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Abstract 
    Background: The skin is the biggest organ in the body and has several important functions in protection and regulation. However, 
wound development can disrupt the natural healing process, leading to challenges such as chronic wounds, persistent infections, and 
impaired angiogenesis. These issues not only affect individuals' well-being but also pose significant economic burdens on healthcare 
systems. Despite advancements in wound care research, managing chronic wounds remains a pressing concern, with obstacles such as 
persistent infection and impaired angiogenesis hindering the healing process. Understanding the complex genetic pathways involved in 
wound healing is crucial for developing effective therapeutic strategies and reducing the socio-economic impact of chronic wounds. 
Weighted Gene Co-Expression Network Analysis (WGCNA) offers a promising approach to uncovering key genes and modules 
associated with different stages of wound healing, providing valuable insights for targeted interventions to enhance tissue repair and 
promote efficient wound healing.  
   Methods: Data collection involved retrieving microarray gene expression datasets from the Gene Expression Omnibus website, with 
65 series selected according to inclusion and exclusion criteria. Preprocessing of raw data was performed using the Robust MultiArray 
Averaging approach for background correction, normalization, and gene expression calculation. Weighted Gene Co-Expression Network 
Analysis was employed to identify co-expression patterns among genes associated with wound healing processes. This involved steps 
such as network construction, topological analysis, module identification, and association with clinical traits. Functional analysis 
included enrichment analysis and identification of hub genes through gene-gene functional interaction network analysis using the 
GeneMANIA database.  
   Results: The analysis using WGCNA indicated significant correlations between wound healing and the black, brown, and light green 
modules. These modules were further examined for their relevance to wound healing traits and subjected to functional enrichment 
analysis. A total of 16 genes were singled out as potential hub genes critical for wound healing. These hub genes were then scrutinized, 
revealing a gene-gene functional interaction network within the module network based on the KEGG enrichment database. Noteworthy 
pathways such as MAPK, EGFR, and ErbB signaling pathways, as well as essential cellular processes including autophagy and 
mitophagy, emerged as the most notable significant pathways. 
   Conclusion: We identified consensus modules relating to wound healing across nine microarray datasets. Among these, 16 hub genes 
were uncovered within the brown and black modules. KEGG enrichment analysis identified co-expression genes within these modules 
and highlighted pathways most closely associated with the development of wound healing traits, including autophagy and mitophagy. 
The hub genes identified in this study represent potential candidates for future research endeavors. These findings serve as a stepping 
stone toward further exploration of the implications of these co-expressed modules on wound healing traits. 
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↑What is “already known” in this topic: 
The current understanding of this field encompasses the recognition 
of several essential functional genes that contribute to skin wound 
healing. These genes have been divided into groups based on their 
distinct co-expression patterns and their strong association with 
specific traits that are critical for the successful progression of 
wound healing.   
 
→What this article adds: 

This study identifies the key genes and modules which are crucial 
for the wound healing process. These genes and the things they 
produce may be useful targets for intervention in people who present 
with difficulties. We report 16 hub genes within specific modules, 
shedding light on their importance in promoting efficient wound 
healing.  
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Introduction 
The skin is the largest organ in the human body and 

serves a variety of essential functions, including controlling 
body temperature, storing energy, and acting as a protective 
barrier against external threats such as bacteria, viruses and 
physical injury (1). However, the natural healing process 
can be disrupted by factors such as wound severity, leading 
to challenges like chronic wounds, persistent infection, and 
impaired angiogenesis. Persistent infection can lead to pro-
longed inflammation, which can impede the normal pro-
gression of the wound-healing process. Impaired angiogen-
esis, on the other hand, can result in inadequate blood sup-
ply to the wound site, leading to poor oxygen and nutrient 
delivery, which are essential for the healing process (2, 3). 
Skin wounds present a multitude of challenges for individ-
uals and society, including the economic burden of treat-
ment and the impact on individuals' ability to work and par-
ticipate in daily activities. The cost of treating chronic 
wounds, in particular, is substantial and can have a signifi-
cant impact on healthcare systems and society as a whole 
(4). In the United States alone, the annual cost of treating 
chronic wounds is estimated to exceed billions of dollars, 
encompassing direct medical expenses and indirect costs 
like loss of productivity and decreased quality of life for 
affected individuals (5). Approximately 6.5 million Amer-
icans experience severe wounds, which equates to more 
than $25 billion in yearly medical expenses (6). It is antic-
ipated that these rates will climb significantly in the future 
due to the dramatic growth in the prevalence of diabetes, 
obesity, and chronic infections, among other conditions (7). 
Despite significant efforts and breakthroughs in wound 
healing research and product development, effectively 
managing chronic and full-thickness wounds remains a sig-
nificant challenge with obstacles like persistent infection, 
ongoing inflammation, and impaired angiogenesis hinder-
ing the healing process. In addition, damaged skin offers a 
fertile habitat for the development and multiplication of 
germs in deep wounds, and the loss of the vascular bed may 
result in chronic damage or even the loss of the skin and its 
underlying structures (8-10). 

Research efforts worldwide are focused on understanding 
the healing processes of skin lesions and wounds, leading 
to significant breakthroughs in treating skin issues. Studies 
have revealed changes in gene expression throughout the 
wound-healing process, with researchers using diverse data 
sources and advanced computational methods to gain in-
sights into the role of genes in cancer development (11-14). 
Certain drugs have been found to promote early wound 
healing and exert a positive influence on the overall wound-
healing process (15). Enhancing our understanding of the 
wound-healing process is essential for healthcare profes-
sionals to provide effective treatment with ongoing re-
search into the mechanisms holding the potential to ad-

vance wound care therapies and enhance outcomes for in-
dividuals with chronic wounds (16, 17). By persistently 
deepening our comprehension of the wound healing pro-
cess, we can work towards developing more effective strat-
egies for treating skin wounds and reducing the socio-eco-
nomic impact of chronic wounds on individuals and society 
as a whole. 

