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Genome-wide identification
of copy number variations
in wrinkled skin cases of Xiang pigs

Xiaoli Liu, Fenbin Hu, Wei Wang, Xia Chen, Xi Niu, Shihui Huang, Zhou Wang,
Jiafu Wang* & Xueqin Ran**

Copy number variation (CNV) tends to occur in genetically enriched regions and is likely associated
with a number of complex diseases such as skin aging. In this study, we investigated the genome-
wide CNVs in 20 wrinkled skin cases (WSC) of Xiang pigs and 63 controls, and identified 7893 copy
number variable regions (CNVRs). We estimated the F-statistic (Fst) at each locus and identified
that 93 case-controls stratified CNVRs (Fst > =0.15) overlapped with 87 known genes. Functional
enrichment analysis showed that most of these genes were predominantly enriched in pathways
and terms related to the extracellular matrix. Finally, we found that some CNVs were predicted to
have high effects on genes such as VCAN, TIMP1 and FOXO1 through transcriptional amplification,
transcript ablation and so on. Most of the genes overlapped with those CNVRs have been reported to
be related to aging in human or animals. The copy numbers presented the positive correlations with
the transcript level of the genes in skins between the cases and controls. Our results suggested that
those 22 CNVRs, including 19 CNV losses and 3 CNV gains, were putatively associated with the skin
wrinkle of Xiang pigs.
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Genetic variation in human and animal genomes occurs in many forms, including copy number variations
(CNVs), structural variations (SVs), insertions/deletions (INDELs), and single nucleotide polymorphisms
(SNPs). Copy Number variation (CNV) is a complex multi-allelic variation (conventionally > 1 Kb), which rep-
resent an important source of genomic variation in mammalian genomes'. Unlike SNPs and SVs, CNVs cor-
responds to relatively large regions in the genome, containing more nucleotide sequences and having higher
mutation probability®. This affects gene expression, phenotypic difference and phenotypic adaptation by changing
gene structure and dose’. A typical example is the white coat phenotype produced by duplication of the KIT
gene in pigs*.

In recent years, the biological role of copy number variants (CNVs) has been closely linked to disease.
CNVs have been identified as factors that can increase susceptibility to the disease®, affect host-microbiome
interactions®, and contribute to the development of both common and rare genetic diseases” and syndromes®.
CNVs can serve as biomarkers for certain pathological processes, such as cancer’, or even as potential con-
founders when evaluating the results of certain genetic diagnostic tests. CN'V's have also been implicated in
the formation of specific phenotypes in animals. For example, hereditary periodic fever syndrome in Shar-Pei
dogs is caused by a high copy number of 16.1 Kb repeats upstream of the HAS2 gene'®. This mutation results in
periodic fever in Shar-Pei dogs, which leads to a phenotype of thick skin and heavily folding. Moreover, it has
been strongly linked that CNV is associated with ageing. As observed in the elderly, the number of copies of
mtDNA reduce!!. And it has been approximated that the number of copies decreases by a few per cent for every
passing decade'®. The copy number of the human satellites I1I (1q12) has increased in a skin fibroblast cell line
undergoing senescence®. Recurrent microdeletions and duplications in the CNVs of the 15q11.2 human genomic
region is associated with neurodevelopmental disorders'®. The correlation between aging and the CNTNAP4
gene, alongside its polymorphic variants in the CNVR6782.1del/del intron, has been established'®. It appears
that Copy Number Variations (CNVs) are associated with aging and complex diseases.

The Xiang pig is a local mini-pig breed in Guizhou Province, China. A few diseased individuals were found
in Xiang pigs, as indicated by generalized skin wrinkles (see Supplementary Fig. S1). The earliest discovery was
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made at 2 months of age, which we believe is a premature aging phenomenon similar to HGPS syndrome in
humans'é. Individuals presenting with wrinkled skin typically exhibit a reduction in growth rate and an elevated
risk of developing disease. Anatomical findings showed that affected individuals had thickened skin and a thin-
ner subcutaneous fat layer. Histologically, the skin of diseased individuals exhibited epidermal hyperplasia and
structural dermal disorders. In a previous study'’, we identified and validated 65 small fragments of structural
variants (SVs) associated with skin ageing in Xiang pigs by comparing the genomic SVs in cases with systemic
wrinkled skin and four controls. In this study, we eliminated the superfluous controls and directly utilized skin
wrinkled cases and normal Xiang pigs as research subjects to detect copy number variation (CNV) and selection
signatures on the genome. Subsequently, a validation was conducted in a hybridisation pedigree constructed with
wrinkled skin cases as dams to elucidate the aetiology of skin wrinkling/ageing in Xiang pigs.

