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The purpose of this study was to investigate the spatiotemporal characteristics of 
wound healing using high-throughput gene expression analysis.

The investigation was conducted using 6 pigs, each with 12 wounds. The wound edge 
and center were sampled from days 0, 1, 7, 9, 11, 13, 15, 16, till wound closure day 21, 
totaling 150 samples. Tissue was processed for RNAseq by the high-throughput and precise 
next-generation sequencing (NGS) techniques with the Illumina NovaSeq platforms.
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Figure 1. Research outline. A. Samples from wounds were collected at 15 timepoints either from edge or center location. B.
Data collected from the experiment included wound photographs, RNAseq, slides stained with fluorescent dyes to visualize
neurons and macrophages, histology samples. C. Data was prepared for using in the models of artificial intelligence: a
pre-trained neural network gets image as input and outputs expression of a few genes.
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Our study highlights the dynamic spatiotemporal changes in immune response, extracellular 
matrix formation, and epithelialization during acute wound healing, while also emphasizing 
the challenges posed by wound tissue heterogeneity. Understanding these dynamics and 
addressing sampling challenges are essential for gaining accurate insights into wound 
healing mechanisms and developing improved therapeutic approaches. The data obtained in 
this study can serve as a valuable reference for future investigations in wound 
transcriptomics. 

Our primary aim was to identify genes that dynamically change their expression during 
healing. 

We hypothesized that synchronous expression of a cluster of genes may indicate a 
shared regulatory mechanism, such as expression by the same cell type or response to the 
same stimulus in different cells. We searched for clusters of genes with strong correlations in 
their expression patterns. The identified clusters were validated using the Gene Ontology 
(GO) resource. Only clusters with statistically significant p-values and clearly defined sets of 
GO terms were included in the analysis.

13 gene clusters were identified: 3 clusters with maximum on days 1-4 correspond to 
immune response, 3 clusters with minimum gene expression on day 1 and consistently 
increasing after that are related to extracellular matrix development, 2 clusters are related to 
epithelization. As expected, “epithelization” clusters at the wound edge consistently 
maintain high expression levels, while in the wound center, expression diminishes on day 1 
post-injury, returning to baseline by the end of the healing. Epithelial genes appear at wound 
center only during the later stages of healing correlating with histological re-epithelialization.

3 gene clusters exhibit a notable correlation between genes inside each cluster and 
possess specific GO annotations yet display non-smooth dynamics. The first of these 
clusters is labeled by GO as "Hair", "Muscle" and "Lipid." 

To better understand the dynamics of each gene cluster, we plot one gene from each 
cluster, showing all replicates. 

The 3 clusters with ”non-smooth” dynamics demonstrate high variability between 
replicates from the same day and location, and this is true for all genes within the cluster. 

This is likely related to biological heterogeneity of the samples. Although hair and 
muscle genes have been previously suggested to play a role in skin wound healing, our 
findings suggest a more probable association with how samples are collected.

Data processing – clustering by correlation
1. Select one arbitrary gene from the dataset.
2. Find correlation of it with all other genes.
3. Select all genes with correlation >0.9.
4. Group obtained genes into a cluster and remove them from the dataset.
5. Repeat 1-4 until the dataset is empty

6. Remove clusters with < 10 genes.
7. Check each cluster for gene ontology (GO), remove clusters with no significant GO.