However, gaps persist in our understanding of the genetic 
pathways involved in wound healing, particularly in the in-
tricate network of genes and their interactions across differ-
ent healing stages (18). Weighted gene co-expression net-
work analysis (WGCNA) emerges as a promising approach 
to address these knowledge gaps by identifying co-ex-
pressed gene modules crucial for various phases of wound 
healing, from inflammation to tissue repair and remodeling 
(18, 19). WGCNA offers a systematic approach to bridge 
the knowledge gaps by identifying co-expressed gene mod-
ules that may play pivotal roles in different stages of wound 
healing, from inflammation and tissue repair to remodeling 
(19).  

In line with the highlighted challenges in wound healing 
and the potential of WGCNA, this study aims to bridge the 
existing knowledge gaps in gene expression during wound 
healing stages. By employing WGCNA techniques, the 
goal is to identify and characterize specific gene modules 
crucial in various phases of wound healing. This research 
seeks to unravel the intricate genetic mechanisms underly-
ing efficient tissue repair and ultimately contribute to the 
development of targeted therapeutic interventions that pro-
mote accelerated and effective wound healing. 

 
Methods 
Data collection and quality control 
This research collected microarray gene expression da-

tasets from the Gene Expression Omnibus (GEO), NCBI 
website (https://www.ncbi.nlm.nih.gov) (20). The datasets 
underwent manual screening to identify those containing 
data on skin and oral wound healing in human subjects. 
Through manual screening, 65 series (out of the initial 7500 
series) were short-listed. Subsequently, these  series were 
subjected to quality control and assessed against a prede-
fined set of inclusion and exclusion criteria. Ultimately, 
only 9 series (from 73 patients and 42 healthy controls) as-
sembly of the criteria were selected and included in the 
study. Our inclusion criteria comprised human wound heal-
ing participants, and a high-throughput microarray was eli-
gible for inclusion. Exclusion criteria included research on 
non-human samples, samples with therapy or another con-
comitant disease, cell lines, and non-blood samples. Se-
lected series were deposited into the database under acces-
sion numbers GSE21648, GSE30355, GSE7890, 
GSE28914, GSE63107, GSE11919, GSE440, GSE26487, 
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and GSE427 (12, 21-28) which are shown in details in Ta-
ble 1 (29). It's essential to acknowledge that while this se-
ries provided valuable insights, the sample size was inher-
ently limited by the available data within the specified cri-
teria. The constraints imposed by the inclusion/exclusion 
criteria and the limited number of studies meeting these 
stringent conditions significantly influenced the final sam-
ple size utilized for our analysis. 

The raw data underwent preprocessing in R using the Ro-
bust MultiArray Averaging (RMA) approach (30), which 
comprised background correction, normalization, and ex-
pression calculation (version 1.38.0). RMA is known for its 
effectiveness in correcting background noise, normalizing 
data, and accurately calculating gene expression levels. Its 
robust nature makes it a preferred method for preprocessing 
microarray data, as it reduces technical artifacts and im-
proves the reliability and comparability of gene expression 
measurements across samples (31). 

 
WGCNA network construction 
Weighted Gene Co-Expression Network Analysis 

(WGCNA) was utilized to identify genes relevant to wound 
healing processes. The process involved key steps: 

Data Collection and Preprocessing: The data from 
‘Group’ (wounded and healthy controls) without outliers 
was gathered. Probes lacking consistent gene symbols were 
removed, and gene expression values were calculated by 
averaging probes mapped to the same gene symbol. 

Network Construction and Topological Analysis: Soft-
thresholding power analysis determined the appropriate 
power value for network construction. Adjacencies were 
calculated, and a consensus Topological Overlap Matrix 
(TOM) was created to represent gene interconnectedness. 
TOM helps identify groups of genes' interconnectedness 
(18).  

Module Identification and Analysis: Modules of co-ex-
pressed genes were identified using the 'cutreeDynamic' 
function, grouping genes based on their expression pat-
terns. Eigengenes (MEs) representing module expression 
profiles were computed and correlated with consensus 
modules (18). Modules with high correlation (0.75) were 
merged to create larger modules. 

Association with Clinical Traits: The relationship be-
tween clinical traits and gene significance (GS), as well as 
module membership (MM) was explored using correlation 
analysis and P-value computation. GS measures the corre-
lation between gene expression and a specific (18).  While 
MM indicates how well a gene fits into a module. Genes 
with high MM values are tightly interconnected within their 

module, indicating their strong association with the mod-
ule's expression pattern (18). 

Focus on Wound Healing-Related Modules: A specific 
investigation into modules closely linked to wound healing 
was conducted by identifying modules significantly associ-
ated with this process. These modules were then connected 
back to the broader consensus modules, providing insights 
into their interrelationships within the gene network. 

 
Functional analysis 
We performed functional enrichment analysis using the 

clusterProfiler R package (32), which is specifically de-
signed for uncovering the biological significance of gene 
clusters or sets. The aim of this analysis was to identify and 
highlight enriched biological pathways, functions, and on-
tologies associated with the candidate genes obtained from 
WGCNA (32).  

 To visualize the significantly enriched KEGG keywords, 
dot plots were used, and only those with an adjusted P-
value of < 0.05 (based on the Benjamin and Hochberg 
('BH') method) were considered significant. 

  
Identification of Hub Gene and the gene-gene func-

tional interaction network 
Hub genes are characterized by a high degree of correla-

tion within specific modules. Typically, these genes exhibit 
a geneModuleMembership >0.80 and a geneTraitSignifi-
cance >0.20 in absolute value. Using these values, hub 
genes related to wound healing were detected. The Gene-
MANIA database was also used to create a gene-gene func-
tional interaction network for the hub genes. GeneMANIA 
is a database that is used to create hypotheses about gene 
function, assess gene lists, and select gene priorities for 
functional research (33). It may be used to uncover protein-
protein, protein-DNA, and genetic interactions, pathways, 
genes physiological and biochemical translation, gene and 
protein expression, protein domain, and phenotypic screen-
ing (34). 