Results

Detection of CNVs in wrinkled skin cases and controls

Based on the Illumina HiSeq2500 platform, we performed whole-genome resequencing and genome-wide CNVs
detection on 20 cases of wrinkled skin (WSC) and 63 controls from the Xiang pig population. The mapped read
depth ranged from 9.76 to 18.45, with an average depth of 13.75 per sample (Supplementary Table S1). The CNVs
were called by CNVnator and CNVcaller software from the NGS data based on the Read Depth method. A total
of 7893 CNVRs were identified in all samples, including 5753 losses and 2140 gains (Supplementary Tables S2-
3). The CNVRs covered 47.34% of the porcine genome (Sscrofa 11.1) in all populations. The group of wrinkled
skin cases had 5562 CNVRs, with 4559 losses and 1003 gains. These CNV's were located on all chromosomes
except for Y chromosome with a mean size of 147,229.16 bp ranging from 600 to 1,996,600 bp (Table 1; Fig. 1).
All the CNVR maps for 83 pigs were showed in Fig. 2. In addition, sequence coverage did not correlate with the
number of CNVs identified in each individual (Fig. 3).

Comparison with CNVRs identified in previous reports

Comparing our CNV data to those reported previously in several other studies for pigs, and the results showed
that our data has a 27.26% overlap in CNV events with other researchers (Table 2). Comparison showed that
the average overlap rate was is 9.91%, which was is higher than the average overlap rate of 2.13% found in previ-
ous studies'®. The comparison also showed that the overlapping CNV events accounted for 61.93% of the total
events, while the newly identified CNVRs accounted for 38.07%. These results suggest that the detected CNV
events were highly reliable. Here we adopted the principle that two CNVRs share at least one base to identify

overlapping CNV events.
CNV median, Coverage,
Group No. CNVR No. losses No. gains CNV min, bp CNV max, bp CNV mean, bp | bp Coverage, Mp | %
WSC 5562 4559 1003 600 1,996,600 147,229.16 16,000 818.89 33.49
Controls 7791 5660 2131 600 1,996,600 148,367.27 20,800 1155.9294 47.28
Table 1. Descriptive statistics of copy number variants identified for two groups.
Wrinkled skin cases Controls
>500 kb >500 kb
100-500 kb 100-500 kb
50-100 kb 50-100 kb
30-50 kb 30-50 kb
20-30 kb 20-30 kb
15-20 kb 15-20 kb
10-15 kb 10-15 kb
8-10 kb 8-10 kb
5-8 kb 5-8 kb
3-5kb 3-5 kb
<3 kb <3 kb
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 1400
Number of CNVRs Number of CNVRs

Fig. 1. Size distribution of CNVRs. The distribution of CNV fragment size in the groups with wrinkled skin
(cases) and those without (controls) is presented herewith. A consistent trend is evident in the distribution of
CNV size between the two groups, with small fragments of CNV being more prevalent in the loss type and large
fragments of CN'V being more prevalent in the gain type.
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Fig. 2. A comprehensive chromosome mapping of all CNVRs. Two types of CNVR were identified: gain
(green) and loss (grey). The appearance of vertical bars on a chromosome indicates the position of discrete types

of CNVs.
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Fig. 3. The relationship between the number of variants and the sequence coverage for each sample. No
correlation was observed between sequence coverage and the number of CNVRs identified in each individual.

