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ABSTRACT

Regulatory  sequences  and  transposable  elements  (TEs)
account for a large proportion of the genomic sequences of
species;  however,  their  roles  in  gene  transcription,
especially  tissue-specific  expression,  remain  largely
unknown.  Pigs  serve  as  an  excellent  animal  model  for
studying  genomic  sequence  biology  due  to  the  extensive
diversity  among  their  wild  and  domesticated  populations.
Here, we conducted an integrated analysis using H3K27ac
ChIP-seq, H3K4me3 ChIP-seq, and RNA-seq data from 10
different tissues of seven fetuses and eight closely related
adult  pigs.  We aimed to annotate the regulatory elements
and  TEs  to  elucidate  their  associations  with  histone
modifications  and  mRNA  expression  across  different
tissues  and  developmental  stages.  Based  on  correlation
analysis  between  mRNA  expression  and  H3K27ac  and
H3K4me3  peak  activity,  results  indicated  that  H3K27ac
exhibited stronger associations with gene expression than
H3K4me3.  Furthermore,  1.45%  of  TEs  overlapped  with
either  the  H3K27ac  or  H3K4me3 peaks,  with  the  majority
displaying  tissue-specific  activity.  Notably,  a  TE subfamily
(LTR4C_SS), containing binding motifs for SIX1 and SIX4,
showed  specific  enrichment  in  the  H3K27ac  peaks  of  the
adult  and  fetal  ovaries.  RNA-seq  analysis  also  revealed
widespread expression of TEs in the exons or promoters of
genes,  including  4  688  TE-containing  transcripts  with
distinct  development  stage-specific  and  tissue-specific
expression. Of note, 1 967 TE-containing transcripts were
enriched in the testes. We identified a long terminal repeat
(LTR),  MLT1F1,  acting  as  a  testis-specific  alternative
promoter in SRPK2  (a cell  cycle-related protein kinase) in
our  pig  dataset.  This  element  was  also  conserved  in
humans and mice, suggesting either an ancient integration
of  TEs  in  genes  specifically  expressed  in  the  testes  or

parallel  evolutionary  patterns.  Collectively,  our  findings
demonstrate that TEs are deeply embedded in the genome
and  exhibit  important  tissue-specific  biological  functions,
particularly in the reproductive organs.
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 INTRODUCTION

Transposable  elements  (TEs)  are  a  class  of  mobile  DNA
sequences that constitute more than half of the DNA in many
eukaryotes  (Fedoroff,  2012).  Based  on  their  transposon
mechanism,  TEs  can  be  divided  into  DNA  transposons  and
retrotransposons,  which  move  throughout  the  genome  by
direct  cut-and-paste  DNA  sequence  and  RNA  intermediates,
respectively.  Mammalian  retrotransposons  are  broadly
categorized  into  long  terminal  repeats  (LTRs),  long
interspersed nuclear elements (LINEs), and short interspersed
nuclear  elements  (SINEs),  which  are  repressed  by  different
epigenetic  mechanisms  to  prevent  harmful  insertion  in  the
genome (Slotkin  &  Martienssen,  2007).  Various  studies  have
demonstrated  that  TEs  provide  binding  sites  for  transcription
factors (TFs) and represent an important source of regulatory
elements,  including promoters and enhancers (Chuong et al.,
2017;  Fueyo  et al.,  2022;  Rebollo  et al.,  2012;  Sundaram
et al.,  2017; Sundaram  &  Wysocka,  2020;  Ting  et al.,  1992).
These  regulatory  elements  tend  to  be  restricted  to  specific
species or lineages (Chuong et al., 2016; Jacques et al., 2013;
Kunarso  et al.,  2010).  TEs  are  also  expressed  as  a  part  of
genes,  thereby  affecting  gene  expression  and  alternative
splicing  (Kapusta  et al.,  2013;  Lee  et al.,  2022; Modzelewski
et al.,  2021;  Senft  &  Macfarlan,  2021).  Despite  considerable
progress,  the  tissue-specific  activity  and  function  of  TEs
remain largely unknown.
The pig (Sus scrofa) is an important agricultural animal and

a valuable  preclinical  model  for  biomedical  research  (Lunney  
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et al.,  2021; Wu  et al.,  2020; Yang  et al.,  2018; Zhong  et al.,
2023).  The  annotation  of  regulatory  elements  of  the  pig
genome  through  profiling  of  histone  modifications  provides  a
basis for analyzing complex biological mechanisms (Zhu et al.,
2022),  accelerates  the  progress  of  medical  research  (Pan
et al.,  2021),  and  promotes  the  analysis  of  genetic
mechanisms  of  complex  porcine  traits  (Zhang  et al.,  2022b;
Zhao  et al.,  2021).  Construction  of  a  regulatory  element
database  will  also  provide  a  valuable  resource  for  the
development  of  gene  editing  tools,  such  as  identifying
potential  safe  harbors  that  enable  stable  expression  of
exogenous  genes  (Zhu  et al.,  2022).  The  Cre-loxp-mediated
recombination system is a useful  tool  for  tissue-specific  gene
editing  that  relies  on  tissue-specific  promoters  (Utomo  et al.,
1999).  H3K27ac,  which  marks  active  enhancers  and  active
promoters  (Creyghton  et al.,  2010;  Duttke  et al.,  2015),  and
H3K4me3, which marks active promoters (Barski et al., 2007;
Bernstein et al.,  2005; Pekowska et al.,  2011),  are two of  the
most  relevant  histone  modifications  associated  with  gene
transcription.  To  date,  however,  few  studies  have  compared
the  heterogeneity  in  H3K27ac  and  H3K4me3  activity  or  their
associations with gene expression across different tissues and
developmental  stages,  with  even  fewer  focusing  on  the
annotation  of  TEs  in  relation  to  their  association  with  tissue-
specific histone modifications and mRNA expression in pigs.
In  this  study,  we  integrated  H3K4me3  ChIP-seq,  H3K27ac

ChIP-seq, and RNA-seq from 10 tissues of both fetal and adult
pigs to annotate the regulatory sequences and TEs in the pig
genome. Our results showed that H3K27ac peaks displayed a
stronger  association  with  gene  expression  than  H3K4me3.
Annotation  of  TEs  with  H3K27ac  ChIP-seq,  H3K4me3  ChIP-
seq, and RNA-seq data across different fetal and adult tissues
revealed  several  TE-containing  transcripts  and  TE-derived
regulatory  elements  associated  with  tissue-specific  histone
modifications,  gene  expression,  alternative  splicing,  and
alternative  promoter  usage,  particularly  in  the  ovaries  and
testes.  Thus,  this  study  provides  a  valuable  framework  for
utilizing spatiotemporal H3K4me3 and H3K27ac ChIP-seq and
RNA-seq  data  to  explore  the  biological  functions  of  TEs
across different tissues and developmental stages.