 
Results 
Consensus modules and genes associated with wound 

healing 
The presence of potential outliers may impact subsequent 

analyses and lead to potentially misleading findings. To ad-
dress this concern, hierarchical cluster analysis was em-
ployed to identify and exclude outlier samples. From the 
clustering tree analysis, two outliers, identified as 
GSM6348 and GSM6349; were detected and subsequently 

Table 1. Characteristics of datasets  
No. Tissue type GEO ID Platform Participant group Sample Size 
1 Skin and oral GSE21648 Affymetrix, GPL96 Patients 15 
2 Skin GSE30355 Affymetrix, GPL570 Patients 10 
3 Skin GSE7890 Affymetrix, GPL570 Patients 10 
4 Oral GSE28914 Affymetrix, GPL570 Patients 8 
5 Skin GSE63107 Affymetrix, GPL570 Patients 30 
6 Skin GSE11919 Affymetrix, GPL570 Healthy Controls 9 
7 Skin GSE440 Affymetrix, GPL8300 Healthy Controls 5 
8 Skin GSE26487 Affymetrix, GPL8300 Healthy Controls 10 
9 Skin GSE427 Affymetrix, GPL8300 Healthy Controls 18 
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removed.  Following outlier removal, the clustering tree 
was re-plotted to confirm the absence of outliers. Utilizing 
criteria aimed at minimizing connection measurements, a 
soft-thresholding power of 12 was determined as suitable 
for each dataset in this study (Figure 1a). Subsequently, a 
total of 14 consensus gene co-expression modules were 
generated through combination and analysis (Figure 1b). 

 
Relating consensus modules to wound healing and 

functional annotation 
Clinical trait heatmap and sample dendrogram showed in 

Figure 2a. The tables of module-trait relationships eluci-
dated the connections between the clinical traits (wound 
healing and control in Figure 2b) and the consensus mod-
ules in each data set. Notably, two relationship tables 
demonstrated a level of similarity. Specifically, the black (r 
= −0.41, P = 0.02), brown (r = −0.41, P = 0.02), and light-
green modules (r = −0.41, P = 0.02) exhibited significant 
associations with clinical traits across both matrices.  These 
modules included 475, 1710, and 69 genes, respectively. 
Subsequently, a functional enrichment analysis was per-
formed on genes co-expressed within these modules to un-
veil their potential role in wound healing. 

Pathway analysis from KEGG revealed specific path-
ways associated with each module. The brown module was 
linked to the Mitogen-Activated Protein Kinase (MAPK) 
signaling pathway, apoptosis, ErbB signaling pathway, and 
epidermal growth factor receptor (EGFR) tyrosine kinase 
inhibitor resistance (Figure 3a). In contrast, the black mod-
ule was associated with mitophagy-animal, FoxO signaling 
pathway, shigellosis, NOD-like receptor signaling path-
way, and autophagy-animal (Figure 3b). Lastly,the light-
green module was connected to Herpes simplex virus 1 in-
fection, Epstein-Barr virus infection, Human cytomegalo-
virus infection, Human immunodeficiency virus 1 infec-
tion, Kaposi sarcoma-associated herpesvirus infection, Os-
teoclast differentiation, and Antigen processing and presen-
tation (Figure 3c). 

 
Modules hub genes related to wound healing pheno-

types and functional interaction network 
Based on our findings above, a total of 16 genes were 

identified as potential hub genes. Out of these, 13 genes be-
long to the brown module, while the remaining three genes 
are associated with the black module. Specifically, the hub 
genes identified within the brown module include 

 
Figure 1. a. Scale independence and mean connectivity analysis related to wound healing. The proper soft threshold power = 12 was selected. 
b. Clustering dendrogram of wound healing-related modules, with dissimilarity based on the topological overlap. 
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CDK2AP2, PPP1R15A, SEC61A1, ISG20, RHOG, NFK-
BIE, PLAUR, MAP2K1, BYSL, VCP, ZYX, IL1RL1, JOSD1, 
while the hub genes in the black module were TAB2, 
YTHDF3, and PRKAR1A. Figure 4 illustrates the gene-
gene functional interaction network for these module hub 
genes related to wound healing phenotypes, comprising 36 
nodes and 104 edges. 

 
Discussion 
Wound healing is a normal response to tissue damage and 

involves several overlapping phases (35). Numerous cellu-
lar components and structures play a role in the dynamic 

process of wound healing. 
These cellular and molecular activities are meticulously 

coordinated and regulated. Changes to the actin cytoskele-
ton, as well as the production of extracellular matrix (ECM) 
proteins and integrin receptors, are required for efficient tis-
sue healing and restoration of tissue function (36). Conse-
quently, it is essential to examine the hub genes' critical 
pathways related to wound healing for the diagnosis and 
treatment of individuals with wound healing dysfunction. 

The weighted gene co-expression network analysis 
method has been utilized to extract valuable information 
from a gene expression microarray profile by constructing 

 
Figure 2. a. Clinical trait heatmap and sample dendrogram. The sample dendrogram's threshold value is set at 100 to remove samples with 
considerable variability. b. Module-trait relationship heatmap. Hierarchical clustering of module eigengenes that represent the clustering analy-
sis's modules. The module is represented by the row, while the column represents the trait. The p-values in the box show the correlation and p-
value. 
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gene modules and explaining the importance of a gene 
module from a biological perspective. This research dis-
covered that the brown, black, and light-green modules 

were highly correlated with wound healing traits. There 
were 475, 1710, and 69 genes in the black, brown, and 
light-green modules, respectively. In addition, 16 genes in 

 
Figure 3. Bubble chart of KEGG pathway analysis for desired modules. a. Brown module KEGG pathway analysis. b. Black module KEGG 
pathway analysis. c. Light-green module KEGG pathway analysis. 
 

 
Figure 4. The gene-gene functional interaction network. Brown circles represent hub genes related to the brown module, and black circles repre-
sent hub genes related to the black module. 
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the brown and black modules were identified as hub genes. 
These hub genes may have significant clinical implications 
in diagnosing and prognosis of wound-healing diseases. 