Keel et al.* 3 240 3538 1617 20.49
Zheng et al.'® 2 61 12,268 2152 27.26
Next-generation sequencing Bovo et al.** 21 725 3710 2129 26.97
Paudel et al.”! 2 16 2265 (3118) 797 10.10
Jiang et al.*? 10 13 1903 (3131) 1034 13.10
Revilla et al.”® 2 7 540 (416) 256 3.24
Wang et al.** 9 12 988 (1344) 585 7.41
aCGH Lietal? 9 12 150 (259) 73 0.92
Wang et al.”® 9 12 436 (758) 247 3.13
Chen et al.?! 2 1693 243 (565) 223 2.83
60 K SNP Yanan et al.*® 9 302 146 (348) 103 1.30
Wiedmann etal.”” |3 1802 185 (502) 147 1.86
50 K SNP Qiu et al.®® 1 5928 953 1191 15.09
Ding et al.”’ 1 3941 695 906 11.48
80 K SNP Wang et al.” 1 857 312 274 347
This Study 7893

Table 2. Comparison between CNVR detected in this study and CNVR reported previously.
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Population stratification analysis

To discover CNVR that were differentiated between WSC and controls, the pairwise F-statistic (Fst) between
wrinkled skin and cases controls samples were calculated by using the NGS data at each locus. As shown in
Supplementary Table S3 (Fig. 4), pairwise Fst values showed generally large (Fst=0.151-0.248) to very large
(Fst=0.25-0.44) genetic divergence between WSC and controls. About 86.87% (n=6819) of the CNVRs showed
nonsignificant genetic differentiation (Fst=0.0-0.05), while 11.96% (1 =944) of the CNVRs showed moder-
ate genetic differentiation (Fst=0.05-0.15), 0.988% (n=77) and 0.203% (n=16) of the CNVRs showed large
(Fst=0.15-0.248) to very large (Fst=0.25-0.44) genetic differentiation, respectively. A Fst value of 0.15 was
used as a threshold for identifying potentially selective CNVR. In total, we identified 93 WSC-controls stratified
CNVRs, including 17 gains and 76 losses, which had a length > 0.8 kb, and the largest event was CNVR_4865, a
1.715 Mb gain in 11 chromosome. In order to study the potential function of the population-stratified CNVRs,
the CNV coverage area were annotated. As shown in Table S4, there were 87 known genes (such as VCAN,
YKT6, CAMK2B, GCK, WNT9A, FOXO1, THSDI), 57 novel genes, 1 pseudogene, and 45 noncoding RNA
genes overlapped with 62 CNVRs. A total of 31 of the 93 CNVRs were located in the intergenic region, without
covering any genes.

We further investigated the impact of population-stratified CNVRs on covering genes by Variant Effect Pre-
dictor (VEP). CNVR_1233 deletion (loss) indicated a high impact predicted to be loss-of-function, including
feature truncation, transcript ablation, transcript amplification and frame shift variants on host genes. Total of 7
DUPs (gains) were characterized to be whole-gene duplication which generally caused the copy gain of an entire
gene. CNVR_4865, for example, overlaped 11 ensembl genes, including SOX11, FOXO1, MRPS31, SLC25A15,
THSD1, CKAP2, NEK3, NEK5, ALG11, CCDC70 and one novel gene. Whole-gene duplication results in transcript
amplification, which affects gene expression in a dose-dependent manner.

GO and KEGG analysis of the genes covered by population-stratified CNVRs

In order to gain a deeper understanding of the biological functions of the genes overlapped with the population-
stratified CNVRs and the mechanism of the relationship between CNVRs and disease, we conducted gene ontol-
ogy (GO) and KEGG enrichment analysis on the 87 known genes using the KOBAS tool. There were 47 genes
that mapped to 149 KEGG pathways (Supplementary Table S5), including 54 significant pathways (P <0.05),
which mainly enriched in Insulin and Insulin resistance, FoxO, Notch, N-Glycan biosynthesis, Amino sugar and
nucleotide sugar metabolism, Mitophagy - animal, Cancer, Th1 and Th2 cell differentiation, Endocrine resist-
ance, AGE-RAGE signaling pathway in diabetic complications, and ErbB signaling pathway. There were 85 genes
mainly enriched in 63 significant GO terms (P <0.01), including protein N-linked glycosylation, extracellular
matrix, metalloendopeptidase activity, mitophagy, elastic fiber assembly, negative regulation of apoptotic process,
acetylglucosaminyltransferase activity, glutathione peroxidase activity, response to mitochondrial depolarization,
extracellular matrix organization, hyaluronic acid binding and others.