 MATERIALS AND METHODS

 Ethics statement
All  procedures  involving  animals  followed  the  guidelines  for
the  care  and  use  of  experimental  animals  approved  by  the
State  Council  of  the  People’s  Republic  of  China.  This  study
was  approved  by  the  Committee  on  Animal  Biosafety  of
Jiangxi Agricultural University.

 Sample collection
As previously described (Zhu et al., 2022), eight tissues (brain,
heart,  liver,  lungs,  muscle,  small  intestine  (SI),  ovaries,  and
testes) from seven fetuses (including two male and two female
full-sib  Large  White  pigs  on  day  75  and  two  male  and  one
female Bamaxiang pigs on day 74 post-insemination)  and 10
tissues  (brain,  heart,  liver,  lungs,  muscle,  pituitary,  SI,
stomach, ovaries, and testes) from eight adult pigs (two male
and  two  female  Large  White  pigs  on  day  150  and  two  male
and  two  female  Bamaxiang  pigs  on  days  132–141)  were
collected  in  this  study.  The  anatomical  sites  of  sampled
tissues  were  consistent  in  fetuses  and  adults.  The  collected
tissues  were  frozen  in  liquid  nitrogen  immediately  after

slaughter and stored at −80 °C.

 ChIP preparation and sequencing
ChIP was performed using  the  SimpleChIP® Plus  Enzymatic
Chromatin  IP  Kit  (Magnetic  Beads)  (Cell  Signaling
Technology,  USA).  Briefly,  0.2–0.3  g  of  each  sample  was
homogenized  with  1  mL  of  phosphate-buffered  saline  (PBS)
and cross-linked with 37% formaldehyde at room temperature
for 10 min. Then, 10×glycine was added and mixed thoroughly
to  end  the  cross-linking  reaction.  Buffers  A  and  B  were  then
added  for  lysing.  The  DNA  was  sheared  into  100–300  bp
segments  after  sonication  and  enzyme  digestion.  ChIP  was
incubated with 5 μg of H3K27ac antibody (Active Motif,  USA)
or 3 μg of H3K4me3 antibody (Active Motif, USA) overnight to
accumulate  H3K27ac-marked  regions  or  H3K4me3-marked
regions,  respectively.  Antibody-bound  DNA  was  collected
using  ChIP-grade  Protein  G  magnetic  beads,  then  incubated
with 2 μL of 20 mg/mL proteinase K and 6 μL of 5 mol/L NaCl
at  65  °C to  reverse  the  cross-links.  Immunoprecipitated  DNA
was  then  purified  using  a  spin  column.  The  steps  of  the
method  are  binding,  washing  and  elution.  Binding  of  nucleic
acid  to  a  silica  membrane,  washing  away  particulates  and
inhibitors  that  are  not  bound  to  the  silica  membrane,  and
elution  of  the  nucleic  acid,  with  the  end  result  being  purified
nucleic  acid  in  an  aqueous  solution.  Single-end  50  bp  DNA
sequencing  was  performed  using  the  Illumina  HiSeq  2500
platform (USA).

 ChIP-seq processing
Clean reads were aligned to the pig genome (Sus scrofa 11.1)
using  Burrows-Wheeler  Aligner  (BWA)  (Abuín  et al.,  2015),
allowing two mismatches. Duplicate alignments were removed
using  SAMtools  markdup  (Li  et al.,  2009).  MACS2  v.2.1.1
(Zhang et al., 2008) was used to infer peaks for each sample
with  the  following  parameter:   “ --q  0.01  -B  --keep-dup  all”.
Broad  domains  were  identified  using  the  parameter   “ --broad
and  --broad-cutoff  0.1”.  Peaks  were  merged  across  all
samples  using  the   “merge”  function  in  BEDTools  (Quinlan,
2014)  and  the  number  of  reads  in  each  merged  peak  was
calculated using SAMtools bedcov (Li et al., 2009). Finally, the
normalized  value  (peaks  per  million)  for  each  merged  peak
was defined in R program v.3.5.1 (https://www.r-project.org/).

 RNA-seq library preparation, sequencing, and processing
Total  RNA  was  extracted  from  frozen  samples  using  TRIzol
reagent (Invitrogen, USA), followed by mRNA collection using
magnetic  beads  attached  to  poly-T  oligos.  The  collected
mRNA  was  then  reverse-transcribed  into  cDNA.  AMPure  XP
Beads  were  used  for  fragment  enrichment  and  polymerase
chain  reaction  (PCR)  amplification  to  obtain  strand-specific
cDNA libraries. These libraries were then subjected to paired-
end  150  (PE150)  sequencing  on  the  Illumina  HiSeq  4000
platform (USA).
The  STAR  program  (Dobin  et al.,  2013)  was  used  to  map

the clean reads to the Sus scrofa 11.1 genome using Ensembl
GTF (98.111) (Supplementary Table S1). The transcripts were
assembled using StringTie (Pertea et al., 2015) and quantified
with FeatureCounts (Liao et al., 2014). Genes with transcripts
per  million  (TPM)  values  less  than  1  in  90%  of  the  samples
were excluded. In total, 17 095 genes were retained for further
analysis.

