOE-

YAP1 bPMSCs in the G0/G1 phase was significantly lower than
that  of  CON  bPMSCs,  while  the  proportion  of  cells  in  the  S
phase  was  significantly  higher,  similar  to  the  distribution
observed  in  SCNT  bPMSCs.  Conversely,  the  proportion  of
cells  in  the  G0/G1  phase  in  CONsh-YAP1  and  CONVerteporfin

bPMSCs was significantly  higher  than  that  in  CON bPMSCs,
while  the  proportion  of  cells  in  the  S  phase  was  significantly
lower.  In  SCNTsh-YAP1  and  SCNTVerteporfin  bPMSCs,  the
proportion of cells in the G0/G1 phase was significantly higher
than that in SCNT bPMSCs, while the proportion of cells in the
S  phase  was  significantly  lower,  similar  to  the  distribution
observed  in  CON  bPMSCs  (Figure  4D;  Supplementary
Figure S6). 

YAP1-mediated  regulation  of  CCND1  expression  in
bPMSCs
Considering  the  proliferative  effect  of  YAP1  overexpression
and the inhibitory effect of YAP1 knockdown on bPMSCs, we
conducted  RT-qPCR  and  western  blot  analyses  to  further
confirm  the  impact  of  YAP1  expression  changes  on  CCND1
expression. In CON, CONOE-YAP1, CONsh-YAP1, and CONVerteporfin

bPMSCs,  YAP1  and  CCND1  mRNA  and  protein  expression
levels  followed  a  similar  expression  pattern  (Figure  5A–C).
However,  YAP1  knockdown  in  SCNT  bPMSCs  led  to  a
significant  down-regulation  in  CCND1  expression,  similar  to
the  levels  observed  in  CON  bPMSCs  (Figure  5D–F).  These
findings  indicate  that  YAP1  positively  regulates  CCND1
expression in bPMSCs.
To  further  validate  the  specific  regulatory  relationship

between  YAP1  and  CCND1,  Co-IP,  luciferase,  and  ChIP-
qPCR  assays  were  conducted.  The  Co-IP  results
demonstrated  co-expression  of  YAP1  and  CCND1  protein  in
bPMSCs  (Input).  In  control  assays  using  IgG,  neither  YAP1
nor CCND1 was precipitated, indicating that these proteins did
not  bind  to  IgG.  However,  immunoprecipitation  targeting  the
YAP1  protein  successfully  precipitated  CCND1  (Figure  5G),
and  vice  versa  (Figure  5H),  indicating  a  direct  interaction
between YAP1 and CCND1 proteins.
The  impact  of  Yap1  on  Ccnd1  promoter  activity  was

assessed  using  a  dual-luciferase  reporter  system,  with  the
Ccnd1  promoter  inserted  into  the  psiCHECK-2  vector.  SCNT

bPMSCs with elevated Yap1 expression exhibited significantly
increased  activity  of  the  psiCHECK-2-pCCND1  and
psiCHECK-2-(pCCND1-1458-579)  promoters,  with  the
psiCHECK-2-(pCCND1-579-1)  promoter  showing  a  marked
increase.  However,  no  significant  activity  change  was
observed  with  the  psiCHECK-2-(pCCND1-2000-1458)
promoter.  In  SCNT  bPMSCs,  Ccnd1  promoter  activity  was
significantly  increased,  indicating  that  YAP1 has  a  promoting
effect  on  the  Ccnd1  promoter  (Figure  5I).  These  findings
suggest that YAP1 promotes Ccnd1 expression by binding to
the proximal promoter (pCCND1-579-1). ChIP-qPCR analysis
confirmed  increased  YAP1  binding  to  the Ccnd1  promoter  in
SCNT  bPMSCs  with  elevated  YAP1  expression  (Figure  5J).
These  results  indicate  that  YAP1  up-regulates  Ccnd1
expression by binding directly to its proximal promoter. 