Screening of candidate CNVRs related with wrinkled skin cases
We then investigated the CNVR-covering genes that involved in the biological processes and pathways of skin
aging, such as apoptosis, survival, endocytosis, cell differentiation, oxidative stress, DNA damage and repair,
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Fig. 4. Identification of regions with differentiation in WSC compared to controls. A total of 93 differential
CNVRs were identified using a threshold of Fst>=0.15 (indicated by the red line).
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extracellular matrix, immune and metabolism, and combined with the previously reported genes and databases
(https://www.ncbi.nlm.nih.gov/gene/?term=aging) related to aging, we identified 22 CNVRs putatively associ-
ated with wrinkled skin cases, containing 61 known genes (Table 3). Three CNVRs (CNVR_1195, CNVR_1854,
CNVR_4865) were predicted to cause transcript amplification effects on genes (such as FOXOI, ADAMTS?2,
MAPKSY, SQSTM1, NEK5, NEK3). Ten known genes, including VCAN, CAMK2B, TIMPI, and LGALS2, were
affected by 9 deletion variants resulting in transcript ablation, stop lost, feature truncation. Ten other CNVRs
may impact the intronic regions of the AGK, SDRI, DMD, LPGATI, and ADAMTS18 genes.

CNV assay

Six RNA-seq datasets were used to investigate the impact of candidate CNVRs on the expression of overlap-
ping genes in case and control skin samples. Of the 61 known genes overlapping 22 candidate CNVRs, 56 were
expressed in the skin (Supplementary Table S6). Wrinkled skin cases and controls showed differential expression
of twelve genes (Fig. 5), including TIMPI, FOXOI and ARAF. The expression levels of TIMPI, FOXOI, and ARAF
genes were 1.7-3 times lower in the case group compared to the control group.

To further clarify the functional significance of the candidate CNVRs in skin wrinkling traits in aromatic
pigs, we validated CNV_VCAN (CNVR_1233), CNV_TIMP1 (CNVR_7451). We evaluated the copy numbers of
CNV_VCAN, CNV_TIMP1 in F, populations of the WSC x LW family using quantitative qPCR. All individuals
were divided into three categories according to 2722CT values (Supplementary Table S7): those with 2722¢T values
ranging from 1.5 to 2.5 as normal type and those with values less 1.5 or more than 2.5 represented loss and gain,
separately. The types of normal, loss and gain were detected in the 58 samples from the F, population. The fre-
quency of copy number variation of the three CNV genes in the F, population was inconsistent. The proportion
of losses accounted for by CNV_TIMP1 was 39.66%, followed by CNV_VCAN at 58.62%. CNV's may affect the
phenotype by altering the transcription of genes through a dosage effect. We evaluated the relationship between
CNV types of CNV_VCAN, CNV_TIMPI and skin wrinkles traits in the F, population using a general linear
model (Table 4). The skin wrinkles trait was expressed as wrinkled fraction, which is equal to the wrinkle value
divided by the profile value. The study suggests that skin wrinkling was affected by different CNV genotypes,
specifically CNV_TIMPI. Increasing the copy number of CNV_TIMP1 resulted in more wrinkles on the F,
population (P<0.05). RNA-seq data also showed a significant increase in the expression of gained CNV_TIMP1
copy number phenotypes at 6 and 12 months of age, particularly at 12 months (P <0.05). However, the correla-
tion between CNV_VCAN copy number and skin wrinkles was not strong. However, at 12 months of age, the
skin wrinkle index was significantly higher in the loss type compared to the normal type.

CNVRID Location Type | Overlap gene Fst | Impact on gene

CNVR_0012 1:2305601-2,307,600 LOSS | RPS6KA2 0.18 | Intron 3 deletion

CNVR_0558 1:168793801-168,814,200 LOSS THSD4 0.17 | Intron 3 deletion

CNVR_1114 2:62575001-62,577,000 LOSS CCDC105 0.16 | Intron 2 deletion

CNVR_1251 2:101763601-101,791,200 LOSS | MCTP1 0.18 | Intron 1 deletion

CNVR_1435 3:3243801-3,246,600 LOSS | SDK1 0.17 | Intron 47 deletion

CNVR_2707 6:10396201-10,410,600 LOSS | ENSSSCG00000034356|ADAMTS18 0.19 | Intron 2 deletion

CNVR_4513 9:131467001-131,468,400 LOSS | LPGAT1 0.26 | Intron 4 deletion

CNVR_5619 13:107584201-107,678,400 | LOSS | ENSSSCG00000035525 0.44 | Intron 16 —3’UTR deletion