 Predicting  expression  using  ridge  regression  and  peak-
gene correlations
A  total  of  94  samples  with  two  histone  modifications
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(H3K4me3  and  H3K27ac)  and  corresponding  transcriptome
data were collected, including data from 63 samples from two
previous studies (Supplementary Table S2) and data from 31
samples  generated  in  this  study.  From  Kern  et al.  (2021),  a
total  of  11  samples  were  collected  from  seven  tissues
(adipose,  cerebellum,  cerebral  cortex,  hypothalamus,  liver,
lungs,  and  spleen)  of  a  6-month-old  male  Yorkshire  breed.
From Zhao et al. (2021), a total of 52 samples were collected
from  five  tissues  (muscle,  liver,  fat,  spleen,  and  heart)  of  6-
month-old  male  MeiShan,  Large  White,  Enshi  Black,  and
Duroc breeds. A uniform ChIP-seq data analysis pipeline was
applied  to  the  63  downloaded  datasets.  We  retained  18  324
genes with TPM>1 in at  least  10% of  the samples for  further
analysis.  The  correlations  between  genes  and  peaks  were
assessed  using  Spearman  correlation  analysis.  Genes  with
transcription  start  sites  (TSSs)  located  within  500  kb  of  the
peak  centers  were  considered.  For  each  peak-gene  pair, P-
values  were  corrected  using  the  qvalue  package,  with  peak-
gene pairs with Q-values less than 0.01 retained.
We  evaluated  three  distinct  models,  each  with  different

predictors,  including  solely  H3K4me3  peaks,  solely  H3K27ac
peaks,  or  both  peaks,  to  determine  their  capacity  to  predict
gene  expression  in  three  peak-gene  distance  scenarios,  i.e.,
association  of  peaks  within  50  kb,  200  kb,  and  500  kb  of
corresponding  genes.  For  each  prediction  model,  the  whole
dataset  was  divided  into  training  and  test  data.  Ridge
regression  was  used  to  train  a  prediction  model  using  the
training  dataset,  after  which  the  model  was  evaluated  using
the test data. Pearson correlation coefficients (r2) between the
predicted  and  measured  values  of  gene  expression  were
calculated as a measure of prediction accuracy.

 Identification of tissue-specific promoters
Tissue  specificity  was  defined  with  a  Tau  score  threshold  of
0.95 (Kryuchkova-Mostacci & Robinson-Rechavi, 2017) on the
H3K27ac  and  H3K4me3  ChIP-seq  data  and  RNA-seq  data.
Tissue-specific  peaks  within  1  kb  upstream  of  the  TSSs  of
tissue-specific  genes and supported by both  histone markers
were defined as candidate tissue-specific promoters.

 Identification  of  accessible  TEs  in  multiple  tissues  at
different developmental stages
Based  on  tissues  and  developmental  stages,  84  samples  of
H3K27ac peaks were divided into 17 stage-tissue groups. TEs
in the reference genome Sus scrofa 11.1 were identified using
RepeatMasker (Tarailo-Graovac & Chen, 2009), as described
previously (Chen et al., 2022). TEs with 50% of their sequence
overlapping  with  at  least  one  peak  were  considered  peak
overlapping TEs,  using intersectBed,  as  described previously
(Judd et al., 2021).

 Enrichment analysis of TEs
Analysis  of  TE  enrichment  within  specific  stage-tissue  group
peaks  was  conducted  using  a  Perl  script  (https://github.com/
4ureliek/TEanalysis),  as  described  previously  (Kapusta  et al.,
2013),  which randomized the location of  TEs and maintained
the distance to the nearest TSS and number of  TEs on each
chromosome.  This  procedure  was  bootstrapped  1  000  times.
TE  enrichment  in  a  peak  set  was  deemed  significant  if  the
ratio of observed to expected values exceeded 2.

 Quantification of transcripts and TE-gene junctions
We  remapped  112  RNA-seq  datasets  to  the  swine  genome
assembly  (Sus  scrofa  11.1)  using  STAR  aligner  v.2.7.2b
(Dobin  et al.,  2013)  with  the  following  parameters:   “ --

outFilterMultimapNmax  500  --alignIntronMax  1000000  --
outFilterType BySJout --alignMatesGapMax 1000000”. A two-
pass  alignment  strategy  was  used  to  increase  the  detection
sensitivity  of  the  spliced  RNA-seq  reads.  For  first-pass
alignment,  the  STAR  index  was  installed  with  the  gene
annotations provided by RefSeq. The second STAR index was
updated  using  the  results  from  the  first  alignments.
Quantification  of  TEs  and  transcripts  was  performed  using
TEcount  (Jin  et al.,  2015),  as  described  previously
(Modzelewski  et al.,  2021).  Finally,  counts of  exon model  per
million  mapped  reads  (CPM)  was  adopted  to  normalize  raw
counts.  Stage-  and  tissue-specific  transcript  expression
analysis  was  performed  using  the  Tau  score,  as  described
previously (Zhu et al., 2022).
For  TE-gene  junctions,  all  junctions  were  assembled  and

annotated using a previously described pipeline (Modzelewski
et al., 2021). In brief, StringTie2 (Pertea et al., 2015) was used
for transcript assembly with the following parameters: “-j 2 -s 5
-f  0.05  -c  2”.  The  output  was  then  merged  using  TACO
(Niknafs et al., 2017). Splicing junctions detected in the RNA-
seq  dataset  were  then  collected.  The  starting  position  of  the
junction  was  annotated  using  information  on  TEs  collected
from  RepeatMasker  (Tarailo-Graovac  &  Chen,  2009).
Junctions with at least 10 reads were retained and normalized
with transcripts per kilobase of exon model per million mapped
reads.  Stage-  and  tissue-specific  TE-gene  junctions  were
determined using the Tau score.

 Motif analysis
Enrichment of TF-binding motifs in peaks was analyzed using
HOMER (Heinz et al.,  2010) with default parameters, and the
results  were verified  using MEME (Bailey  et al.,  2015).  FIMO
(Grant  et al.,  2011)  was  used  to  predict  the  locations  of
potential  TF  motifs  with  the  database  of  known  vertebrate
transcription  factor  motifs.  TF  motif  heatmap  visualization  of
binding  regions  was  conducting  using  deepTools  (Ramírez
et al., 2014).