The Kyoto Encyclopedia of Genes and Genome enrich-
ment analysis has revealed that brown module co-expressed 
genes are mainly enriched in the signaling pathways, in-
cluding MAPK, EGFR, ErbB, and apoptosis. MAPK sig-
naling plays a crucial role in vital cellular functions like 
growth, differentiation, and migration. The MAPK families 
exhibit remarkable conservation and comprise three ki-
nases: C-Jun N-terminal kinase/stress-activated protein ki-
nase, classical MAPK (ERK), and p38 kinase (37). The 
MAPK/ERK signaling pathway in cells has been exten-
sively researched in relation to cell proliferation and migra-
tion, which are triggered by cellular inducers like growth 
factors.Furthermore, activating the MAPK/ERK signaling 
pathway is considered a potential treatment for wound heal-
ing (38-41). Consequently, growth factors and cytokines 
activate this pathway, leading to downstream responses. In 
cellular mitogenesis, this process is known as a cellular 
checkpoint (37). Further investigation is warranted to ex-
plore the involvement of cyclins, a protein family responsi-
ble for regulating cell cycle progression through the activa-
tion of cyclin-dependent kinases (42), in the cyclin pathway 
within the context of MAPK signaling during wound heal-
ing.EGF receptor, also known as EGFR, ErbB-1, or HER1 
in humans, is predominantly found in epithelial cells and 
plays a crucial role in promoting cellular proliferation, mi-
gration, and survival (43). When EGFR interacts with its 
primary ligand EGF, EGFR signaling occurs, which may 
induce angiogenesis (44, 45). Angiogenesis is crucial for 
wound healing as it enables oxygen and nutrients to enter 
wound sites (46). EGFR signaling is implicated in various 
biological processes, including angiogenesis, by regulating 
endothelial cell proliferation, death, and migration (47). 
Previous research has shown that elevated glucose levels 
have the potential to interfere with EGFR signaling and im-
pede the process of corneal epithelial wound healing (48). 
A study in a pig model of wounds has demonstrated that 
transfecting EGFR promotes wound resurfacing when 
paired with epiregulin or heparin-binding EGF (49). Fur-
thermore, apoptosis plays a role in regulating cell prolifer-
ation and eliminating cell populations that have completed 
their respective activities without causing tissue injury or 
an inflammatory response throughout the various stages of 
wound healing (50, 51). 

The signaling pathways associated with KEGG enrich-
ment of the black module include the FoxO signaling path-
way and the NOD-like receptor signaling pathway, the 
components of which have been examined in wound heal-
ing-related research. FOXO3 gene performs a critical role 
in the development of  radiation-induced skin fibrosis by 
participating in the P53 pathway and engaging in basic cel-
lular processes like apoptosis, cell survival, and cell cycle 
regulation (52, 53). The pathophysiology of various inflam-
matory skin disorders is also associated with the Nod-like 
receptor protein (NLRP)-3 inflammasome/IL-1 pathway 
(54). In this regard, Weinheimer-Haus et al. discovered that 
NLRP-3 null mice and caspase-1 null animals exhibited de-
layed re-epithelialization, granulation tissue development, 

and angiogenesis compared to WT mice, demonstrating the 
importance of NLRP-3 signaling in the early stages in 
wound healing (54). Research on signaling pathways en-
riched in brown and black module genes suggests the sig-
nificance of these pathways in wound healing traits and in-
dicates that they may be the primary pathways for further 
study in wound healing research. 

KEGG enrichments of light-green module remarkably 
identified that the co-expressed genes are significantly en-
riched in virus infection pathways, including Herpes sim-
plex virus 1, Epstein-Barr, Human cytomegalovirus 
(HCMV), Human immunodeficiency virus 1 (HIV1), and 
Kaposi sarcoma-associated herpesvirus. Hedner et al. re-
ported that primary herpes simplex virus (type 1) infection 
delays the healing of oral excisional and extraction wounds 
in rats, whereas antiviral therapy with acyclovir (ACV) de-
creases inflammation and improves the healing of infected 
wounds (55). Furthermore, immunocompromised HIV-
AIDS patients experience impaired wound healing and an 
increased risk of wound infection (56). HIV-positive pa-
tients without AIDS seem to have an increased risk of 
wound complications, but those with AIDS are more likely 
to experience prolonged wound healing (56, 57). In addi-
tion, Dumortier et al. discovered that the HCMV secretome 
includes various components that contribute to wound heal-
ing, such as growth factors, ECM and ECM-modifying pro-
teins, and the ELR including CXC chemokines, cytokines, 
enzymes, and adhesion molecules (58). It should be high-
lighted that numerous viral infections may probably impair 
wound healing through the involved pathways, although 
further research in this area is necessary. 

Other pathways prominent in the black module's KEGG 
analysis include autophagy and mitophagy. Autophagy 
plays a crucial role in regulating wound healing throughout 
the stages of hemostasis, inflammation, proliferation, and 
remodeling. It enhances the durability, proliferation, and 
migration of various cell types, such as neutrophils, macro-
phages, endothelial cells, keratinocytes, and fibroblasts. 
This, in turn, facilitates their biological activities and con-
tributes to the promotion of wound healing (59). Mitophagy 
(mitochondrial-specific autophagy) is the autophagic pro-
cess responsible for eliminating damaged or overloaded mi-
tochondria (60). Mitophagy suppresses cell apoptosis by 
eliminating damaged or dysfunctional mitochondria. Mal-
functioning mitochondria can negatively impact the cell 
through the production of high levels of reactive oxygen 
species (ROS) and the release of pro-apoptotic signals such 
as cytochrome c (61). Notably, modifications in mitophagy 
occur in rats with burn wounds (62). Sirt3 specifically mod-
ulates mitophagy to improve diabetic corneal epithelial 
wound healing in vivo and in vitro (63). Mitophagy, like 
autophagy, has been investigated rarely in wound healing. 
The findings of this study suggest that autophagy and mi-
tophagy may have a role in wound healing-related traits, 
which has to be validated in future research. 

On the other hand, the hub genes were recognized, and 
some of these genes have been studied for their role in 
wound healing. Some of these hub genes have potential 
roles in wound healing and wound healing traits. PLAUR 
produces the receptor for urokinase plasminogen activator 
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and, given its association in localizing and expanding plas-
min production, without a doubt controls various ordinary 
and neurotic forms connected to cell-surface plasminogen  
enactment and bounded extracellular matrix breakdown 
(64). Notably, the expression of PLAUR was elevated in di-
abetic mouse corneas in response to injury, and this over-
expression was dramatically inhibited by hyperglycemia 
(65). Furthermore, Diaz et al. discovered that UPA-medi-
ated crosstalk between N-cadherin and β- catenin advances 
wound healing, as doe's β-catenin-triggered transcription of 
the uPA receptor (PLAUR), which is considered necessary 
for uPA to actuate astrocytic wound healing (66). PLAUR 
is an ECM- remodeling gene that is highly expressed in ra-
diation wounds (67). 