YAP1  promotes  G0/G1-S  transition  in  bPMSCs  via  the
CCND1-CDK6 pathway
To  further  investigate  the  mechanism  by  which  YAP1
promotes  SCNT  bPMSC  proliferation  through  CCND1  up-
regulation,  we  exposed  SCNT  bPMSCs  to  the  CDK4/CDK6
inhibitor  BSJ-03-204 (inhibitory concentrations of  26.9 nmol/L
for  CDK4/CCND1  and  10.4  nmol/L  for  CDK6/CCND1)  and
assessed their cell proliferative capacity. Western blot and RT-
qPCR  analyses  demonstrated  that  YAP1  overexpression  in
the CON group led to increased CDK4 and CDK6 expression
(Figure 6A‒C). Furthermore, inhibition of CDK6 (SCNT-CDK6)
significantly  reduced  the  proportion  of  S-phase  cells  among
SCNT bPMSCs, resulting in proliferation levels similar to those
observed in CON bPMSCs. Inhibition of CDK4 (SCNT-CDK4)
also  reduced  the  proportion  of  S-phase  cells,  although  the
effect was less pronounced than that of CDK6 (Figure 6D–F).
These findings indicate that  YAP1 drives the G0/G1-S phase
transition  in  SCNT  bPMSCs  predominantly  via  the  CCND1-
CDK6 pathway. 

DISCUSSION

SCNT  has  emerged  as  a  valuable  and  promising  tool  with
significant  implications  for  agricultural  and  medical
applications.  Advances  in  SCNT  and  related  biotechnology
have  played  a  critical  role  in  germplasm  conservation,
maintaining  genetic  diversity  and  enhancing  adaptability  in
agricultural  species.  Despite  the  potential  benefits  offered  by
assisted  reproductive  technologies  in  cattle,  pregnancies
derived  from  cloning  technologies  present  numerous
challenges,  including  abnormal  placental  phenotypes  and
health  issues  in  newborns  and  surrogate  mothers.
Furthermore,  the  reproductive  efficiency  of  SCNT  remains
suboptimal,  with  success  rates  consistently  below  5%,
compounded  by  low  pregnancy  rates,  high  incidences  of
pregnancy  loss,  and  a  multitude  of  fetal  and  placental
abnormalities  (Arnold  et al.,  2008;  Matoba  &  Zhang,  2018;
Yang et al.,  2007). In SCNT mouse models, placental tissues
exhibit pronounced trophoblast layer expansion, accompanied
by  destruction  of  the  labyrinth  layer,  trophoblast  cell
hypertrophy, and abnormal increase in glycogen cell  number,
ultimately  resulting  in  the  abnormal  proliferation  of  placental
tissue  (Wakisaka-Saito  et al.,  2006;  Whitworth  &  Prather,
2010). Similarly, morphological analyses of SCNT-derived pig
placentas  have  highlighted  severe  abnormalities,  including
reduced  columnar  epithelial  cells,  decreased  placental  villi
density,  underdeveloped  nutritive  layer  cells,  impaired
vascularization,  and  reduced  placental  weight  (Chae  et al.,
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2006;  Lee  et al.,  2007;  Park  et al.,  2009).  In  SCNT-derived
cattle,  placental  abnormalities  are  also  present  and
widespread.  Notably,  over  50%  of  pregnancies  result  in
miscarriage  during  the  first  trimester  (Hill  et al.,  2000).
Furthermore,  early-stage  pregnancies  frequently  exhibit
reduced  placental  cotyledons,  increased  placental  dysplasia,
and  reduced  vascularization  (Hill,  2014).  Between  days  30
and  90  of  gestation,  SCNT-derived  bovine  placentas  often
show  abnormal  villous  epithelium  development,  allantoic
dysplasia,  and  vascular  defects,  leading  to  a  decrease  in
cotyledon number (Biase et al.,  2016; Chavatte-Palmer et al.,
2006). Between days 100 and 150, cotyledon count in cloned
bovine  placentas  decreases  further,  while  uterine  caruncle
weight  increases  significantly  (Chavatte-Palmer  et al.,  2006).