 RESULTS

 Samples and data in this study
We  performed  H3K4me3  and  H3K27ac  ChIP-seq  and  RNA-
seq  on  eight  tissues  from  four  Large  White  and  three
Bamaxiang pig fetuses (prenatal  days 74–75) and 10 tissues
from  four  Large  White  and  four  Bamaxiang  adult  pigs
(postnatal  days  132–150)  of  both  sexes  (Figure  1A).  In  total,
we successfully obtained 84 H3K27ac ChIP-seq, 42 H3K4me3
ChIP-seq,  and  112  RNA-seq  datasets,  which  passed  quality
control  procedures  for  follow-up  study,  including  31  matched
datasets  for  H3K4me3,  H3K27ac,  and  RNA-seq  from  the
same samples (Figure 1B; Supplementary Tables S1, S3, S4).
Among  these  data,  70  H3K27ac  ChIP-seq  and  62  RNA-seq
datasets  have  been  reported  previously  (Zhu  et al.,  2022),
while  the  remaining  data  were  obtained  in  this  study  for  the
first time. After removing low-quality reads and duplicates, we
generated  an  average  of  23.82  million  effective  reads  per
ChIP-seq assay (Supplementary Tables S3, S4).  Hierarchical
clustering of samples based on the signals of the two histone
modifications  and  gene  expression  showed  that  the  samples
were  first  grouped  by  sequencing  assay  and  then  by  tissue
type (Supplementary Figure S1A), similar to the results of Pan
et al.  (2021).  Furthermore, the means of the fraction of reads
in  peaks  (FRiP),  normalized  strand  cross-correlation
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Figure 1  Scheme of samples and experiments in this study
A: Experimental design of study. B: Venn diagram showing overlap of samples by the three assays. Different colors indicate different assays, pink
for RNA-seq, blue for H3K4me3 ChIP-seq, and green for H3K27ac ChIP-seq. C: Average read coverages of two histone modifications at 2 500 bp
upstream and 2 500 bp downstream regions of genes. D: Box plot showing GC contents in H3K27ac and H3K4me3 peaks. Statistical significance of
comparisons between H3K27ac and H3K4me3 peaks was calculated using wilcox.test in the R program.
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coefficient  (NSC),  and  relative  strand  cross-correlation
coefficient  (RSC)  were  0.20,  1.06,  and  2.98,  respectively
(Supplementary  Tables  S3,  S4),  meeting  all  data  standards
from the ENCODE guidelines and thus supporting the quality
of  the  ChIP-seq  data.  We  identified  an  average  of  24  957
(range:  11  368  to  59  338)  H3K4me3  and  38  525  (range:
10 506 to 81 255) H3K27ac peaks per sample (Supplementary
Figure  S1B,  C).  After  combining  peaks  across  different
samples, we obtained 115 181 and 271 376 merged H3K4me3
and  H3K27ac  peaks,  respectively,  further  enriching  the
regulatory element catalog for pigs obtained in previous study
(Zhu  et al.,  2022).  Of  the  115  181  merged  H3K4me3  peaks,
98  041 (85.12%)  overlapped with  at  least  one of  the  merged
H3K27ac peaks,  indicating  that  H3K27ac tagged most  of  the
active  promoter  regions  exhibiting  H3K4me3  activity  (Howe
et al.,  2017;  Roth  et al.,  2001).  H3K4me3  peaks  exhibited  a
higher  degree  of  enrichment  around  TSSs  and  higher  GC
content  compared  to  the  H3K27ac  peaks  (Figure  1C,  D),
indicating that  H3K4me3 is  more likely  to  occur  at  TSSs and
be  subjected  to  DNA  methylation  than  H3K27ac  (Hughes
et al., 2020).

 Associations  of  H3K27ac  and  H3K4me3  with  gene
expression
We  next  compared  the  H3K4me3  and  H3K27ac  peaks  in
terms of their associations with gene expression. To enhance
the power of peak-gene association analysis, we downloaded
63  publicly  available  H3K27ac  and  H3K4me3  ChIP-seq  and
RNA-seq datasets (Supplementary Table S2).  The data were
analyzed  using  the  same  analytical  pipelines,  assembling  a
dataset of 94 samples with matched H3K27ac and H3K4me3
ChIP-seq and RNA-seq data.  In  total,  333  867 H3K27ac and
126  651  H3K4me3  merged  peaks  were  identified  in  the  94
samples.  For  each  gene,  we  compared  the  predictive
performance  of  three  models  (H3K27ac  model,  H3K4me3
model, and two-modifications model) for histone peaks located
within  50  kb,  200  kb,  and  500  kb  of  the  TSSs  of  the
corresponding  genes.  Notably,  the  H3K27ac  model  showed
higher  prediction  accuracy  of  gene  expression  than  the
H3K4me3  model  in  all  peak-gene  distance  scenarios,
suggesting  a  stronger  gene  regulatory  role  of  H3K27ac  than
H3K4me3 (Figure  2A).  The predictive  power  of  the  H3K27ac
model was comparable to that  of  the two-modification model,
which  may  reflect  functional  redundancy  of  H3K27ac  and
H3K4me3  in  their  regulatory  role  in  gene  expression  (Karlić
et al., 2010).
The  integrated  data  also  enabled  the  identification  of

potential target genes of the two histone modification markers.
We  calculated  the  correlations  between  the  two  histone
markers  and  genes  within  500  kb  and  identified  77  989
H3K4me3-gene  and  438  615  H3K27ac-gene  correlations  (Q-
values<0.01),  providing  a  valuable  resource  for  exploring  the
links  between  regulatory  elements  and  genes  across  pig
tissues.  For  both  histone  markers,  positive  peak-gene
correlations  were  enriched  around  the  TSSs  of  the
corresponding  genes,  whereas  negative  correlations  were
under-represented  in  the  TSS  regions  (Figure  2B;
Supplementary Figure S2A).  Results  showed that  16  939 out
of 29 408 H3K4me3 peaks showed stronger associations with
distant  rather  than  adjacent  genes,  e.g.,  the  peak
(chr4:90 642 880–90 645 761) showed the highest correlation
with  PEA15,  which  was  located  369  kb  from  the  peak
(Supplementary  Figure  S2B,  C),  suggesting  that  some

promoters  may  play  enhancer  roles,  in  agreement  with
observations from Hi-C data (Delaneau et al., 2019).