Following ER stress resolution, the eIF2 dephosphoryla-
tion guided by PPPIR15A/GADD34 reverses the inhibition 
of general protein translation (68). Protein phosphatase 1 
regulatory subunit 15A (PPP1R15A) expression levels 
were significantly decreased in Idiopathic pulmonary fibro-
sis (69). Furthermore, in a rabbit ear wound model, Leung 
et al. found that PPP1R15A was a 30-fold increase in Pseu-
domonas aeruginosa infected wounds compared to unin-
fected wounds (70). PPP1R15A may have a function in 
wound healing, although its expression levels need to be 
studied further. Furthermore, RHOG which is Ras Homol-
ogy Growth-related or (ARGH) is a compact (21 kDa) 
monomeric G protein or GTP-binding protein that plays an 
essential role in numerous intracellular signaling pathways 
(71). According to Bass et al., RHOG gene disruption in 
mice delays cutaneous wound healing owing to a migratory 
deficit in RHOG null fibroblasts and keratinocytes (72). 

Zyxin (ZYX) is a phosphoprotein in human cells with an 
apparent molecular weight of 84 kDa (73). In fibroblasts, 
ZYX and integrin are found together in areas where the 
cells attach to the substratum, known as focal adhesions. 
ZYX is evenly distributed along actin-containing stress fi-
bers and epithelial circumferential actin bundles. The high-
est concentrations of ZYX are observed at the ends of stress 
fibers or at sites of focal cell adhesion  (74). The amount of 
ZYX and its relative shift in the location of keratinocytes 
moving to wounds imply that it functions in structuring the 
cytoskeleton of actin bundles (75). Sabino et al. (76) dis-
covered the relevance of zyxin during wound healing, 
which is consistent with prior in vitro studies (75) have em-
phasized the involvement of zyxin in the efficient healing 
of scratched cell monolayers, as evidenced by the delayed 
scratch closure observed upon zyxin suppression in MDCK 
cells (77). Sec61α1 was likewise one of the genes in which 
de novo mutations induced a wound-healing deficiency in 
this child with severe congenital neutropenia (78).  Overall, 
although the other hub genes identified in this study, which 
include CDK2AP2, ISG20, NFKBIE, MAP2K1, BYSL, 
VCP, IL1RL1, JOSD1, TAB2, YTHDF3, and PRKAR1A, 
have not been studied in wound healing studies, this study 
confirms these genes as targets with potential for further 
wound healing studies. 

The key benefit of this research is that it combines wound 
healing patients' gene expression data with clinical traits. 
The WGCNA algorithm may create the gene network fol-
lowing the scale-free network distribution and partitioning 

genes with comparable expression into the same module by 
selecting the suitable weighting coefficient to weight the 
correlation coefficient between genes. The modules with 
the highest connectivity attributes were then chosen, and 
hub genes within the modules were discovered. Finally, 
gene enrichment analysis investigated the possible link be-
tween modules and hub genes. 

 
Limitation 
Our research has the following limitations: First, we con-

firmed our results using data from a publicly accessible da-
tabase and did not conduct further research to assess the ex-
pression of associated genes or the biological processes and 
pathways involved. Second, since our research relies on 
data from a shared database and internet technology, we 
cannot guarantee the accuracy of our results. Finally, our 
studied data was almost exclusively restricted to a single 
location and did not demonstrate this problem on a global 
scale, despite our efforts to cover this by using a vast num-
ber of datasets. Further well-designed biological research 
with high sample numbers is required to validate our re-
sults. 

 
Conclusion 
Our results identified the related consensus modules of 

nine wound healing microarray datasets. Enrichment anal-
ysis using KEGG was conducted for the co-expression 
genes within these modules. and the pathways that were 
most associated with the development of wound healing 
traits, such as autophagy and mitophagy, and cell signaling 
pathways such as MAPK, EGFR, and ErbB2, were dis-
cussed. The hub genes obtained in this study are among the 
genes that each have the potential to be the basis for future 
studies. These results cast a minnow to catch a whale and 
lay the foundation for future studies into the implications of 
these co-expressed modules on wound healing traits. 

 
Authors’ Contributions 
All the authors made contributions to the conception and 

design of the study. M.F and F.M were responsible for ma-
terial preparation, data collection, and analysis. The initial 
draft of the manuscript was authored by M.F. A.S and F.M 
provided feedback on earlier versions of the manuscript. 
The final manuscript was reviewed and approved by all au-
thors. 

 
Ethical Considerations 
This study received approval from the ethics committee 

at Iran University of Medical Sciences under the ethics 
code ’IR.IUMS.REC.1398.03’. 

 
 Acknowledgment 
We are grateful to the Iran University of Medical Sci-

ences, which supported this research. 
 
Conflict of Interests 
Ali Samadikuchaksaraei serves as a shareholder and CEO 

at Baztarmim Company, a company primarily dedicated to 
manufacturing tissue engineering products. The other 
authors do not have any competing interests to disclose. 

 [
 D

O
I:

 1
0.

47
17

6/
m

jir
i.3

8.
82

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 m

jir
i.i

um
s.

ac
.ir

 o
n 

20
24

-0
9-

23
 ]

 

                             8 / 10

http://dx.doi.org/10.47176/mjiri.38.82
http://mjiri.iums.ac.ir/article-1-9223-en.html


 
M. Farhangniya, et al. 

 

 
 

http://mjiri.iums.ac.ir 
Med J Islam Repub Iran. 2024 (17 Jul); 38:82. 
 

9 

References 
1. Borena BM, Martens A, Broeckx SY, Meyer E, Chiers K, Duchateau 

L, et al. Regenerative Skin Wound Healing in Mammals: State-of-the-Art 
on Growth Factor and Stem Cell Based Treatments. Cell Physiol Biochem. 
2015;36(1):1-23. 