CNVR_5906 14:9239401-9,244,200 LOSS | DOCK5 0.23 | Intron 1 deletion

CNVR_7427 X:27,429,401-27,441,400 LOSS DMD 0.17 | Intron 5 deletion

CNVR_1195 2:78188001-79,688,400 GAIN | MAPK9|SQSTM1|ADAMTS2... 0.21 | Whole-gene duplication

CNVR_1233 2:91356201-91,612,000 LOSS VCANI|ENSSSCG00000045510|ENSSSCG00000056442 | 0.29 | Partial deletion in 5’ end

CNVR_1241 2:97898801-97,903,000 LOSS ADGRV1 0.21 | Intron 49-exon 50 deletion

CNVR_1854 3:129356201-130,543,800 GAIN | SOX11|ENSSSCG00000047407 0.18 | Whole-gene duplication

CNVR_2313 5:10172601-10,323,800 LOSS | LGALS2|GGA1|CARD10|CDC42EP1|MFNG|PDXP 0.15 | Whole-gene duplication

CNVR 3562 | 7:90242601-90,785,800 | LOSS | CCDCI96|GPHN 019 | lron Ill’(éggg)ddeﬁ"“ (CCDCI); SUTR to intron10

CNVR_4222 9:33886601-34,045,200 LOSS | DYNC2H1 0.16 | Intron 71-exon 90 —3’UTR Deletion

CNVR_4865 11:14662401-16,377,400 GAIN | FOXOI|NEK3|NEKS... 0.27 | Whole-gene duplication

CNVR_5972 14:29207001-29,214,000 LOSS DNAHI0 0.17 | Intron 13-exon 14-intron 14-exonl5-intron 15 deletion

CNVR_7238 18:8296401-8,303,600 LOSS | AGK 0.17 | Intron 10 deletion
Intron 2-exon 22— 3’UTR deletion (CAMK2B);

CNVR_7368 18:50886201-51,012,600 LOSS | YKT6|GCK|CAMK2B 0.25 | exon 1-intron 1 deletion (GCK); whole-gene deletion
(YKT6)

CNVR_7451 | X:42,077,601-42,115,600 LOSS | ARAF|SYNI|TIMPI 0.20 | Whole-gene deletion

Table 3. Descriptions of the significant CNVRs associated with wrinkled skin cases.
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Fig. 5. The expression trends of 12 CNVR-overlapping differential genes in cases of wrinkled skin (WSC) and
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Six months old Twelve months old
CNV name CNV type | Wrinkled fraction | Expressivity Wrinkled fraction | Expressivity
Loss 0.134+0.0298 48.68+12.11 0.118+0.019 29.40+14.79*
Normal 0.1395+0.029 23.41+0.54 0.1393+£0.0172 38.13+14.52
CNV_TIMP1
Gain 0.208+0.0113* 46.44%2.06 0.2115+0.0294 73.67+33.31*
P-value 0.045 0.056 0.011 0.139
Loss 0.1652+0.0383 263.91+£165.66 |0.1783+0.0424* 149.20+£106.42
Normal 0.1247+£0.0323 355.54+64.63 0.1057+£0.0231* 156.55+73.09
CNV_VCAN
Gain - - 0.122+0.0325 268.47 £155.52
P-value 0.163 0.399 0.079 0.395

Table 4. Association analysis of CNV types with wrinkled skin traits. Note: Values with different superscripts
(A, a) in the same column indicate P<0.01 and P<0.05, respectively.

Discussion

In this study, we identified 7893 CNVRs from 83 individuals by whole-genome resequencing. And the CNVRs
accounted for 1157.34 Mb or 47.34% of the pig genome, which was higher than the CNV detection rate in previ-
ous studies'®2°. In our research, more CNVR was detected. The reason for the difference in genomic CNV cov-
erage may be due to differences in sample size, sequencing depth, and detection methods. At the same time, we
found that the copy number deletion event (5753) was more common than the copy number duplication event,
which was consistent with previous reports*"?2. Different CNV formation mechanisms have different preferences
for the formation of copy number variation types. It could be partially explained by Non-allelic Homologous
Recombination (NAHR) because non-allelic homologous recombination tends to create more deletions than
duplications®, and partially by technical bias.