 Identification of tissue-specific promoters
Identification  of  tissue-specific  promoters  will  facilitate  tissue-
specific  genome  editing  of  genes  using  the  Cre/loxP
recombinase  system  (Utomo  et al.,  1999).  Therefore,  we
identified  H3K27ac  and  H3K4me3  peaks  linked  to  tissue-
specific  gene  expression.  After  applying  strict  filtration
procedures (see Methods for more details),  we identified 230
tissue-specific  promoters  simultaneously  supported  by  the
tissue-specific  activity  of  H3K27ac,  H3K4me3,  and  mRNA
expression  (Figure  2C,  D;  Supplementary  Tables  S5,  S6).
Among  these  genes,  we  identified  the  heart-specific  gene
TBX20,  a gene required for  normal heart  function (Kirk et al.,
2007;  Qian  et al.,  2008),  and  kidney-specific  gene  PAX2,
which  is  associated  with  renal  maldevelopment  (Fletcher
et al.,  2005).  These  tissue-specific  promoters  are  promising
candidates  for  developing  tissue-specific  editing  tools,  e.g.,
Cre/loxP recombinase system.

 Enrichment analysis of TEs in H3K27ac peaks
Once  considered  as   “junk  DNA”  (Biémont,  2010),  TEs
constitute a rich source of cis-regulatory elements involved in
the  regulation  of  eukaryotic  gene  expression  via  binding  to
TFs  (Bourque  et al.,  2018).  At  present,  however,  the
regulatory functions of TEs in pigs remain largely unexplored.
First,  we  investigated  the  proportion  of  each  TE  class  in
certain  functional  genomic  regions  (Supplementary  Figure
S3A).  Results  showed  that  all  types  of  TEs  were  strongly
enriched in intronic and intergenic regions but not in TSSs or
exons  and  were  depleted  in  the  two  histone  modification
regions. Despite this, 1.45% (56 763/3 925 013) of the TEs in
the pig genome overlapped with H3K27ac or H3K4me3 peaks.
To  investigate  the  heterogeneity  of  the  epigenetic  states  of
TEs  across  stage-tissue  groups,  we  explored  the  TEs
overlapping with the H3K27ac peaks in the 84 H3K27ac ChIP-
seq data samples, given that the H3K27ac peaks tagged most
of  the  H3K4me3  peaks  (85.12%),  and  more  samples  were
assayed  for  H3K27ac  ChIP-seq.  Results  showed  that
28–7 031 H3K27ac peaks overlapped with at least one TE in
the  different  stage-tissue  groups  (Figure  3A).  Peaks
overlapping  with  TEs  had  lower  intensities  than  other  peaks
across  the  stage-tissue  groups  (Supplementary  Figure  S3B),
supporting  the  notion  that  TEs  tend  to  be  transcriptionally
repressed (Colonna Romano & Fanti, 2022). Additionally, over
half  of  the TE-overlapping peaks were active in  only  a single
stage-tissue  group  (Supplementary  Figure  S3C),  suggesting
stage- and tissue-specific regulatory elements (Supplementary
Figure  S3D).  Further  analysis  was  conducted  on  various  TE
subfamilies  to  assess  their  enrichment  in  H3K27ac  peaks
across  the  different  stage-tissue  groups  using  a  previously
described  pipeline  (Judd  et al.,  2021).  Three  unique  TEs,
namely, LTR_ERVK_LTR4C_SS, LTR_ERV1_ERV1-2B_SSc-
LTR,  and  LTR_ERVK_LTR6B_SS,  were  identified  as
significantly enriched in H3K27ac peaks in at least one stage-
tissue group (Figure 3B).
LTR4_SS,  with  more  than  50  observed  bound  copies,

showed greater enrichment in both adult and fetal ovaries than
in  other  tissues  (Figure  3B,  C).  We  further  performed  TF
binding motif enrichment analysis on the 34 peaks overlapping
the  LTR4C_SS  element  in  the  ovaries  using  MEME  (Bailey
et al.,  2015)  and  HOMER  (Heinz  et al.,  2010).  Analyses
revealed  enrichment  of  the  binding  motifs  of  SIX4  and  SIX1,
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Figure 2  Histone modification levels are predictive for gene expression
A:  Pearson  correlations  between  predicted  and  measured  gene  expression  levels  by  different  models;  X-axis  corresponds  to  distance  between
center of peaks to TSSs of genes. B: Distribution of distance for significant positive peak-gene pairs and negative peak-gene pairs from H3K4me3
are shown in upper and lower panels, respectively. Dark color indicates clustering of peak-gene pairs at this distance. C: Number of tissue-specific
peaks (genes) in different tissues. D: Representative examples of tissue-specific promoters. Each track represents average number of base-pairs
per million mapped reads in 20 bp bins across all samples in corresponding tissue. Scale of track was consistent for each assay. Different colors
indicate different types of assays as described in C.
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further  supported  by  the  higher  ChIP  signatures  around  the
binding motifs of SIX1 and SIX4 (Supplementary Figure S3E,
F).  SIX1  is  implicated  in  the  advance  of  late-stage  ovarian
carcinoma  by  resisting  TRAIL-mediated  apoptosis  (Behbakht
et al.,  2007),  and SIX4  is  known  to  play  an  important  role  in
maintaining  the  resting  state  of  primary  follicles  and  in
restricting ovarian growth (Zhang et al.,  2016).  Overall,  these
results suggest that LTR4C_SS provides the binding motifs of
SIX4  and  SIX1,  which  may  be  critical  for  ovarian  function  in
pigs.  The  overlapping  LTR4C_SS  peaks  had  an  average
distance  of  118.87  kb  from  their  closest  genes
(Supplementary  Figure  S3G),  indicating  that  the  LTR4C_SS
element  primarily  acts  as  an  enhancer.  We  identified  four
genes  (OLFML2B,  SNORA11G,  NFKBIZ,  and
ENSSSCG00000006350)  associated  with  the  LTR4C_SS
overlapping peaks (Figure 3D; Supplementary Figure S3H–J).
Among  these,  OLFML2B  (P=1.1e-6)  participates  in  cell
growth, maintenance, cell cycle regulation, apoptosis, and cell
communication  (Liu  et al.,  2019).  SNORA11G  (P=4.8e-6)
encodes  a  snoRNA  class  essential  for  rRNA  stability,
processing, and fidelity of  ribosome assembly and translation

(Holley  &  Topkara,  2011).  Dysfunction  of  the  transcription
factor  NFKBIZ  (P=1.4e-4)  is  associated  with  premature
ovarian failure-18 (Safran et al., 2010).