In  addition,  crypt  expansion  on  the  caruncle  surface
aggregates  individual  villi  into  composite  structures,  further
exacerbating placental abnormalities (Miglino et al., 2007).
In  this  study,  SCNT  cattle  exhibited  significantly  prolonged

gestation  periods  and  markedly  increased  abdominal
circumference  during  the  perinatal  period.  Birth  weights  of
SCNT calves were significantly higher than those in the CON
group. Additionally, morphological analysis of SCNT placentas
revealed  a  substantial  reduction  in  the  number  of  cotyledons
(>2  cm),  accompanied  by  a  significant  increase  in  cotyledon
length  and  width.  Histological  assessment  of  placental  tissue
identified  several  abnormalities,  including  a  significant
increase  in  binucleate  giant  cells,  disordered  arrangement  of
cuboidal uterine epithelial cells, and a pronounced increase in

 

Figure 4  YAP1 promotes bPMSC proliferation

A:  Proliferative  capacity  assay  of  different  YAP1  overexpression  and  YAP1  gene  knockout  bPMSC  groups  by  EdU.  Scale  bars:  200  μm.  B:
Statistical analysis of proliferation detected by EdU assay in bPMSCs with YAP1 overexpression and YAP1 gene knockout. C: Proliferation assay of
different  YAP1  overexpression  and  YAP1  gene  knockout  bPMSC  groups  by  CCK-8  method  at  0,  24,  48,  72,  96,  and  120  h,  respectively.  D:
Statistical analysis of cell cycle distribution in different YAP1 overexpression and YAP1 gene knockout bPMSCs groups. sh-YAP1 and verteporfin
represent  down-regulation  of  YAP1  expression,  while  OE-YAP1  represents  overexpression  of  YAP1.Graphs  show  mean±SEM,  data  are
representative of three independent experiments. Same letters indicate no significant differences (P>0.05), and different letters indicate significant
differences (P<0.05).
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cotyledon  interstitial  villi.  Cattle  and  other  ruminants  possess
cotyledonary  placentas,  wherein  placental  functionality
depends  on  the  proper  formation  and  arrangement  of
cotyledons and uterine caruncles. During SCNT pregnancies,
the  number  of  placental  cotyledons  is  significantly  reduced,
alongside  a  noticeable  enlargement  of  uterine  caruncles
(Fletcher  et al.,  2007;  Young  et al.,  1998).  This  reduction  in
placental  cotyledons,  coupled  with  caruncular  hypertrophy,
likely  reflects  compromised  placental  function,  which  may
contribute  to  developmental  abnormalities  in  cloned  fetuses
(Fletcher  et al.,  2007;  Young  et al.,  1998).  The  increase  in
binucleate giant cells in SCNT placentas likely results from an

increase  in  the  number  of  trophoblast  cells  from  the  fetal-
nourishing  outer  layer  and  maternal  uterine  epithelial  cells,
leading  to  placental  enlargement,  thickening,  and  a
characteristic  fist-like  morphology  (Lee  et al.,  2004;  Ravelich
et al., 2006). The disordered arrangement of uterine epithelial
cells in SCNT-derived cattle may disrupt metabolic processes,
impairing placental function (Constant et al., 2006; Pool et al.,
2019).  Mesenchymal  tissue,  a key regulator  of  organ-specific
morphogenesis,  exhibits  marked  alterations  in  SCNT  cattle
(Constant  et al.,  2006;  Pool  et al.,  2019).  Specifically,  the
significant  increase  in  chorionic  interstitial  villi  suggests
potential  stromal  regulatory  mechanisms  contributing  to

 