There was limited concordance between our research and previous CNV studies. However, the average over-
lap rate of 9.91% was higher than in previous studies'®. The underlying reason for this difference may be due
to the difference in population size and genetic background between different studies, as well as the difference
in sequencing depth and the algorithm called by CNV. Moreover, the results of researches are also inconsistent
based on the assembly of different versions of the genome. After all, there were dramatically differences between
Sscrofa 11.1 and Sscrofa 10.2%.

The F statistic has been used to characterize selection for various traits in animals?**~2°. To compare the
CNV between individuals with wrinkled skin cases and the control group, we compiled a thorough inven-
tory of population-specific CNV-gene. Large to very large genetic differences between WSC and control were
found by F-statistical analysis. The CNVR_5619 (Fst=0.44) was identified as a divergent differential maximal
locus, which overlaped with a novel gene (EGFEM1) and four IncRNA. The EGFEM1 gene encodes a protein
that contains EGF-like and EMI domains and involve in calcium binding. Maintaining normal skin stability
requires proper calcium homeostasis”’. Deletion variants in the EGFEM1 gene may impact cutaneous calcium
homeostasis. A total of 93 WSC-controls stratified CNVRs were identified using a threshold of 0.15. For instance,
CNVR_1233 (Fst=0.29), which was a 255.8 kb loss and overlaps with VCAN and two novel genes. The deletion
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of CNVR_1233 had an impact on four transcripts of VCAN, particularly transcript VCAN-209. The transcript
VCAN-209 encodes the protein FIREZ2, which can bind hyaluronic acid (HA) at its N-terminus. The HA
through its N-terminal G1 structural domain, leading to the formation of an HA-rich matrix®. Mouse mutants
deleted the N-terminal G1 structural domain of versican exhibited reduced binding capacity of HA in the skin
and were unable to accumulate in the ECM?*. Additionally, fibroblasts showed a significant decrease in col-
lagen biosynthesis®. The loss of the copy number of the N-terminal of the VCAN gene may affect its capacity
to bind to HA. In addition, copy number variations (CNVR_7451 and CNVR_4865) were found in the TIMP1
and FOXO1 genes. TIMP1I, tissue inhibitors of metalloproteinases 1, inhibit metalloproteinase (MMP) activity.
The expression of the TIMPI gene was decreased in an intrinsic aging model of in vitro skin fibroblasts (HDF)
when compared to young HDF donors®. FOXO1, a recognized anti-proliferative and pro-apoptotic factor, has
been extensively studied and found to inhibits fibroblast activation and subsequent ECM generation®"*?. Partial
knockdown of FOXO1I during mouse skin wound healing accelerates the process, while also decreasing the
density of collagen®. Each of these genes had varying effects on the proliferation or senescence of fibroblasts.
Modifications in their copy number may impact gene expression via a dose effect, thus resulting in a connection
to skin wrinkled cases in Xiang pig.

CNV overlapping genes have a wide range of molecular functions. In this study, we analyses the function of
CNV overlapping genes identified in population pairs. The analysis of gene enrichment and KEGG pathways
revealed that genes overlapping with population-stratified CNVRs were involved in various biological processes.
These include extracellular matrix structure formation, skin growth and development (such as FoxO, Notch), and
protein metabolism. Degradation of the extracellular matrix of the dermis and the formation of aged fibroblast
phenotype are important molecular mechanisms of human skin aging®. The genes that overlap with CNVR
are involved in various aspects of the extracellular matrix, such as N-glycan biosynthesis, HA binding, metal-
loendopeptidase activity, and elastic fibre assembly. Changes in the extracellular matrix components, such as
collagen and elastin, have an impact on the skin’s structure and organization®. Skin growth and development
are complex processes that involve multiple signaling pathways. These findings may provide insights into aging
or wrinkling of the skin of Xiang pigs.

In the end, in our study, we identified 22 CNVRs that may be associated with the wrinkled skin cases of the
Xiang pig. These CNVRs overlapped 61 known genes, including FOXO1, ADAMTS2, MAPK9, NEK5, NEK3,
VCAN, YKT6, ARAF, TIMP1, GCK, ADAMTS18. FOXO1*, NEK5, NEK3%, YKT6%, ARAF® and MAPK9*
are often associated with cell proliferation, apoptosis and autophagy. Their role may be to regulate skin cell fate,
including fibroblasts, which can affect the process of skin ageing and wrinkling. VCAN?, TIMP1*°, ADAMTS18*,
ADAMTS2* genes are associated with extracellular matrix structure. CNVR may affect the expression of these
genes through transcript amplification, ablation, or truncation, which could significantly impact skin ageing/
wrinkling. Further investigation is required to determine whether the loss of CN affects the proliferation of skin
cells through a dose effect.