 Expression  of  TEs  across  tissues  and  developmental
stages
Increasing  evidence  suggests  that  the  expression  of  TEs  in
tissues is involved in placental development, immune system,
brain  development,  and  other  biological  functions  (Bourque
et al., 2018; Cornelis et al., 2017; Joly-Lopez & Bureau, 2018;
Naville  et al.,  2016).  Thus,  we  quantified  both  TEs  and  TE-
gene  junctions  based  on  multiply  mapped  reads  from  the
RNA-seq  data  using  TEcount  and  TEtranscript  (Jin  et al.,
2015),  respectively  (Supplementary  Figure  S4A).  Results
showed that  TEs accounted for  0.12% to 0.83% of  the RNA-
seq reads  in  each  stage-tissue  group (Supplementary  Figure
S4B). We identified 8 068 transcribed TE-gene junctions in at
least  one  of  the  tissues  (Supplementary  Figure  S4C).  The
majority  (89.71%)  of  the  involved  TEs were  retrotransposons
(Supplementary  Figure  S4C).  Additionally,  except  for  the
testes, these genes showed higher expression in fetal tissues

 

Figure 3  LTR4C_SS elements are highly active peaks enriched in ovaries
A: Bar plot showing numbers and fractions of peaks in stage-tissue groups that overlapped with TEs. B: All TEs detected in ChIP-seq peaks, plotted
by number of elements observed compared to ratio of observed to expected occurrences for that particular TE. Expected values were calculated by
bootstrapping  1  000  times.  Dashed  line  denotes  cutoff  of  >50  elements  observed  to  filter  false  positives.  C:  Ratio  of  observed  to  expected
occurrences of  LTR4C_SS, as in B, for  each stage-tissue group. D: Correlation between peak (chr4_88 667 535_88 668 188),  which overlapped
with LTR4C_SS and target gene (OLFML2B). Each dot represents peak intensity and gene expression from each sample.
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than  in  adult  tissues  (Supplementary  Figure  S4C).  Most  TEs
(84.02%) were expressed as parts of exons, while 20.56% of
TEs were located in coding sequences, indicating potential in
creating  novel  protein  sequences  (Supplementary  Figure
S4C).
Out of the 8 068 transcribed TE-gene junctions, 4 688 stage-

and tissue-specific TE-gene junctions were identified with Tau
scores  greater  than  0.85  (Supplementary  Figure  S4D),
involving 483 TE subfamilies, including 123 LINE (25.47%), 37
SINE (7.67%),  191  LTR (39.54%),  and  132  DNA transposon
(27.33%)  subfamilies.  Among  the  4  688  TE-gene  junctions,
3  456  specifically  influenced  the  exons  of  2  135  genes.
Notably, 57% of these genes (1 220/2 135) showed stage- and
tissue-specific expression, including 10 in the fetal SI and 503
in  the  adult  testes  (Figure  4A).  These  genes  are  involved  in
pathways  associated  with  the  biology  of  the  corresponding
tissues (Figure 4A), such as cardiac muscle contraction in the
adult  heart  and  carboxylic  acid  catabolic  processes  in  the
adult  liver.  These  findings  support  the  notion  that  TEs  can
impact  protein  coding  sequences  and  that  a  considerable
proportion of  TEs expressed in a tissue-specific  manner may
play important roles in tissue-specific functions.
Notably,  more  than  41%  (1  967/4  688)  of  the  stage-tissue

specific  TE-exon  junctions  were  found  in  the  adult  testes,
consistent  with  the  observation  that  genes  expressed  in  the
testes more frequently experience TE insertion events (Bhalla,
2020;  Reik  et al.,  2001).  Several  corresponding  genes,
including  ADAM30,  ADAM32,  and  ZPBP,  are  known  to  be
involved  in  testicular  biological  functions,  while  other  genes

have  not  previously  been  shown  to  act  in  the  testes.  For
example,  CSNK1A1  displayed  high  expression  across  all
stage-tissue  groups  at  the  gene  level  (Figure  4C),  while  the
TE (PRE1e)-exon 9 junction in CSNK1A1 showed adult testis-
specific expression (Figure 4B, D), indicating the potential role
of  PRE1e  in  the  transcription  of  CSNK1A1  in  adult  testes.
Interestingly,  other  casein  kinases,  such  as  CSNK1G2,  are
known  to  suppress  necroptosis-promoted  testicular  aging  (Li
et al.,  2020).  Similar  patterns  were  also  observed  in  other
stage-tissue  groups.  For  example,  MamSINE1  serves  as  an
adult  brain-specific  expressed  exon  for  ERMN,  LTR16B2
serves  as  an  adult  liver-specific  expressed  exon  for  LECT2,
L1MB3  serves  as  a  fetal  brain-specific  expressed  exon  for
STMN4,  MamRTE1  serves  as  an  adult  muscle-specific
expressed exon for TMOD4, L1ME4c serves as a fetal ovary-
specific  expressed exon for FIGLA,  and Tigger19a serves as
an  adult  SI-specific  expressed  exon  for  MS4A12
(Supplementary Figure S5A–F).