Immune 1 Immune 2 Immune 3 ECM 1 ECM 2 ECM 3 Epithelium 1 Epithelium 2 Hair Muscle Lipid Tissue Development Cell cycle
LGMN SRGN ARHGDIB COL1A1 MMP2 COL4A1 Krt10 KRT15 KRT27 TTN RETSAT ITGA5 TOP2A
CSF1R LCP1 LSP1 COL3A1 COL5A1 COL4A2 KRT1 KRT6C KRT71 NEB BCAM PDGFRA RRM2
TNFRSF1B EMILIN2 CORO1A COL1A2 COL5A2 HSPG2 Krt5 KRT6B KRT33B MYBPC2 ADIPOR2 ETS1 MKI67
GIMAP1 SLC2A3 RAC2 COL6A1 COL6A2 PXDN KRT2 SPRP KRT85 TNNC2 ACAA1 SEMA7A ANLN
CD14 SOCS3 SERPINB9 THBS2 TIMP2 PDGFRB DSP DSG3 KRT31 ACTN3 ORMDL3 SACS TPX2
ITGB2 PTPRC PLCG2 LUM MMP14 NID1 PERP ITGA6 KRT74 TNNI2 CHPT1 INHBA CENPF
GIMAP4 CSF2RB DOCK10 COL12A1 ASPN COL15A1 DSG1 S100A2 PRR9 KLHL41 PRKAR2B FES CCNB1
CCR1 CTSL BIN2 Aebp1 ANGPTL2 COL5A3 PKP1 LAMC2 TCHH MYBPC1 CAVIN2 SULF1 TK1
SPI1 PHACTR1 IKZF1 MRC2 FKBP9 LAMA4 AQP3 IVL Krtap16-1 XIRP2 CPED1 IL11 KIF11
MPP1 CD53 PTPRCAP C1qtnf6 LOXL2 PLVAP SFN Itgb4 KRT35 TCAP FMO1 Runx2 KIF20A
FCGR3A ADGRE5 MAP4K1 ADAMTS2 CDH11 NID2 Jup KLK6 KRT73 LMOD2 ADHFE1 BACE2 PCLAF
ARHGAP45 PLEK NRROS CTHRC1 FKBP10 ARHGAP31 DSC1 GJB2 KRT35 MYOT OPRL1 PDE4D KIF22
LYN ADAM8 FYB1 C1QTNF3 Myh10 Cd93 COL17A1 GJB6 MB Oacyl SLC17A9 UBE2C
C5AR1 PREX1 TRAF3IP3 MFAP2 FMOD KDR DMKN S100A16 MYOZ3 FADS3 DLGAP5
FCER1G NEK6 SNX20 OLFML2B Cpxm1 ADGRL4 CALML5 ENDOD1 HJV CHST11 PLK1
PLEKHO2 ICAM1 SASH3 LRRC17 LOXL1 HIC1 DSC3 CA2 DHRS7C STAC CDC20
NCKAP1L NFKB2 JAK3 MMP23B Dchs1 PLAT Flg2 LAMB3 SMYD1 LOXL3 KIFC1
IL10RA ITGAX PARVG CERCAM P3H3 ROBO4 ASPRV1 FAM83F MYF6 ZNF697 KIF23
TYROBP CSF3R CHD5 SCARF2 ITGA1 CDSN LAMA3 SMPX DRD1 BUB1B
VAV1 PIK3AP1 EFEMP2 NOTCH4 LY6D IGSF3 CEFIP PLOD3 SHCBP1
MYO1F ARHGAP30 MFRP DTX1 TRIM29 FAM25A TRIM54 BIRC5
HCLS1 CD86 TSPAN18 SLPI ZNF185 DUSP27 CDK1
SLC15A3 FMNL1 ITGA11 KRTDAP TGM1 TTN CCNF

Immune 1 Immune 2 Immune 3
regulation of immune system process (GO:0002682) immune system process (GO:0002376) lymphocyte homeostasis (GO:0002260)
positive regulation of immune system process (GO:0002684) cell activation (GO:0001775) leukocyte differentiation (GO:0002521)
regulation of response to external stimulus (GO:0032101) regulation of immune system process (GO:0002682) leukocyte homeostasis (GO:0001776)
immune system process (GO:0002376) signal transduction (GO:0007165) regulation of leukocyte mediated immunity (GO:0002703)
regulation of immune response (GO:0050776) cellular response to stimulus (GO:0051716) lymphocyte activation (GO:0046649)
myeloid leukocyte activation (GO:0002274) immune response (GO:0006955) homeostasis of number of cells (GO:0048872)

ECM 1 ECM 2 ECM 3
collagen fibril organization (GO:0030199) extracellular matrix organization (GO:0030198) angiogenesis (GO:0001525)
extracellular matrix organization (GO:0030198) extracellular structure organization (GO:0043062) blood vessel development (GO:0001568)
extracellular structure organization (GO:0043062) external encapsulating structure organization (GO:0045229) vasculature development (GO:0001944)
external encapsulating structure organization (GO:0045229) collagen fibril organization (GO:0030199) blood vessel morphogenesis (GO:0048514)
collagen metabolic process (GO:0032963) ossification (GO:0001503) circulatory system development (GO:0072359)
cellular response to amino acid stimulus (GO:0071230) supramolecular fiber organization (GO:0097435) extracellular matrix organization (GO:0030198)

Epithelium 1 Epithelium 2
epidermis development (GO:0008544) epidermis development (GO:0008544)
skin development (GO:0043588) skin development (GO:0043588)
epithelium development (GO:0060429) tissue development (GO:0009888)
epidermal cell differentiation (GO:0009913) keratinization (GO:0031424)
tissue development (GO:0009888) cellular nitrogen compound metabolic process (GO:0034641)
keratinocyte differentiation (GO:0030216) keratinocyte differentiation (GO:0030216)

Hair Muscle Lipid
intermediate filament organization (GO:0045109) muscle system process (GO:0003012) lipid metabolic process (GO:0006629)
intermediate filament cytoskeleton organization (GO:0045104) muscle structure development (GO:0061061) cellular lipid metabolic process (GO:0044255)
intermediate filament-based process (GO:0045103) muscle contraction (GO:0006936)
supramolecular fiber organization (GO:0097435) muscle organ development (GO:0007517)
epithelial cell differentiation (GO:0030855) muscle cell development (GO:0055001)
epidermis development (GO:0008544) muscle tissue development (GO:0060537)

Tissue Development Cell cycle
tissue development (GO:0009888) cell cycle (GO:0007049)
cell differentiation (GO:0030154) cell cycle process (GO:0022402)
cellular developmental process (GO:0048869) mitotic cell cycle (GO:0000278)
chondrocyte development (GO:0002063) cell division (GO:0051301)
embryo development (GO:0009790) mitotic cell cycle process (GO:1903047)
embryonic skeletal system development (GO:0048706) chromosome segregation (GO:0007059)
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