To gain a better understanding of the role of CN events in WSC, we analyzed the expression of candidate
CNVRs overlapping genes using RNA-seq data from both WSC affected and control skin. The majority of the
overlapped-genes were expressed in the skin. Only 12 genes, including TIMPI, FOXO1I, and ARAF, were dif-
ferentially expressed in WSC and controls. Differences in gene expression may contribute to the development of
wrinkled or aged skin in the Xiang pig. Furthermore, we observed distinct copy numbers of the CNV_TIMP1
and CNV_VCAN genes in the F, generation of the WSCxXLW pedigree. An association was found between
an increased copy number of the TIMPI gene and the skin wrinkle index. The skin appeared more wrinkled
when the TIMPI genotype was gain. TIMP1 is a regulator of the extracellular matrix that inhibits the activity of
matrix metalloproteinases. The study revealed that individuals with decreased skin elasticity had higher levels of
TIMP1*. The skin of diabetic patients exhibits disturbed collagen disorder and loose alignment due to an imbal-
ance of MMP-9/TIMP-1 and MMP-2/TIMP-2*. RNA-seq analysis also showed that the expression of TIMPI was
higher in skin samples with copy number gains compared to those with losses at 12 months of age. The CNV of
VCAN did not show a significant correlation with either the skin wrinkle index or expression. However, a trend
can be observed between a high skin wrinkle index and low expression in loss type. VCAN is associated with
the accumulation of HA in the extracellular matrix. Shar-Pei exhibit a distinctive thick and heavily folded skin
when there is an over-accumulation of HA in the skin'®. Taken together, the results suggest that changes in CN
of candidate CN'VRs overlapping genes can be used to understand the cause of wrinkled skin cases in Xiang pigs.
However, further investigation is required to determine the molecular basis.

In conclusion, the CNVs found in wrinkled skin cases were mapped using second-generation sequencing
technology, with normal Xiang pigs as controls. We identified 22 candidate CNVRs associated with skin wrin-
kling cases in Xiang pigs. These CN'VRs are predicted to affect the expression of genes such as VCAN, TIMPI,
FOXO1, ADAMTS2, ADAMTSI18, AGK, and DMD, through transcript amplification, transcript ablation, stop
lost, feature truncation, splicing variant. The transcript levels of genes in case and control skin positively cor-
relate with copy number. We believe that our study provides information to clarify the molecular mechanism of
wrinkled skin cases in Xiang pigs. However, the molecular mechanism needs further confirmation.

Methods

Animal ethics and sample collection

The Guizhou University Subcommittee of Experimental Animal Ethics (EAE-GIU-2020-E015) approved all
animal procedures. All methods were performed in accordance with the relevant guidelines and regulations.
The study is also in accordance with ARRIVE guidelines. Next-generation sequencing was used to analyze a
total of 83 Guizhou Xiang pigs from a local farm, including 20 cases of wrinkled skin (WSC) and 63 individuals
of healthy skin (controls) from the Xiang pig populations (Supplementary Table S1).
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DNA extraction, libraries construction and sequencing

Genomic DNA was extracted from blood or ear tissue for quality testing. The qualified DNA would be used for
the construction of next-generation sequencing libraries. The library was sequenced with Illumina HiSeq2500
instrument (Illumina, USA). The raw sequencing reads were filtered using the default parameters of the NGSQC
Toolkit. Alignment default parameters mapped the clean reads to the pig (Sscrofa 11.1) reference genome. SAM-
tools was used to convert files in SAM format to BAM format. Then, the GATK4.0 software package was used to
remove PCR duplication and sort. The recalibration data would be used for CNV detection.

CNV identification and CNVR determination

Bioinformatics detection of genomic variation was performed on the 114 BAM files by CNVnator* and
CNVecaller software. Two software is based on the read-depth (RD) method. CN'Vnator captured RD signals
in the genome, genotyped of deletions and duplications, and corrected for GC bias. CNVcaller improved the
computational efficiency of complex genomes based on the RD algorithm. The default parameters were used for
both programs according to population levels.