 Stage  tissue-specific  alternative  promoters  derived  from
TEs
Furthermore,  717  junctions  were  identified  where  the
corresponding TEs functioned as alternative promoters for 600
genes,  among  which  351  showed  stage-  and  tissue-specific
expression (Supplementary Figure S6A). Further screening of
these  TEs  using  the  two  ChIP-seq  datasets  led  to  the
identification of 97 TE-derived promoters that overlapped with
both  histone  modification  regions  (Figure  5B;  Supplementary
Table  S7).  This  group  included  the  promoter-overlapping

 

Figure 4  Expression of TE-containing genes
A: Heatmap showing stage-tissue specific gene expression of 3 456 TE-gene junctions, where TEs intersect with exons of corresponding genes.
Bar plot above heatmap represents number of stage-tissue specific TE-containing genes. Bar plot below heatmap represents enriched GO terms
and  KEGG  pathways  in  stage-tissue  specific  TE-containing  genes.  B:  Tracks  of  TE-exon  expression  across  stage-tissue  groups;  Y-axis
corresponds to read depths of RNA-seq data. C: Expression of CSNK1A1 across stage-tissue groups. D: Expression of PRE1e-CSNK1A1 junction
across stage-tissue groups.
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Figure 5  TE-associated tissue-specific alternative promoter usage of GSTT4 gene
A: Assembled transcripts of GSTT4 genes in adult BMX liver and adult BMX testis. Top: Sashimi-plot visualization of splicing-junctions from L1MC5-
derived promoter.  Bottom:  Schematic  representation of  different  exon usage.  For  TE-derived promoter,  first  exon originated from the TE-derived
TSS and was spliced  to  a  fourth  exon and again  to  the  fifth  exon,  skipping  the  canonical  first  to  third  exons.  B:  Venn diagram showing  overlap
between TEs involved in stage-tissue specific TE-gene junctions with H3K27ac and H3K4me3 peaks. C: Expression levels of GSTT4 in all stage-
tissue  groups.  D:  Expression  levels  of  L1MC5:GSTT4  junction  in  all  stage-tissue  groups.  E:  H3K27ac  tracks  in  TE-derived GSTT4  alternative
promoter region. F: Heatmap of expression levels of TFs with potential binding motif in L1MC5. Color of each block represents scale value of gene
expression level.
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junction  L1MC5:GSTT4,  where  the GSTT4  gene,  which  was
mainly  expressed in  the adult  liver  and testes (Figure 5D),  is
involved  in  glutathione  metabolic  processes.  The  L1MC5
element  appeared  to  facilitate  an  alternative  promoter  for
GSTT4  in  the  liver,  resulting  in  liver-specific  expression  of
exons  4–5  (Figure  5A,  C).  In  comparison, GSTT4  expressed
exons  1–5  in  the  testes,  with  low  expression  in  the  other
tissues  (Figure  5A;  Supplementary  Figure  S6B).  The  liver-
specific  expression  of  the  L1MC5-GSTT4  junction  was
associated  with  liver-specific  activity  of  the  two  histone
markers, while the high activity of the two modifications in the
testes  was  unexpected  (Figure  5E).  Among  all  inferred  TFs
with  potential  TF-binding  motifs  in  L1MC5
(chr14:49  816  220–49  816  558), STAT2  showed  significantly
higher  expression  in  the  adult  liver  than  in  the  other  tissues
(Figure 5F). STAT2 is a transcriptional activator that responds
to  cytokines  and  growth  factors  and  may  drive  the  liver-
specific  expression  of  the  L1MC5-GSTT4  junction-containing
transcripts.  Similar  patterns  were  also  observed  in  the  adult
testes.  For  example,  MIR  serves  as  an  adult  testis-specific
promoter  causing  testis-specific  expression  of  the  DLGAP5
transcript (Supplementary Figure S7A–C).

 Cross-species conservation of tissue-specific expression
of TE-gene junctions
We next  examined  the  cross-species  conservation  of  tissue-
specific  expression  of  TE-gene  junctions.  Using  the  same
analytical pipeline, 8 560 and 3 957 stage- and tissue-specific
TE-gene  junctions  were  identified  by  analyzing  published
RNA-seq  data  from  humans  and  mice,  respectively
(Supplementary  Table  S8).  Notably,  31  genes  that  displayed
conserved  tissue-specific  expression  of  TE-gene  junctions
were  identified  in  the  three  species  (Supplementary  Tables
S9–S11), among which 29 showed testis-specific expression.
For example, the retrotransposon MLT1F1 is reported to drive
testis-specific  promoter  usage  of  SRPK2  (SRSF  Protein
Kinase  2,  a  gene  associated  with  spermatogenesis  and
alternative  splicing  (Giannakouros  et al.,  2011))  in  the  three
species (Figure 6A–C). Our results indicated that the insertion
of  MLT1F1  into  the  genome  may  precede  the  divergence  of
the three species. The MLT1F1 sequences in SRPK2 from the
three  species  showed  39%–51%  sequence  identity
(Supplementary  Figure  S8).  To  identify  potential  TFs  driving
conserved alternative promoter use in the three species, FIMO
(Grant  et al.,  2011)  was  used  to  predict  the  locations  of  TF-
binding  motifs  in  the  MLT1F1  sequences,  revealing  a  core
“GTCATAAAA”  sequence  shared  by  all  three  species,
predicted  to  bind  to  14  TFs  (Supplementary  Figure  S8).
Among these TFs, HOX proteins are crucial for testicular and
epididymal physiological functions and can affect male fertility
(Ferguson  &  Agoulnik,  2013;  Topaloğlu  et al.,  2021;  Xian
et al.,  2015).  Species-conserved  TE-derived  alternative
promoters were not limited to the same subfamily of TEs, i.e.,
different  TE  subfamilies  acted  on  the  same  gene  across  the
three  species.  For  example,  the  MIR  element  serves  as  a
testis-specific  promoter  for  SUGP2,  which  mediates  the
alternative splicing regulatory network during spermatogenesis
in the testes (Zhan et al., 2021). The subfamilies of MIR were
MIRb,  MIR,  and  MIR1_Amn  in  pigs,  mice,  and  humans,
respectively (Supplementary Figure S9).