Figure 5  Regulatory role of YAP1 and CCND1 in bPMSCs

A: Western blot analysis of CCND1 protein expression in CON bPMSCs with YAP1 gene overexpression or knockout. B: Quantitative analysis of
CCND1 protein expression in CON bPMSCs using densitometry (gray intensity analysis). C: RT-qPCR detection of CCND1 mRNA expression in
CON bPMSCs with YAP1 gene overexpression or knockout. D: Western blot analysis of CCND1 protein expression in bPMSCs with YAP1 gene
overexpression  or  knockout.  E:  Quantitative  analysis  of  CCND1  protein  expression  in  bPMSCs  by  densitometry.  F:  qPCR  detection  of CCND1
mRNA  expression  in  bPMSCs  with  YAP1  gene  overexpression  or  knockout.  G:  Immunoprecipitation  of  YAP1  protein  in  bPMSCs.  H:
Immunoprecipitation  of  CCND1 protein  in  bPMSCs.  I:  Dual-luciferase reporter  assay  to  validate  promoting  effects  of  YAP1 on CCND1 promoter
activity.  J:  Chromatin  immunoprecipitation  (ChIP)  verification  of  YAP1  binding  to  CCND1  promoter.  sh-YAP1  and  verteporfin  represent  down-
regulation  of  YAP1 expression,  while  OE-YAP1 represents  overexpression  of  YAP1.  Graphs  show mean±SEM,  data  are  representative  of  three
independent experiments. Different significance levels are indicated by asterisks (*: P<0.05; **: P<0.01; ***: P<0.001; ns: Not significant).
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placental  hypertrophy  (Constant  et al.,  2006;  Pool  et al.,
2019). Placental overgrowth may precede and potentially drive
fetal  overgrowth,  suggesting  that  fetal  overgrowth  may  arise
as  a  consequence  rather  than  a  cause  of  placental
hypertrophy.  Overall,  these  findings  indicate  that  SCNT
placental  tissues  in  cattle  exhibit  pronounced  abnormalities
characteristic of  large offspring syndrome and large placental
syndrome.  These  abnormalities  are  closely  associated  with
disrupted placental structure and function, potentially driven by
metabolic dysregulation and aberrant cell signaling.

Previous studies have identified multiple factors contributing
to placental hypertrophy in SCNT animals, including abnormal
imprinting  gene  expression,  dysregulated  hormone secretion,
epigenetic  modifications,  RNA  dysregulation,  and  abnormal
signal  regulation.  Abnormal  gene expression during placental
development  has  been  highlighted  as  a  major  driver  of
pathological  changes  in  cloned placentas  (Inoue et al.,  2002;
Rivera,  2021).  Everts  et al.  (2008)  reported  that  DEGs in  the
developing  placenta  of  SCNT  bovines  are  enriched  in  cell
cycle  regulation  and  apoptosis.  Similarly,  Salilew-Wondim

 

Figure 6  YAP1 promoted G0/G1-S transition of bPMSCs through CCND1-CDK6 pathway

A: Western blot analysis of CDK4 and CDK6 protein expression in bPMSCs with YAP1 gene overexpression or knockout. B: Quantitative analysis of
CDK4 and CDK6 protein expression in bPMSCs by densitometry. C: RT-qPCR detection of CDK4 and CDK6 mRNA expression in bPMSCs with
YAP1 gene overexpression or knockout. D: Proliferation assessment of bPMSCs treated with BSJ-03-204 (CDK4 26.9 nmol/L, CDK6 10.4 nmol/L)
at 0, 24, 48, 72, 96, and 120 h by CCK-8 method. E: EdU proliferation assay of bPMSCs. F: Cell cycle analysis of bPMSCs. sh-YAP1 represents
down-regulation  of  YAP1 expression,  while  OE-YAP1 represents  overexpression  of  YAP1.  Graphs show mean±SEM,  data  are  representative  of
three independent experiments. Significance levels are indicated by asterisks (*: P<0.05; **: P<0.01; ***: P<0.001; ns: Not significant). Different letters
denote significant differences (P<0.05) between groups.
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et al. (2013) identified 58 DEGs through microarray analysis of
placentas from IVF,  SCNT,  and artificially  inseminated cattle,
showing  enrichment  in  organ  development;  extracellular
structure, matrix tissue, and the development, regulation, and
maintenance  of  blood  vessels  and  the  vascular  system.  The
molecular mechanisms underlying placental development and
function are highly complex and involve many interconnected
regulatory  pathways.  In  the  placenta  of  SCNT  cattle,
disruptions  have  been  observed  in  extracellular  matrix  and
adhesion,  immune-related  signaling  pathways,  and  nutrient
transport-related  pathways  (Ledgard  et al.,  2009).  In  our
previous  research,  multi-omics  analyses  suggested  that
placental hypertrophy in SCNT cattle may be associated with
abnormalities  in  urea  and  ion  transmembrane  transport
signaling  pathways  (Gao  et al.,  2019).  These  disruptions  in
regulatory  networks  profoundly  affect  placental  development
and  formation,  potentially  leading  to  fetal  malformation  or
miscarriage. Excessive placental proliferation has emerged as
a  crucial  factor  contributing  to  the  functional  abnormalities
observed  in  cloned  placentas.  In  this  study,  transcriptome
sequencing of SCNT and CON bovine placentas revealed that
DEGs  in  SCNT  placentas  were  predominantly  enriched  in
energy  metabolism,  growth  hormone  signaling,  cell
differentiation, cell cycle-related signaling pathways, as well as
the  Hippo  and  PI3K-Akt  signaling  pathways.  Among  the
DEGs, Ccnd1  was  identified  as  a  key  gene  involved  in  both
the  Hippo  and  PI3K-Akt  signaling  pathways.  The  Hippo
signaling  pathway  plays  a  vital  role  in  tissue  development,
regeneration, and stem cell maintenance. Its core component,
Yap1,  regulates  organ  size,  tissue  regeneration,  and  cell
proliferation  (Yu  et al.,  2015).  The  biological  functions  of  the
Hippo  signaling  pathway  closely  overlap  those  of  the  TGF-β
signaling pathway. In human placental tissues, Yap1 has been
shown to specifically bind to Smad7, facilitating its recruitment
to active TGFβRi and enhancing Smad7-mediated inhibition of
Smad3/4  transcription  (Mauviel  et al.,  2012).  Research  by
Hiemer et al. (2014) demonstrated that the nuclear localization
of  Yap1  varies  among  breast  cancer  cell  lines,  influencing
their  sensitivity  to  TGF-β-induced  growth  arrest.  The  Wnt
signaling pathway, which plays a central role in cell regulation,
stem cell  expansion,  and regeneration,  is  closely  linked to  β-
catenin  as  a  key  regulatory  factor  (Nusse  &  Clevers,  2017).
Yap1  can  directly  bind  to  β-catenin,  preventing  its  nuclear
translocation  and  thereby  inhibiting  Wnt  signaling  (Azzolin
et al.,  2014).  Deng  et al.  (2018)  further  confirmed  that
overexpression of Yap1 significantly increases the expression
of Wnt/β-Catenin target genes Lgr5 and cyclinD1. Additionally,
Yap1  mediates  the  regulatory  effects  of  both  Wnt/β-catenin
and  insulin-like  growth  factor  signaling  on  cardiomyocyte
proliferation  (Heallen  et al.,  2011).  Despite  these  insights,
studies specifically addressing the regulatory roles of YAP1 in
the placentas of SCNT animals are limited.
In  this  study,  PMSCs  were  isolated  from  both  cloned  and