To obtain high quality CNV, all CNVs of each sample detected by CNVnator and CNVcaller were merged by
bedtools, according to the principle of overlapping at least 1 bp. Then, overlapped CNV's between individuals
were merged to generate highly reliable copy number variation regions (CNVRs). CNVs identified in three or
more individuals with an overlap of at least 1 bp were defined as CNVRs.

F-statistics analysis of CNV frequencies

To evaluate differences in CNV differentiation within populations, we used F-statistics (Fst) based on genetic
polymorphism to reflect signatures of diversifying selection. Fst = (Ht — Hs)/Ht***”, where Ht represents the
expected heterozygosity for the overall total population, which can be expressed as follows: Ht=1 - ¥(p*>- ¢?).
In this context, p and q represent the frequencies of alleles A and a, respectively, within the total population.
The Hs value is indicative of the anticipated heterozygosity in subpopulations. The calculation is performed as
follows: Hs=>_" I, (Hexpi * n,-)/NTmal. In this equation, “Heyy;” represents the expected heterozygosity, while “n;”
denotes the sample size of subpopulation “i”. Fst values must vary between 0 and 1, with closer to 1 indicating
greater differences in genetic differentiation between populations. A statistical cut-off value of 0.15 Fst or greater
was established, considering the overall distribution.

Gene functional annotation

Based on the Sscrofall.l Ensembl GFF file, annotated genes overlapping with the identified CNVRs were
retrieved using bedtools (intersect). GO enrichment and functional analysis was performed with KOBAS-i
(http://kobas.cbi.pku.edu.cn/). We retained enriched terms with a statistically P <0.05 and False Discovery Rate
(FDR) corrected.

CNV type assay

A CNV type assay was conducted using real-time quantitative PCR (QPCR) and 2-22“ methods. CNV genotyping
was performed on 58 F, individuals from a pedigree of WSC x Large white pig(LW). The primers used for gPCR
amplification were designed using Primer Premier 5.0 software and synthesized by Invitrogen (Shanghai, China).
These primers sequences are shown in Supplemen tary Table S8. Real time qPCR assays were performed using
SYBR Premix Ex Tag™ (Tli RNaseH Plus) according to the manufacture’s instructions. The total volume of PCR
amplifications was 20 pL, consisting of the following reagents: 1 uL DNA (around 50 ng), 1 puL (20 pmol/uL) of
both forward primer and reverse primer, 10 pL Blue-SYBR-Green mix (2x) and 8 uL water. The PCRs were run
as follows: 5 min at 95 °C, followed by 40 cycles of 10 s at 95 °C and 10s at 72 °C; dissolution curve (95 °C, 15,
55°C, 155, and 95 °C, 15 s). All reactions were performed on 96-well clear reaction plates, and each sample was
amplified in triplicate. We estimated relative expression levels using the cycle threshold (2-22¢') method, which
compares the ACt value (Ct of target gene — Ct of GCG in test sample) to that of the reference sample. Definition
of CNV type of the target gene: a value equal to approximately 2 was considered a normal, and less or more
than 2 represented loss and gain. We evaluated the skin wrinkling and thickness in some individuals of the F,
populations. The quantification of skin wrinkles was expressed as the wrinkle fraction, which is calculated by
dividing the wrinkle value by the contour value. The phenotypic data of the skin will be analysed in correlation
with CNV typing using SPSS 26.0.

RNA-seq analysis was performed on skin RNA samples taken from three wrinkled cases and three normal
controls of Xiang pig. The RNA-seq analysis was performed using a 150-pair-end sequencing protocol on an
Mlumina Hiseq X10 from Shenzhen Huada Genentech. For sequence comparison, Sus scrofa 11.1 was used as
the reference genome, and Subread 2.0.0 featurecounts were used to count gene expression. The expression of
samples was normalized by calculating Counts Per Million (CPM)*¢. The R package DESeq2 was used to analyses
the differences in gene expression between WSC and control skins. In addition, skin RNA-seq analyses were
performed on 19 F, hybrid progeny using the same method. The CNV gene expression was extracted and used
to analyze its association with CNV genotyping.

Data availability
Sequence data that support the findings of this study have been deposited in the NCBI Sequence Read Archive
(SRA) with the primary accession code PRINA1057488.
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