2. Falanga V. Wound healing and its impairment in the diabetic foot. 
The Lancet. 2005;366(9498):1736-43. 

3. Gethin G. The significance of surface pH in chronic wounds. Wounds 
uk. 2007;3(3):52. 

4. Järbrink K, Ni G, Sönnergren H, Schmidtchen A, Pang C, Bajpai R, 
et al. The humanistic and economic burden of chronic wounds: a protocol 
for a systematic review. Syst Rev. 2017;6(1):15. 

5. Sen CK, Gordillo GM, Roy S, Kirsner R, Lambert L, Hunt TK, et al. 
Human skin wounds: a major and snowballing threat to public health and 
the economy. Wound repair and regeneration. 2009;17(6):763-71. 

6. Sen CK, Gordillo GM, Roy S, Kirsner R, Lambert L, Hunt TK, et al. 
Human skin wounds: a major and snowballing threat to public health and 
the economy. Wound Repair Regen. 2009;17(6):763-71. 

7. Whittam AJ, Maan ZN, Duscher D, Wong VW, Barrera JA, Januszyk 
M, et al. Challenges and Opportunities in Drug Delivery for Wound 
Healing. Adv Wound Care (New Rochelle). 2016;5(2):79-88. 

8. Boateng JS, Matthews KH, Stevens HN, Eccleston GM. Wound 
healing dressings and drug delivery systems: a review. J Pharm Sci. 
2008;97(8):2892-923. 

9. Bowler PG. Wound pathophysiology, infection and therapeutic 
options. Ann Med. 2002;34(6):419-27. 

10. Yildirimer L, Thanh NT, Seifalian AM. Skin regeneration scaffolds: 
a multimodal bottom-up approach. Trends Biotechnol. 2012;30(12):638-
48. 

11. Gao X, Petricoin EF, 3rd, Ward KR, Goldberg SR, Duane TM, 
Bonchev D, et al. Network proteomics of human dermal wound healing. 
Physiol Meas. 2018;39(12):124002. 

12. Nuutila K, Siltanen A, Peura M, Bizik J, Kaartinen I, Kuokkanen H, 
et al. Human skin transcriptome during superficial cutaneous wound 
healing. Wound Repair Regen. 2012;20(6):830-9. 

13. Xu HT, Guo JC, Liu HZ, Jin WW. A Time-Series Analysis of Severe 
Burned Injury of Skin Gene Expression Profiles. Cellular Physiology and 
Biochemistry. 2018;49(4):1492-8. 

14. Azodi MZ, Tavirani MR, Tavirani MR, Rostami-Nejad M. 
Structural and Functional Analysis of Crucial Protein Complex in Basal 
Cell Skin Carcinoma via Network Construction. Galen Medical Journal. 
2018;7:e1271. 

15. Movassaghi S, Nadia Sharifi Z, Koosha M, Abdollahifar MA, 
Fathollahipour S, Tavakoli J, et al. Effect of Honey/PVA Hydrogel 
Loaded by Erythromycin on Full-Thickness Skin Wound Healing in Rats; 
Stereological Study. Galen Med J. 2019;8:e1362. 

16. Gurtner GC, Werner S, Barrandon Y, Longaker MT. Wound repair 
and regeneration. Nature. 2008;453:321. 

17. Kolimi P, Narala S, Nyavanandi D, Youssef AAA, Dudhipala N. 
Innovative Treatment Strategies to Accelerate Wound Healing: Trajectory 
and Recent Advancements. Cells. 2022;11(15). 

18. Langfelder P, Horvath S. WGCNA: an R package for weighted 
correlation network analysis. BMC bioinformatics. 2008;9(1):1-13. 

19. Hou J, Ye X, Feng W, Zhang Q, Han Y, Liu Y, et al. Distance 
correlation application to gene co-expression network analysis. BMC 
bioinformatics. 2022;23(1):1-24. 

20. Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, 
Tomashevsky M, et al. NCBI GEO: archive for functional genomics data 
sets—update. Nucleic acids research. 2012;41(D1):D991-D5. 

21. Banno T, Adachi M, Mukkamala L, Blumenberg M. Unique 
keratinocyte-specific effects of interferon-gamma that protect skin from 
viruses, identified using transcriptional profiling. Antivir Ther. 
2003;8(6):541-54. 

22. Duarte TL, Cooke MS, Jones GD. Gene expression profiling reveals 
new protective roles for vitamin C in human skin cells. Free Radic Biol 
Med. 2009;46(1):78-87. 

23. Enoch S, Peake MA, Wall I, Davies L, Farrier J, Giles P, et al. 
'Young' oral fibroblasts are geno/phenotypically distinct. J Dent Res. 
2010;89(12):1407-13. 

24. Karaman MW, Houck ML, Chemnick LG, Nagpal S, Chawannakul 
D, Sudano D, et al. Comparative analysis of gene-expression patterns in 
human and African great ape cultured fibroblasts. Genome Res. 
2003;13(7):1619-30. 

25. Kennedy-Crispin M, Billick E, Mitsui H, Gulati N, Fujita H, 
Gilleaudeau P, et al. Human keratinocytes' response to injury upregulates 
CCL20 and other genes linking innate and adaptive immunity. J Invest 
Dermatol. 2012;132(1):105-13. 

26. Litman T ZJ, Høyer-Hansen M. Ingenol mebutate induces profound 
inflammatory and wound healing responses in uninvolved and actinic 
keratosis skin. Copenhagen N: University of Copenhagen, ISIM; 2016. 

27. Smith JC, Boone BE, Opalenik SR, Williams SM, Russell SB. Gene 
profiling of keloid fibroblasts shows altered expression in multiple 
fibrosis-associated pathways. J Invest Dermatol. 2008;128(5):1298-310. 

28. Stojadinovic O, Lee B, Vouthounis C, Vukelic S, Pastar I, 
Blumenberg M, et al. Novel genomic effects of glucocorticoids in 
epidermal keratinocytes: inhibition of apoptosis, interferon-gamma 
pathway, and wound healing along with promotion of terminal 
differentiation. J Biol Chem. 2007;282(6):4021-34. 