CON  cattle.  Cell  proliferation  assays  demonstrated  a
significantly  greater  proliferative  capacity  in  SCNT-derived
bPMSCs compared to CON-derived bPMSCs, consistent with
previous  research  (Miglino  et al.,  2007).  In  addition,  YAP1
protein  expression  was  significantly  greater  in  SCNT
blastocysts, placental tissues, and PMSCs compared to CON
placental  tissues,  while  phosphorylated  YAP1  levels  were
markedly  reduced  in  SCNT  placental  tissues  and  PMSCs.
This  reduction  was  associated  with  a  significant  increase  in
functional  nuclear  YAP1  protein  in  SCNT  placental  tissues.

The Hippo signaling pathway is  known to  negatively  regulate
cell  proliferation  by  inhibiting  Yap1,  thereby  promoting  cell
differentiation and regulating organ size (Heallen et al.,  2011;
Zhang, 2015). Camargo et al. (2007) demonstrated that Yap1-
specific overexpression in the mouse liver results in a greater
than  4-fold  increase  in  liver  size,  while  termination  of  Yap1
overexpression  restores  the  liver  to  normal  size.  Conversely,
Yap1  deficiency  in  the  heart  impedes  cardiomyocyte
proliferation,  leading  to  incomplete  cardiac  development
(Gong  et al.,  2021;  Patel  et al.,  2017;  von  Gise  et al.,  2012;
Weiler et al., 2017). Our findings suggest that overactivation of
Yap1 may be a key factor influencing placental hypertrophy in
SCNT cattle. Previous studies have also shown that YAP1 can
induce  the  cell  cycle  regulatory  gene  Ccnd1,  linking  YAP1
activation  to  abnormal  cell  cycle  regulation.  Down-regulation
of  Yap1  has  been  shown  to  inhibit  bladder  cancer  cell
proliferation  and  induce  cell  cycle  arrest  in  the  G1  phase  by
reducing  the  expression  of  CCND1  and  other  G1  phase-
related molecules. Notably, this arrest can be reversed by the
up-regulation of Yap1 expression (Mizuno et al.,  2012; Wang
et al.,  2013;  Wu  et al.,  2019).  In  this  study,  YAP1
overexpression  in  SCNT  bPMSCs  was  accompanied  by  a
significant  reduction  in  phosphorylated  YAP1  levels,  while
CCND1 exhibited a parallel increase in expression. Given the
role  of  CCND1  in  regulating  cell  proliferation  and  promoting
G1/S  cell  cycle  progression,  SCNT  bPMSCs  demonstrated
enhanced DNA synthesis, accelerated cell  division, and rapid
cell cycle progression. Furthermore, cyclin-dependent kinases
and  cell  proliferation-related  genes  were  expressed  at
significantly higher levels in SCNT bPMSCs compared to CON
bPMSCs, indicating a markedly greater proliferative capacity.
To  explore  whether  the  enhanced  proliferation  of  bPMSCs