 DISCUSSION

In  this  study,  we  performed  a  comprehensive  analysis  of

H3K4me3 and H3K27ac ChIP-seq and RNA-seq data from 10
tissues  of  seven  fetuses  and  eight  adult  pigs  of  both  sexes,
then  annotated  the  regulatory  sequences  of  TEs  in  the  pig
genome.  In  total,  we identified 115 181 H3K4me3 peaks and
271  376  H3K27ac  peaks,  further  enriching  the  repository  of
regulatory  elements  for  pigs.  We  examined  the  predictive
efficiency of different combinations of histone modifications on
gene expression using ridge regression models and found that
the  activity  of  H3K27ac  exhibited  higher  associations  with
gene  expression  than  that  of  H3K4me3.  Additionally,  we
identified  ~230  tissue-specific  promoters  that  may  be
particularly valuable for tissue-specific gene editing. Together,
these  results  provide  novel  resources  and  new  insights  into
the regulation of gene expression.
The  colonization  of  TEs  poses  a  considerable  threat  to

genome  integrity  (Ardeljan  et al.,  2017),  which  may  increase
the risk of genomic instability (Ayarpadikannan & Kim, 2014).
TE  fragments  embedded  in  the  genome  may  also  have
diverse  functional  consequences  (Fueyo  et al.,  2022).  For
example,  Chang  et al.  (2022)  found  that  TEs  are  sources  of
new protein-coding exons in zebrafish, while Lee et al. (2022)
demonstrated  that  TEs  contribute  to  exons  and  promoters  of
genes  in  zebrafish.  Thus,  we  performed  enrichment  analysis
of  TEs  using  H3K27ac  ChIP-seq.  A  notable  finding  was  the
identification  of  the  TE  LTR4C_SS,  which  was  significantly
enriched in ovarian tissue and harbored binding sites for SIX1
and  SIX4  motifs,  suggesting  involvement  in  gonadal
development.
We  then  focused  on  the  expression  of  TEs  across  stage-

tissue groups using RNA-seq to reveal temporal- and spatial-
specific patterns of TE expression. In total, we identified 8 068
TE-gene junctions, with the corresponding genes expressed at
higher  levels  in  the  fetuses  than  in  the  adults,  except  in  the
testes,  reflecting imperfect  epigenetic  regulatory  mechanisms
in  the  fetuses.  We  also  identified  4  688  stage-  and  tissue-
specific  TE-gene junctions,  most  of  which  were  expressed in
the  adult  testes.  Remarkably,  3  456  of  the  4  688  TE-gene
junctions  contained  TE-derived  exons.  The  corresponding
genes  (1  220/2  150)  displayed  stage-  and  tissue-specific
patterns,  with  503  genes  specifically  expressed  in  the  adult
testes  and  enriched  in  pathways  relevant  to  their
corresponding  tissues.  Notably,  PRE1e,  located  within  a
CSNK1A1  exon,  demonstrated  adult  testis-specific
expression,  while  the  overall  expression  of  CSNK1A1
remained consistent across all stage-tissue groups. This gene
phosphorylates  many  proteins  and  participates  in  Wnt
signaling.  Several  factors  could  explain  the  preferential
activation of TEs in adult testes: (1) TEs replicate in germline
cells,  allowing  transportation  of  novel  insertions  to  the  next
generation  (Cosby  et al.,  2019);  (2)  males  produce  four
meiotic  products  per  meiotic  division  and  thus  have  a  higher
tolerance  for  TE insertion  (Bhalla,  2020);  (3)  subtle  and  brief
temperature  increases  during  spermatogenesis  can  increase
TE  activity  and  mobility  (Kurhanewicz  et al.,  2020);  (4)
chromatin  remodeling  during  spermatogenesis  ensures
developmental reprogramming, providing favorable conditions
for TE activation and mobility (Castañeda et al., 2011); and (5)
newly emerged genes tend to exhibit testis-specific expression
before  becoming  more  widespread,  aligning  with  the   “out  of
testis”  hypothesis  (Kaessmann,  2010).  Thus,  it  would  be
interesting  to  investigate  TE  activity  in  the  context  of
developmental  transitions  and  differentiation  trajectories  of
cells  in  single-cell  data  of  testes  in  future  work  (Zhang et al.,
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Figure 6  Retrotransposon promoters yield tissue-specific expression of SRPK2 isoform across pigs, humans, and mice
A–C: Left, Sashimi plot showing RNA-seq reads spanning MLT1F1-SRPK2 junction in testis and lung from three species. MLT1F1 was located in
promoter region of SRPK2 in three species. Right, expression of SRPK2 and MLT1F1-SRPK2 junction across stage-tissue groups in three species.
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2022a).
Multiple  lines  of  evidence  suggest  that  specifically

expressed  TEs  present  in  the  genome  can  be  recruited  as
promoter  elements  to  reprogram  host  gene  expression
(Gardner  et al.,  2019;  Miao  et al.,  2020).  Similarly,  we
identified 351 stage- and tissue-specific TE-containing genes,
with  corresponding  TEs  functioning  as  alternative  promoters.
Most  of  these  TE-derived  promoter-driven  stage-  and  tissue-
specific  genes  were  also  expressed  in  the  adult  testes.  To
ensure  the  authenticity  of  these  promoters,  we  screened  97
TE-derived alternative promoters supported by both H3K27ac
and  H3K4me3  peaks.  For  example,  MIR  acts  as  an  adult
testis-specific promoter, leading to testis-specific expression of
the  TE-containing DLGAP5  transcript,  a  critical  gene  in  cell
cycle  regulation  with  testis  expression  patterns  (Liu  et al.,
2018).  We  also  identified  a  TE-derived  promoter  in  the  adult
liver  and  canonical  promoters  in  the  adult  testes,  both
regulating  the GSTT4  gene,  which  is  involved  in  glutathione
metabolism.  The  observed  enrichment  of  TF-binding  motifs
indicated  that  STAT2,  an  adult  liver-specific  gene,  may  also
activate  this  promoter.  This  supports  previous  research
showing  that  the  same  gene  can  transcribe  different
transcripts in different tissues depending on specific promoters
(Lee  et al.,  2022).  These  findings  further  underscore  the
extensive recruitment of TEs in the regulation and expression
of host genes (Chuong et al., 2017).
Further  analysis  was  conducted  to  explore  the  conserved

functional  roles  of  TEs  among  pigs,  humans,  and  mice.  This
analysis  identified  31  homologous  genes  across  these
species,  demonstrating  TE  involvement  in  their  expression.
Notably,  MLT1F1  was  found  to  regulate  the  expression  of
SRPK2  in  the  adult  testes.  SRPK2,  which  was  highly
expressed  in  the  testes,  is  associated  with  spermatogenesis
(Giannakouros  et al.,  2011).  These  results  suggest  that  the
insertion  of  MLT1F1  into  the  genome  likely  occurred  before
the  evolutionary  divergence  of  humans,  mice,  and  pigs,
evolving  into  a  crucial  functional  sequence  across  these
species.
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