29. Farhangniya M, Farsani FM, Salehi N, Samadikuchaksaraei A. 
Integrated bioinformatic analysis of differentially expressed genes 
associated with wound healing. Cell Journal (Yakhteh). 2023;25:874-82. 

30. Irizarry RA, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis KJ, 
Scherf U, et al. Exploration, normalization, and summaries of high density 
oligonucleotide array probe level data. Biostatistics. 2003;4(2):249-64. 

31. McCall MN, Bolstad BM, Irizarry RA. Frozen robust multiarray 
analysis (fRMA). Biostatistics. 2010;11(2):242-53. 

32. Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for 
comparing biological themes among gene clusters. Omics. 
2012;16(5):284-7. 

33. Franz M, Rodriguez H, Lopes C, Zuberi K, Montojo J, Bader GD, 
et al. GeneMANIA update 2018. Nucleic Acids Res. 2018;46(W1):W60-
w4. 

34. Tripathi N, Shrivastava D, Ahmad Mir B, Kumar S, Govil S, Vahedi 
M, et al. Metabolomic and biotechnological approaches to determine 
therapeutic potential of Withania somnifera (L.) Dunal: A review. 
Phytomedicine. 2018;50:127-36. 

35. Stadelmann WK, Digenis AG, Tobin GR. Physiology and healing 
dynamics of chronic cutaneous wounds. Am J Surg. 1998;176(2A 
Suppl):26s-38s. 

36. Midwood KS, Williams LV, Schwarzbauer JE. Tissue repair and the 
dynamics of the extracellular matrix. Int J Biochem Cell Biol. 
2004;36(6):1031-7. 

37. Zhang W, Liu HT. MAPK signal pathways in the regulation of cell 
proliferation in mammalian cells. Cell Res. 2002;12(1):9-18. 

38. Kim J, Shin Y-K, Kim K-Y. Promotion of Keratinocyte Proliferation 
by Tracheloside through ERK1/2 Stimulation. Evid Based Complement 
Alternat Med. 2018;2018:4580627-. 

39. Lee S, Kim MS, Jung SJ, Kim D, Park HJ, Cho D. ERK activating 
peptide, AES16-2M promotes wound healing through accelerating 
migration of keratinocytes. Sci Rep. 2018;8(1):14398. 

40. Shi J, Ma X, Su Y, Song Y, Tian Y, Yuan S, et al. MiR-31 Mediates 
Inflammatory Signaling to Promote Re-Epithelialization during Skin 
Wound Healing. J Invest Dermatol. 2018;138(10):2253-63. 

41. Shibata S, Tada Y, Asano Y, Hau CS, Kato T, Saeki H, et al. 
Adiponectin regulates cutaneous wound healing by promoting 
keratinocyte proliferation and migration via the ERK signaling pathway. 
J Immunol. 2012;189(6):3231-41. 

42. Diril K, Koumar RC, Padmakumar V, Du T, Wasser M, Coppola V, 
et al. Cyclin-dependent kinase 1 (Cdk1) is essential for cell division and 
suppression of DNA re-replication but not for liver regeneration. 
Proceedings of the National Academy of Sciences of the United States of 
America. 2012;109:3826-31. 

43. Maruyama IN. Mechanisms of activation of receptor tyrosine 
kinases: monomers or dimers. Cells. 2014;3(2):304-30. 

44. Berzat A, Hall A. Cellular responses to extracellular guidance cues. 
EMBO J. 2010;29(16):2734-45. 

45. Keller S, Schmidt MHH. EGFR and EGFRvIII Promote 
Angiogenesis and Cell Invasion in Glioblastoma: Combination Therapies 
for an Effective Treatment. Int J Mol Sci. 2017;18(6). 

46. Sorg H, Tilkorn DJ, Mirastschijski U, Hauser J, Kraemer R. Panta 
Rhei: Neovascularization, Angiogenesis and Nutritive Perfusion in 
Wound Healing. Eur Surg Res. 2018;59(3-4):232-41. 

47. Wee P, Wang Z. Epidermal Growth Factor Receptor Cell 
Proliferation Signaling Pathways. Cancers (Basel). 2017;9(5). 

48. Xu KP, Li Y, Ljubimov AV, Yu FS. High glucose suppresses 
epidermal growth factor receptor/phosphatidylinositol 3-kinase/Akt 
signaling pathway and attenuates corneal epithelial wound healing. 
Diabetes. 2009;58(5):1077-85. 

 [
 D

O
I:

 1
0.

47
17

6/
m

jir
i.3

8.
82

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 m

jir
i.i

um
s.

ac
.ir

 o
n 

20
24

-0
9-

23
 ]

 

                             9 / 10

http://dx.doi.org/10.47176/mjiri.38.82
http://mjiri.iums.ac.ir/article-1-9223-en.html


    
 Network Analysis in Wound Healing   

 
 

 http://mjiri.iums.ac.ir 
Med J Islam Repub Iran. 2024 (17 Jul); 38:82. 
 

10 

49. Okwueze MI, Cardwell NL, Pollins AC, Nanney LB. Modulation of 
porcine wound repair with a transfected ErbB3 gene and relevant EGF-
like ligands. J Invest Dermatol. 2007;127(5):1030-41. 

50. Greenhalgh DG. The role of apoptosis in wound healing. Int J 
Biochem Cell Biol. 1998;30(9):1019-30. 

51. Huang NF, Zac-Varghese S, Luke S. Apoptosis in skin wound 
healing. Wounds. 2003;15:182-94. 

52. Van Der Heide LP, Hoekman MF, Smidt MP. The ins and outs of 
FoxO shuttling: mechanisms of FoxO translocation and transcriptional 
regulation. Biochem J. 2004;380(Pt 2):297-309. 

53. Zhang Y, Gan B, Liu D, Paik JH. FoxO family members in cancer. 
Cancer Biol Ther. 2011;12(4):253-9. 

54. Weinheimer-Haus EM, Mirza RE, Koh TJ. Nod-like receptor 
protein-3 inflammasome plays an important role during early stages of 
wound healing. PLoS One. 2015;10(3):e0119106. 