is  attributable  to  the  regulation  of  CCND1  by  YAP1,  these
findings  were  validated  using  YAP1  overexpression  and
knockdown  bPMSC  models.  Results  confirmed  that  YAP1
plays a pivotal role in regulating bPMSC proliferation. Deletion
of  the  YAP1  gene  significantly  reduced  the  proportion  of  S-
phase  cells,  resulting  in  proliferation  levels  similar  to  those
observed in CON bPMSCs. These findings suggest that YAP1
promotes  SCNT  bPMSC  proliferation  via  the  regulation  of
CCND1.  Co-IP,  luciferase,  and  ChIP  interaction  assays
revealed that YAP1 binds to the proximal promoter of CCND1
(pCCND1-579-1)  in  SCNT  bPMSCs,  thereby  promoting
CCND1  expression.  Additionally,  CCND1  forms  a  complex
with  CDK6,  facilitating  G1-S  cell  cycle  progression  in  SCNT
bPMSCs.  Within  the  cell,  the  activated  CCND1-CDK4/CDK6
complex  translocates  to  the  nucleus  and  promotes  the
transcription  of E2F  transcription  factors.  These  transcription
factors  regulate  genes  required  for  cell  proliferation,  driving
cells into the S phase. The expression of CCND1 peaks in the
late  G1  phase,  followed  by  its  nuclear  export  during  the  S
phase  and  subsequent  ubiquitination  and  degradation  (Chen
et al.,  2021; Wang  et al.,  2006;  Zhong  et al.,  2010).  Studies
have demonstrated that reducing YAP1 or inhibiting its nuclear
transport  in  breast  cancer  cells  significantly  reduces  CDK6
expression  and  restores  sensitivity  to  CDK4/6  inhibitors,
thereby  impacting  the  sensitivity  of  cancer  cells  to  CDK4/6
inhibitors  (Li  et al.,  2018b).  In  addition,  the  Hippo  signaling
pathway  plays  a  crucial  role  in  placental  development  by
promoting  cell  proliferation  and  maintaining  stemness
(Meinhardt  et al.,  2020).  However,  its  involvement  in  SCNT
bovine placental hypertrophy has not been fully characterized.
In  this  study,  we  demonstrated  that  YAP1  forms  a  complex
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with  CDK6  by  binding  to  the  CCND1  proximal  promoter
(pCCND1-579-1)  in  SCNT  placentas,  driving  G0/G1-S  cell
cycle  progression  in  SCNT  bPMSCs.  These  findings  provide
the  first  mechanistic  insights  into  the  role  of  the  Hippo
signaling  pathway  in  controlling  placental  cell  proliferation  in
SCNT  animals,  providing  a  foundation  for  understanding
placental development in cloned cattle and advancing somatic
cloning research. 

CONCLUSIONS

This  study  revealed  that  the  Hippo  signaling  pathway,
specifically  YAP1,  regulates  placental  hyperplasia  in  cloned
cattle  by  promoting  CCND1-CDK6 expression  and  facilitating
cell  cycle  progression.  Understanding  these  molecular
mechanisms  has  theoretical  and  practical  implications,
offering  a  potential  avenue  for  enhancing  cloning  efficiency
and advancing efforts in species conservation. 
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