55. Hedner E, Vahlne A, Hirsch JM. Primary herpes simplex virus (type 
1) infection delays healing of oral excisional and extraction wounds in the 
rat. J Oral Pathol Med. 1990;19(10):471-6. 

56. Weledji E, Kamga HL, Assob J, Nsagha DS. A critical review of 
HIV/AIDS and wound care. African Journal of Clinical and Experimental 
Microbiology. 2012;13:66-73. 

57. Albaran RG, Webber J, Steffes CP. CD4 cell counts as a prognostic 
factor of major abdominal surgery in patients infected with the human 
immunodeficiency virus. Arch Surg. 1998;133(6):626-31. 

58. Dumortier J, Streblow DN, Moses AV, Jacobs JM, Kreklywich CN, 
Camp D, et al. Human cytomegalovirus secretome contains factors that 
induce angiogenesis and wound healing. J Virol. 2008;82(13):6524-35. 

59. Ren H, Zhao F, Zhang Q, Huang X, Wang Z. Autophagy and skin 
wound healing. Burns & Trauma. 2022;10:tkac003. 

60. Ding W-X, Yin X-M. Mitophagy: mechanisms, pathophysiological 
roles, and analysis. Biol Chem. 2012;393(7):547-64. 

61. Ashrafi G, Schwarz TL. The pathways of mitophagy for quality 
control and clearance of mitochondria. Cell Death & Differentiation. 
2013;20(1):31-42. 

62. Guo S, Fang Q, Chen L, Yu M, Chen Y, Li N, et al. Locally activated 
mitophagy contributes to a “built-in” protection against early burn-wound 
progression in rats. Life Sciences. 2021;276:119095. 

63. Hu J, Kan T, Hu X. Sirt3 regulates mitophagy level to promote 
diabetic corneal epithelial wound healing. Exp Eye Res. 2019;181:223-31. 

64. Allan EH, Martin TJ. Prostaglandin E2 regulates production of 
plasminogen activator isoenzymes, urokinase receptor, and plasminogen 
activator inhibitor-1 in primary cultures of rat calvarial osteoblasts. J Cell 
Physiol. 1995;165(3):521-9. 

65. Sun H, Mi X, Gao N, Yan C, Yu FS. Hyperglycemia-suppressed 
expression of Serpine1 contributes to delayed epithelial wound healing in 
diabetic mouse corneas. Invest Ophthalmol Vis Sci. 2015;56(5):3383-92. 

66. Diaz A, Martin-Jimenez C, Xu Y, Merino P, Woo Y, Torre E, et al. 
Urokinase-type plasminogen activator-mediated crosstalk between N-
cadherin and β-catenin promotes wound healing. J Cell Sci. 2021;134(11). 

67. Fallah M, Viklund E, Bäckman A, Brodén J, Lundskog B, Johansson 
M, et al. Plasminogen is a master regulator and a potential drug candidate 
for the healing of radiation wounds. Cell Death & Disease. 
2020;11(3):201. 

68. Marciniak SJ, Yun CY, Oyadomari S, Novoa I, Zhang Y, Jungreis 
R, et al. CHOP induces death by promoting protein synthesis and 
oxidation in the stressed endoplasmic reticulum. Genes Dev. 
2004;18(24):3066-77. 

69. Monkley S, Overed-Sayer C, Parfrey H, Rassl D, Crowther D, 
Escudero-Ibarz L, et al. Sensitization of the UPR by loss of PPP1R15A 
promotes fibrosis and senescence in IPF. Scientific Reports. 
2021;11(1):21584. 

70. Leung K, D'Arpa P, Seth A, Geringer M, Jett M, Xu W, et al. Dermal 
wound transcriptomic responses to Infection with Pseudomonas 
aeruginosa versus Klebsiella pneumoniae in a rabbit ear wound model. 
BMC clinical pathology. 2014;14:20. 

71. Ridley AJ. Rho GTPases and actin dynamics in membrane 
protrusions and vesicle trafficking. Trends Cell Biol. 2006;16(10):522-9. 

72. Bass MD, Williamson RC, Nunan RD, Humphries JD, Byron A, 
Morgan MR, et al. A syndecan-4 hair trigger initiates wound healing 
through caveolin- and RhoG-regulated integrin endocytosis. Dev Cell. 
2011;21(4):681-93. 

73. Macalma T, Otte J, Hensler ME, Bockholt SM, Louis HA, Kalff-
Suske M, et al. Molecular Characterization of Human Zyxin*. Journal of 
Biological Chemistry. 1996;271(49):31470-8. 

74. Crawford AW, Michelsen JW, Beckerle MC. An interaction 
between zyxin and alpha-actinin. J Cell Biol. 1992;116(6):1381-93. 

75. Leccia MT, van der Gaag EJ, Jalbert NL, Byers HR. Zyxin 
redistributes without upregulation in migrating human keratinocytes 
during wound healing. J Invest Dermatol. 1999;113(4):651-7. 

76. Sabino F, Egli FE, Savickas S, Holstein J, Kaspar D, Rollmann M, 
et al. Comparative Degradomics of Porcine and Human Wound Exudates 
Unravels Biomarker Candidates for Assessment of Wound Healing 
Progression in Trauma Patients. Journal of Investigative Dermatology. 
2018;138(2):413-22. 

77. Nguyen TN, Uemura A, Shih W, Yamada S. Zyxin-mediated actin 
assembly is required for efficient wound closure. J Biol Chem. 
2010;285(46):35439-45. 

78. Van Nieuwenhove E, Barber JS, Neumann J, Smeets E, Willemsen 
M, Pasciuto E, et al. Defective Sec61α1 underlies a novel cause of 
autosomal dominant severe congenital neutropenia. J Allergy Clin 
Immunol. 2020;146(5):1180-93. 

 

 [
 D

O
I:

 1
0.

47
17

6/
m

jir
i.3

8.
82

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 m

jir
i.i

um
s.

ac
.ir

 o
n 

20
24

-0
9-

23
 ]

 

Powered by TCPDF (www.tcpdf.org)

                            10 / 10

http://dx.doi.org/10.47176/mjiri.38.82
http://mjiri.iums.ac.ir/article-1-9223-en.html
http://www.tcpdf.org

